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Chapter 1

Introduction

We must continue to seek the origin of the CP symmetry violation by all means
at our disposal. We know that improvements in detector technology and quality
of accelerators will permit even more sensitive experiments in the coming
decades. We are hopeful, then, that at some epoch, perhaps distant, this cryptic
message from nature will be deciphered.

— James W. Cronin, Rev. Mod. Phys. 53 (1981) 373.

This work has grown out of a lecture course on the experimental aspects of Flavour Physics
that I have had the pleasure to teach at the beautiful Irchel Campus of Universität Zürich
and — in abbreviated from — at the 2013 CHIPP PhD Winter School, surrounded by the
possibly even more spectacular setting of Eiger, Mönch and Jungfrau. Flavour physics, in
its most general definition, concerns itself with the properties and interactions of the three
fermion families of the Standard Model of particle physics. It covers a vast field of topics, from
efforts to reach a better understanding of neutrino masses in the sub-eV regime to precision
measurements that could reveal indirect evidence for the existence of hitherto unknown heavy
particles at the TeV scale and beyond. I will concentrate here on the specific aspect of Flavour
Physics that has kept me entertained in my own research for almost 20 years now, namely the
study of flavour-changing interactions and CP violating phenomena in the mixing and decays
of beauty quarks. Even within this restriction, it is impossible to do justice to all the exciting
measurements and results that have been published over the last years and I apologize for the
choices I had to make. Also, my upbringing as a hardcore experimental physicist will shine
through again and again.

After a brief introduction, the stage will be set in Chapter 2 which gives a short historical
overview, highlighting the landmark achievements that have led to our basic understanding of
Flavour Physics in the quark sector. Chapter 3 is a short excursion to introduce the formalism
and phenomenology of particle-antiparticle mixing in the neutral meson system and to discuss
the sources of CP violation in the Standard Model. The main players will be introduced
in Chapter 4 in the form of the experiments that have shaped the field of Flavour Physics
in the heavy quark sector over the past fifteen years — the two B-meson factories, BaBar
and Belle, which provided a wealth of beautiful results on CP violating phenomena in the
B0B0 and B+B− systems and established the Cabibbo-Kobayashi-Maskawa mechanism of the
Standard Model as the dominant source of flavour-changing interactions in the quark sector;
the experiments CDF and D0 at the Tevatron, which provided a first glimpse into the system
of B0

s and B0
s mesons; and, finally, the LHCb experiment at the LHC, which is now probing

the Standard Model by confronting its predictions with precision measurements in decays of
all types of b hadrons. The plot of the story unfolds in Chapter 5, in which measurements
are described of the sides and angles of the Unitarity Triangle that can be derived from the
Cabibbo-Kobayashi-Maskawa model of flavour-changing interactions and allows to test the
internal consistency of this model. The results of these measurements have established the

3



4 CHAPTER 1. INTRODUCTION

validity of the model, but cannot exclude possible sub-dominant contributions from “New
Physics” beyond the Standard Model. The story therefore enters a new phase in Chapter 6,
which concentrates on precision measurements of CP violating phenomena in the B0

sB
0
s system

and of observables in certain rare decays of B0
s and B0 mesons. These measurements provide

good sensitivity to possible contributions from physics beyond the Standard Model. Except
for a couple of small deviations, which will need to be investigated further, results of these
measurements are so far in excellent agreement with Standard Model predictions and the by
now 40 year old Standard Model of particle physics still stands tall at the beginning of 2015.
The Large Hadron Collider is foreseen to resume its operation in the middle of 2015 and the
LHCb collaboration hope to treble or even quadruple the size of their data samples over the
coming three to four years. At the same time, a new Super-B factory, Belle II, is under
construction in Japan and the LHCb collaboration is working on a comprehensive upgrade of
their experiment, which should allow them to accumulate significantly larger event samples
and improve the sensitivity to key observables by large factors. Chapter 7 gives a very brief
glimpse into this next chapter in the story of heavy-quark Flavour Physics — and concludes
this work.

This text was compiled over the course of roughly a year, from early 2014 till early 2015
and uses results published by the end of 2014. Quoted averages and combinations of results are
based on the 2014 edition of the Review of Particle Physics [1], on the work of the Heavy Flavour
Averaging Group published in December 2014 [2] and on the Standard-Model fit by the CKM-
fitter group [3] using results presented up to the CKM 2014 conference in early September 2014.
When figures were extracted from original publications, references are given in the captions.
No copyright infringements are intended. The plots shown in Figure 4.22 were prepared by
Christian Elsasser. All Feynman diagrams were produced using the FeynMF package as imple-
mented in the Feynman Diagram Library at http://www.physik.uzh.ch/∼che/FeynDiag/.

1.1 Flavour Physics

The field of Flavour Physics concerns itself with the properties and interactions of the three
fermion families of the Standard Model of particle physics. Many of these properties have been
measured, some to amazing precision, but very fundamental questions remain unanswered.

• Without at least three lepton families, there would be no known source of CP violation
that could generate a matter-antimatter asymmetry in the universe and for all we know
today, we would not exist. But why do fermions occur in families and why are there
three of them? Could there actually be more than three families?

• The Higgs or BEH mechanism explains how fermions can acquire mass in the Standard
Model, but it does not explain the values of the measured masses. Can the observed
mass hierarchies between the three families be explained by an underlying theory?

• Similarly, flavour mixing between the families is observed to exhibit a clear hierarchical
pattern. Does this pattern point to an underlying theory?

• The CP violating effects measured in the quark sector seem to be too small by many
orders of magnitude to explain the apparent matter-antimatter asymmetry that we ob-
serve in the universe. We seem to need additional sources of CP violation. What are
they?

An important guiding principle in Flavour Physics is provided by fundamental discrete sym-
metries and by their breaking:

• Charge conjugation (C), parity (P ) and time reversal (T );
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• The combined symmetries CP and CPT ;

• Baryon number;

• Lepton number and lepton flavour.

Flavour being a conserved quantum number in strong and electromagnetic interactions, Flavour
Physics concerns itself mainly with properties of the weak interaction. A good understanding
of the effects of strong interaction is, however, often required in order to extract the interesting
observables from measurements.

The field of Flavour Physics is readily divided into three distinct subfields — the neutrino
sector, charged leptons, and the quark sector — by the theoretical questions that are addressed,
by the phenomenology of the processes that are studied and, consequently, by the experimental
techniques that are employed. A very brief summary of current issues in the neutrino and
charged lepton sectors is given in the next section, before we turn to the main topic of this
article, Flavour Physics in the quark sector.

1.2 Neutrino sector and charged leptons

The possibility that lepton family number conservation might be violated through flavour
oscillations in the neutrino sector was first suggested in 1969 by Gribov and Pontecorvo [4]
as a possible explanation for the apparent deficit in the observed flux of solar neutrinos on
Earth. Neutrino oscillations have now been firmly established by a number of large-scale
experiments using solar, atmospheric, reactor and accelerator neutrinos. For a comprehensive
review, see e.g. the section on “Neutrino Mass, Mixing, and Oscillations” in the Review of
Particle Physics [1]. The main goals of experiments in the neutrino sector today are

• to obtain more precise measurements of the mixing parameters, in particular of the
small mixing angle θ13, and to explore the prospects for CP violating asymmetries in the
neutrino sector;

• to resolve the still unknown mass hierarchy and to obtain better constraints on the
absolute mass scale for neutrinos;

• to resolve the nature of neutrinos as Dirac or Majorana particles.

The first set of goals is being pursued at existing or proposed long-baseline neutrino obser-
vatories, such as T2K, MINOS and NOvA and the Daya Bay and RENO reactor neutrino
experiments. The hypothesis of neutrinos being Majorana particles is being tested by search-
ing for neutrino-less double beta (0νββ) decays. About a dozen large-scale projects are under
construction or have been proposed to search for these decays. For a recent review of the status
and prospects of these searches, see e.g. Ref. [5].

Transitions violating lepton flavour in the charged lepton sector occur naturally in the
Standard Model if the mass differences between the three neutrino species are non-zero as
implied by the observation of neutrino oscillations. However, these transitions are suppressed
by the fourth power of the ratio between the neutrino mass differences and the W boson mass
and are therefore extremely small. For example, the Standard Model branching fraction for
the decay µ→ eγ is predicted to be of the order of 10−54, many orders of magnitude below
the reach of experiments. However, lepton flavour violating amplitudes can be significantly
enhanced in New Physics scenarios. Searches for lepton flavour violating transitions in radiative
muon decays µ±→ e±γ and µ±→ e+e−e± are pursued at high-intensity muon beams at the
PSI in Switzerland; an alternative approach is to search for µ−→ e− transitions of muons
captured in muonic atoms. Such searches have also been performed at PSI, new experiments
are under development at Fermilab in the United States and at J-PARC in Japan. Searches
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for lepton flavour violating τ lepton decays have been performed at the B factories BaBar and
Belle and are now being pursued at LHCb. Another topic in the charged lepton sector that is
related to flavour physics is the precise determination of the anomalous magnetic moment of
the muon. The most precise results were achieved at BNL in the United States and currently
show a discrepancy of around 2.5 to 3.5 standard deviation from Standard Model calculations.
Measurements as well as theoretical calculations involve a large number of subtle corrections
and the interpretation of the observed discrepancy has been inconclusive for many years now.
For a slightly more comprehensive overview of the field of flavour physics in the charged lepton
sector, see for example Ref. [6].

1.3 Quark sector

The Cabibbo-Kobayashi-Maskawa model provides a consistent and by now well tested descrip-
tion of flavour-changing interactions in the quark sector. It is the main goal of Flavour Physics
today, to probe this model by confronting its precise predictions with similarly precise measure-
ments and hopefully discover discrepancies that will point the way towards the New Physics
that is believed to be lurking behind the Standard Model of particle physics. Of particular
interest are observables for which Standard Model predictions are precise and potential con-
tributions from New Physics can be significant. This is the case for a number of CP violating
observables in the mixing and decay of B0 and B0

s mesons and for branching fractions and
angular observables in rare B0 and B0

s meson decays.
In the Standard Model, flavour-changing transitions in the quark sector are parametrized

by the unitary Cabibbo-Kobayashi-Maskawa (CKM) quark mixing matrix

Vij = VCKM =

 Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb


in the effective charged current Lagrangian

Lcc = − g√
2
ui γ

µ (1− γ5) Vij djW
+
µ + h.c. ,

whereW+
µ describes theW boson field, ui the up-type and dj the down-type quark currents, g is

the universal weak coupling constant and γµ are the usual Dirac matrices, with γ5 ≡ iγ0γ1γ2γ3

defining the V −A character of the weak interaction.
A single complex phase in this CKM matrix is the only known source in the Standard Model

of all CP violating phenomena. The precise study of these phenomena therefore permits to
test the consistency of the model. For three quark families, the CKM matrix contains nine
complex and therefore 18 real numbers. The requirement of unitarity

VCKM VCKM
† = VCKM

† VCKM = 1

imposes nine constraints. Another five of the parameters are absorbed by unobservable (“un-
physical”) phases between the quark fields, due to the fact that the Lagrangian is invariant
under simultaneous transformations of the type

ui → eiφiui ; dj → eiφjdj ; Vij → ei(φi−φj)Vij .

Therefore, the 3 × 3 CKM matrix is fully described by 18 − 9 − 5 = 4 independent real
parameters. Only three of these can be absorbed by rotation angles, the fourth free parameter
introduces a complex phase amongst the elements of the CKM matrix.

This phase enters with opposite sign in the amplitudes for charge-conjugated processes and
a CP violating asymmetry can be generated by interference effects in processes in which at
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least two amplitudes with different CKM phase contribute. This phase appears with opposite
signs in the amplitudes of charge-conjugated processes. If at least two amplitudes with different
CKM phase contribute to the same process, interference effects between these amplitudes can
cause the charge-conjugated processes to occur at different rate, generating a CP violating
asymmetry. The mechanisms at work will be discussed in detail in Section 3.3.

The values of the CKM matrix elements are not predicted by the Standard Model and have
to be measured by experiments. The measured magnitudes exhibit a clear hierarchy, with the
diagonal elements being close to unity, while mixing between the first and second family is of
the order λ, mixing between the second and third family of the order λ2, and mixing between
the first and third family of the order λ3, where λ ≈ 0.23 is the sine of the Cabibbo mixing
angle θC . The latest Standard Model fit results yield [1]:

|VCKM| =

 0.97425± 0.00022 0.2252± 0.0009 0.00389± 0.00044
0.2230± 0.0011 1.023± 0.036 0.0406± 0.0013
0.0084± 0.0006 0.0387± 0.0021 0.88± 0.07

 .
This hierarchy is reflected in the often used Wolfenstein parametrization [7], which expands the
elements of the CKM matrix in terms of λ and assigns the complex phase to the smallest ele-
ments, Vub and Vtd. Approximating the expansion to order λ3, the Wolfenstein parametrization
yields

VCKM =

 1− λ2/2 λ Aλ3(ρ− iη)
−λ 1− λ2/2 Aλ2

Aλ3(1− ρ− iη) −Aλ2 1

 + O
(
λ5
)
.

Unitarity of the CKM matrix imposes three normalization conditions and six orthogonality
conditions. The latter,

VudV
∗
cd + VusV

∗
cs + VubV

∗
cb = 0 (λ, λ, λ5)

VudV
∗
td + VusV

∗
ts + VubV

∗
tb = 0 (λ3, λ3, λ3)

VcdV
∗
td + VcsV

∗
ts + VcbV

∗
tb = 0 (λ4, λ2, λ2)

VudV
∗
us + VcdV

∗
cs + VtdV

∗
ts = 0 (λ, λ, λ5)

VudV
∗
ub + VcdV

∗
cb + VtdV

∗
tb = 0 (λ3, λ3, λ3)

VusV
∗
ub + VcsV

∗
cb + VtsV

∗
tb = 0 (λ4, λ2, λ2) ,

can be conveniently described as triangles in the complex plane as illustrated in Figure 1.1.
Careful inspection shows that all six triangles have the same area, which can be taken as a

measure for the amount of CP violation in the Standard Model [9]. However, the shape of the
triangles differs significantly. Noted next to each of the triangular relations above is the order

Figure 1.1: Illustration of the six orthogonality conditions of the CKM matrix as triangles in the complex
plane. The triangle usually referred to as “The Unitarity Triangle” is that depicted in the top right.
Note that the triangles are not drawn to scale (illustration from [8]).
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R t=
V tdV tb

∗

V cd V cb
∗

Ru=
V udV ub

∗

V cdV cb
∗

(ρ ,η)

(1,0)(0,0)

α

βγ

Bd
0 → π π ,ρρ ,ρπ ,…

Bd
0 → J /ψK s

0

                     B
0
B0 ,Bs

0
Bs

0
oscillations

semileptonic B decay
branching fractions

B± → DK±

Bs
0 → DsK

Figure 1.2: Sketch of the normalized Unitarity Triangle, indicating some of the processes that can be
employed to measure the angles α, β and γ, and the lengths of the sides, |Ru| and |Rt|.

in λ for each of the three terms in the sum. For two of the six relations, all three terms are
of the same order in λ, leading to triangles with three sides that are approximately equal in
length. The other four triangles are “squashed”, with one side that is much shorter than the
other two. The two non-squashed triangles are obtained by combining the first and the third
row, or the first and the third column of the matrix, respectively. The second of these triangles
is usually referred to as “The Unitarity Triangle”. In fact, the two triangles are identical in
the Wolfenstein parametrization to order λ3, but not when the Wolfenstein parametrization is
expanded to include terms of the order λ5. The small difference has been negligible compared
to the measurement precision achieved in previous experiments but starts to become relevant
at the precision expected from the LHCb experiment.

The standard version of the Unitarity Triangle is obtained by normalizing bythe side VcdV
∗
cb,

which is real in the Wolfenstein parametrization, such that one of the three sides points from
the origin, (0, 0), of the complex plane to the point (1, 0) along the real axis. The apex of the
triangle is then given by ρ + iη ≡ (1 − λ2/2)(ρ + iη), with the Wolfenstein parameters λ, ρ
and η. In this form, the Unitarity triangle provides a powerful concept for testing the CKM
picture of CP violation, since its three angles as well as the lengths of its two sides are directly
related to measurable quantities. The most relevant processes are indicated in Figure 1.2.

A short remark on notations: Kobayashi and Maskawa in their original publica-
tion denoted the three angles as φ1, φ2 and φ3, and the Belle collaboration follows
that original notation. In most other publications, however, the angles are referred
to as β, α and γ and this notation will also be employed here. The two sides will
be referred to as Ru and Rt after the up-type quark involved in the relevant CKM
matrix elements.

As can be seen from Figure 1.2, measurements in the neutral, charged and strange B me-
son systems are of particular relevance for the determination of the Unitarity Triangle. The
rich phenomenology of the B mesons systems combined with the ability to derive relatively
precise theoretical predictions allow to peform overconstraint determinations of all parameters
and to test the internal consistency of the CKM picture of flavour-changing interactions and
CP violation in the quark sector.

Measurements of the Unitarity Triangle parameters have been performed at the two B fac-
tories, BaBar at SLAC and Belle at KEK, the two general-purpose experiments CDF and D0
at the Tevatron and, more recently, at the LHCb experiment at the LHC. The experiments
will be described in Chapter 4. BaBar and Belle were dedicated experiments at dedicated,
high-intensity e+e− colliders that had been constructed with the explicit goal to produce large
samples of B0B0 and B+B− pairs via resonant bb production at the Υ(4S) resonance. Un-
fortunately, e+e− B factories do not give access to the B0

sB
0
s system, since B0

s mesons are
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Figure 1.3: Result of a global Standard-Model fit of Unitarity Triangle parameters as compiled by the
CKMfitter group [3] including results presented up to the CKM 2014 conference in September 2014.
The red hashed area corresponds to 68% confidence region for the apex of the triangle.

too heavy to be produced in Υ(4S) decays. An intial exploration of the B0
sB

0
s system was the

privilege of the CDF and D0 experiments at the Tevatron, Fermilab’s pp collider operating at a
collision energy of of 1.96 TeV. Both CDF and D0 were designed as general-purpose detectors
and their mail goal was to study top quark properties and to search for the Higgs boson and
new heavy particles predicted by extentions of the Standard Model. However, exploiting the
large bb production cross section in high-energy hadron-hadron collisions, both experiments
also pursued an active B physics programme. While they could not compete in precision with
the B factories in the neutral and charged B meson systems, they had unique potential in the
B0
s system. Both B factories as well as the Tevatron have been terminated a few years ago and

it is now the LHCb experiment at CERN’s Large Hadron Collider that continues to explore
the field, challenging the Standard Model by confronting its predictions with more and more
precise measurements. As its name indicates, studying the physcis of b hadrons is the main
goal of the LHCb experiment. The dedicated design and layout of the detector, in combination
with the even larger bb production cross section at the LHC collision energies of initially 7,
then 8 and hopefully soon 13 TeV, allow the experiment in many measurements to improve on
the precision reached at the earlier experiments.

The measurements themselves will be described in Chapter 5. The results obtained so far
are in good agreement with Standard Model predictions. The impressive level of consistency in
the determination of the parameters of the Unitarity Triangle is illustrated by the most recent
Standard Model fit by the CKMfitter group [3] shown in Figure 1.3. The current level of
precision of the measurements still allows for sub-dominant contributions from “New Physics”
beyond the Standard Model at a level of 10-20%. It is the goal of the LHCb experiment and
the planned Super-B factory, Belle II, to search for such sub-dominant effects. These searches
are pursued along two general lines:

• Improve the precison in the measurement of CKM parameters and search for inconsis-
tencies in the overconstrained determination of the CKM triangle. Special attention is
on the CKM angle γ, which is at present the least well measured parameter of the CKM
triangle.

• Perform precision measurements of processes that are dominated by diagrams involving
internal loops of virtual particles, such as the box and penguin diagrams illustrated in
Figure 1.4. Most extensions of the Standard Model predict the existence of new, heavy
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Figure 1.4: Examples of Standard Model loop diagrams: (left) one of the box diagrams mediating
B0
s−B0

s mixing and (right) the penguin diagram describing the FCNC decay B0→K∗0µ+µ−.

particles, which can appear in the virtual loops and modify the value of observables with
respect to Standard Model predictions. Of particular interest are observables that are
predicted with good precision to be small in the Standard Model, because the relative
effect of possible contributions from New Physics can then be large. Prominent examples
are the CP violating phase φs inB0

s−B0
s mixing and observables in rare Flavour-Changing

Neutral Current decays of B0 and B0
s mesons.

Examples of measurements that fall into the second category of searches for New Physics will
be discussed in Chapter 6.



Chapter 2

Setting the Stage: A Historical
Overview

The discovery triggered an intense international experimental effort. It also
provoked many theoretical speculations which in turn stimulated a variety of
experiments.

— James W. Cronin, Nobel lecture, 8 December 1980

This chapter presents a brief historical overview of quark flavour physics in the 20th century,
concentrating on some of the major milestones: the introduction of the concepts of strong
isospin in 1932 and of strangeness in 1953, the introduction of the Cabibbo mixing angle in
1963; the development of the quark model in the early 1960’s; the discoveries of parity violation
in 1953 and of CP violation in 1964; the postulation by Sakharov, in 1967, of CP violation as
one of three necessary conditions for the existence of matter in the universe; the proposition
of the GIM mechanism in 1970, predicting a fourth quark, and of the CKM mechanism in
1972, postulating a third family of quarks; the discovery of the charm quark in 1974; the first
observations of the beauty quark in 1977 and of the top quark in 1994; the first observation of
B0B0 mixing in 1987; and, finally, the first significant observations of direct CP violation in
the K0K0 System and of CP violation in the B0B0 system in 2001. More recent measurements
in the B and B0

s meson systems will be discussed in detail in subsequent chapters.

2.1 Isospin (1932)

The concept of quarks as constituents of mesons and baryons was developed in the early
1960’s and started to gain acceptance in the particle physics community only in 1974, when
the J/ψ resonance was discovered and interpreted as a bound cc state (more about this below).
The history of quark flavour physics, however, can be said to begin in 1932 with a paper by
Heisenberg in which he investigated the structure of atomic nuclei [10]. Heisenberg noted that
the masses of the constituents of the atomic nucleus (neutrons and protons) were almost equal,
and so were the forces between pairs of them. He therefore considered protons and neutrons to
be different states of the same particle. To distinguish them, he introduced a discrete variable,
to which he assigned the value +1 for neutrons and the value −1 for protons. The similarity of
the forces between all pairs of nucleons implied that the Hamiltonian describing these forces had
to be invariant under transformations of this variable. The transformation properties of this
variable are those of a spin and Wigner, in a later paper [11], coined the expression “isotopic
spin” for this variable, which was later abbreviated to “isospin”. The assigned isospin values
were also adjusted to exploit better the analogy to a spin: proton and neutron were assigned
to an isospin doublet with isospin I = 1/2, where the projection Iz = +1/2 corresponds to
the proton and the projection Iz = −1/2 corresponds to the neutron. Similarly, charged and

11
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Table 2.1: Isospin assignment and valence quark content for nucleons and pions.

p n π+ π0 π−

(I, Iz) (1/2, +1/2) (1/2, -1/2) (1, +1) (1, 0) (1, -1)

quark content |uud 〉 |udd 〉 |ud 〉 1√
2
|uu+ dd 〉 |ud 〉

neutral pions were assigned to an isospin triplet with isospin I = 1 and the projections Iz = +1,
0 and −1 corresponding to the π+, π0 and π−, respectively.

In today’s language, Iz = +1/2 corresponds to an up quark (u) or an anti-down quark (d),
Iz = −1/2 corresponds to a down quark (d) or an anti-up quark (u). The isospin of mesons
and baryons is obtained by summing over their u and d valence quarks (see Tab. 2.1).

Although isospin is not an exact symmetry, it has been rather successful as a working
concept. The reason why it works so well is that the masses of the up quark and the down
quark are very similar and much smaller than the QCD scale parameter, i.e. mu ≈ md �
ΛQCD ≈ 200 MeV.

2.2 Strangeness (1953)

In 1947, new unstable types of particles where discovered in two cloud-chamber photographs
of cosmic ray showers [12]. These particles came later to be known as kaons and Λ0 baryons.
As larger numbers of events were observed in various experiments, it became apparent that
these new particles were “strangely” behaved: they were copiously produced, with production
cross sections typical of strong interactions, but had long lifetimes of a few times 10−10 s,
which are typical for weakly decaying particles. Pais [13] suggested that this behaviour could
be explained by a selection rule that allowed a strong interaction only in processes in which
an even number of these strange particles was involved. If an odd number of such strange
particles was involved in a process, the interaction could proceed only via the weak force.
These particles could then be produced in pairs through the strong interaction — a feature
that was later verified experimentally and came to be known as “associated production” —
but could decay individually only through the weak interaction. Gell-Mann [14], expanding
on Pais’ ideas, and independently Nakano and Nishijima [15, 16], introduced a new quantum

Figure 2.1: First cloud chamber pictures of the (left) neutral and (right) charged long-lived particles dis-
covered in 1947 by Rochester and Butler. The relevant trajectories are marked “a” and “b” (from [12]).



2.3. PARITY VIOLATION 13

number — which later came to be known as “strangeness” — that had to be conserved in
strong interactions but could be violated in weak interactions.

In today’s language, one negative unit in strangeness corresponds to a strange quark (s)
and one positive unit in strangeness corresponds to an anti-strange quark (s). Associated
production of strange particles is the creation of an ss pair in strong interaction and the decay
of a strange particle is due to a weak s→uW− transition.

2.3 Parity violation (1956)

A puzzling experimental observation related to strange particles was the measurement of two
spin-0 states — dubbed θ+ and τ+ — that had “closely identical” [17] masses and lifetimes,
indicating that they were in fact one and the same particle. However, the θ+ decayed into
two pions, while the τ+ decayed into three pions. Since both the θ+ and the pion are spin-0
particles, the two pions from the θ+ decay had to be produced with relative angular momentum
Lππ = 0 to conserve angular momentum in the decay. The parity P of the final state is
P = (−1)L = +1. The θ+ therefore had to have even parity, if parity was conserved in
the decay. For similar arguments, the three pions from the τ+ decay had to be produced
in an overall P odd state, indicating odd parity for the τ+. These experimental facts led
Lee and Yang to question [17] the hypothesis of parity conservation in weak interactions.
Surveying existing literature they found convincing experimental evidence that demonstrated
parity conservation in strong and electromagnetic interactions, but not a single measurement
that proved parity was conserved in the weak interaction.

Lee and Yang went on to suggest two possible experiments that would put their hypothesis
to the test: the measurement of the angular distribution of electrons from the β decay of
polarized 60Co and the measurement of the angular distribution between muons and electrons
from the decay π →µ νµ followed by µ → e νe νµ.

In the first type of experiment, 60
27Co → 60

28Ni?+e−+νe is a Gamow-Teller transition in which
the spin of the nucleus changes by one unit (from spin-5 for the 60Co nucleus to spin-4 for the
excited 60Ni? nucleus). To satisfy angular momentum conservation, the spins of the final-state
electron and neutrino therefore must both point in the direction of the spin of the decaying 60Co
nucleus. Electrons emitted in the direction parallel to the spin of the decaying 60Co nucleus
therefore have their spin ~σ and momentum ~p pointing in the same direction, i.e. ~σ · ~p > 0
while electrons emitted in the opposite direction have their spin and momentum pointing in
opposite directions, i.e. ~σ · ~p < 0. Momentum being a vector and angular momentum being
an axial vector, their scalar product changes sign under the parity transformation. If parity is
conserved in weak decays, ~σ ·~p therefore has to be zero on average and the angular distribution
of electrons has to be up-down symmetric with respect to the spin direction of the polarized
60Co source. In the second type of experiment, analogous arguments show that the angular
distribution between muons and electrons must be forward-backward symmetric if parity is
conserved in the two subsequent weak decays.

Both experiments were carried out soon after [18–20] and found large asymmetries, demon-
strating that parity (as well as the charge conjugation and time reversal symmetries) are in
fact violated in these weak decays. As an example, the result of the 60Co β-decay experiment
is shown in Figure 2.2. These observations triggered Salam [21], Landau [22] and Lee and
Yang [23] to speculate about the nature of the neutrino: if neutrinos are massless, they can
be described by a single two-component field, one for a left-handed neutrino and the other
for a right-handed antineutrino. This description of neutrinos was in accordance with exper-
imental observations and would automatically lead to a maximal violation of parity, charge
conjugation and time reversal symmetry in β decays involving neutrinos. Feynman and Gell-
Mann [24] pointed out that this mechanism alone cannot explain parity violation in processes
that do not involve neutrinos, such as the orginal “θ − τ puzzle” that had led Lee and Yang
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Figure 2.2: Observation of parity violation in nuclear β decay: the panels on the left illustrate the spin
configurations in the β decay that are (A) forbidden and (B) allowed if parity is maximally violated
and only right-handed antineutrinos participate in the weak interaction. The panels on the right show
the result of the experiment by Wu et al.. Here, the lower panel shows the measured anisotropy of
electrons from the β decay of the 60Co nuclei, for two polarities of the source polarization. A clear
asymmetry is observed, which decreases as a function of time, as the polarization of the source decays
away. The source polarization is monitored as a function of time by measuring the anisotropy of γ-ray
emission from the decay of the excited 60Ni? daughter nucleus, as shown in the upper and middle panels
(from [18]).

to question parity conservation in the first place. Feynman and Gell-Mann went on to pro-
pose that the weak interaction was due to equal amounts of vector and axial vector coupling
and coupled to the chirality projection 1+iγ5

2 |Ψ 〉 for all fermions |Ψ 〉 entering the interaction.
Here, γ5 = γ0 γ1 γ2 γ3 and the γi are the usual Dirac matrices. As a consequence, parity and
charge conjugation are then maximally violated in weak interactions.

2.4 Cabibbo Angle (1963)

Another puzzling observation with regard to strange particles was their branching fraction in
semileptonic decays, which was measured to be much smaller than that for similar decays of
non-strange particles. This seemed at variance with the assumption of a universal coupling
constant for all weak decays. To resolve the discrepancy, Cabibbo proposed [25] in 1963 that the
total charged weak current, Jµ, could actually consist of a linear combination of a strangeness

conserving part, J
(0)
µ , and a strangeness changing part, J

(1)
µ . Since the squared sum of the two

contributions had to preserve unity, he expressed the linear combinations in terms of a mixing
angle θ as

Jµ ≡ cos θ J (0)
µ + sin θ J (1)

µ

Comparing existing measurements of the branching fractions for the decays K+→µ+νµ and
π+→µ+νµ, and taking into account the apprpriate phase-space factors,

Γ(K+→µ+νµ )

Γ(π+→µ+νµ)
=

sin2 θ

cos2 θ
×

(mK(1−m2
µ/m

2
K))2

(mπ(1−m2
µ/mπ))2

,
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Figure 2.3: Feynman diagrams for the decays (top left) s→ue−νe, (top right) d→ue−νe and (bot-
tom) µ−→ νµe

−νe.

Cabibbo estimated the value of the mixing angle to θ ≈ 0.257 rad. From a similar comparison of
the observed branching fractions for K+→π0 e+ ν and π+→π0 e+ ν he obtained the consistent
result θ ≈ 0.26 rad. Moreover, Cabibbo’s hypothesis could explain why observed decay rates
in nuclear β-decays appeared to be slightly smaller than expected from the assumption of
a universal weak coupling constant. Using Cabibbo’s hypothesis, the decay n→ pe−νe is
mediated by the strangeness-conserving part of the current and its rate is therefore reduced
by a factor cos2 θ.

The mixing angle has come to be known as the Cabibbo angle, θC , and its sine is equal
to the parameter λ in the Wolfenstein parametrization of the Unitarity Triangle. The current
world average [1] of its value is sin θC = (0.2252 ± 0.0009) rad, not far from Cabibbo’s initial
estimates. The underlying processes in terms of the quark language are illustrated in Figure 2.3,
where the weak interaction couples to a linear combination of the down-type quarks,

| d′ 〉 = cos θC | d 〉 + sin θC | s 〉 .

2.5 CP violation (1964)

The V − A character of weak interactions implies that both parity, P , and charge conjuga-
tion, C, are maximally violated in these interactions. However, Landau [22] and Okun [26]
soon realized that symmetry was still preserved under the combined transformation C ×P , as
illustrated by the naive sketch shown in Figure 2.4. Feynman, in one of his famous lectures [27],
expressed his relief as follows:

“Therefore, at long last, it is really true that right and left symmetry is still
maintained . . . instead of two rules in our list of symmetries, two of these rules go
together to make a new rule, which says that matter to the right is symmetrical to
antimatter to the left.”

One year after the Feynman lectures were published, a small violation of the CP symmetry
was observed in the weak decay of neutral kaons to two pions. In order to understand this
measurement, it is necessary to very briefly introduce the phenomenology of the neutral kaon
system. A more comprehensive discussion of particle-antiparticle mixing in the system of
neutral kaons and other neutral meson-antimeson systems will be given in Chapter 3.1.

The only quantum number that distinguishes a neutral kaon from a neutral antikaon is
strangeness. Since strangeness is not conserved in weak interactions, K0−K0 transitions can
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Figure 2.4: Illustration of P and C violation and CP invariance in π→µνµ decays. Thin, long, solid
arrows indicate the momenta of the final-state particles while the shorter, thick, shaded arrows indicate
their spin. The parity operator transforms the diagrams on the left to those on the right, while charge
conjugation transforms diagrams in the top row to those in the bottom row. The CP related processes
shown in the top left and bottom right are allowed and happen with the same rate, those shown in the
top right and bottom left are forbidden.
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Figure 2.5: K0−K0 mixing through (left) multi-pion intermediate states accessible to both K0 and
K0 and (right) box diagrams with the exchange of two W± bosons and quark-antiquark intermediate
states (right).

occur through processes that are mediated by the weak interaction. In the language of the
1960’s, such processes involve real or virtual intermediate states of pions that are accessible to
both K0 and K0 as illustrated in the left panel in Figure 2.5. In today’s language, they inolve
box diagrams with an exchange of two W bosons as shown in the right panel in Figure 2.5.

Gell-Mann and Pais [28] realized that K0−K0 mixing can lead to the existence of two
neutral kaon states with different decay modes and very different lifetimes. Since kaons and
antikaons can mix, they have to be described as a coupled system

|Ψ 〉 = a · |K0 〉 + b · |K0 〉

and it is possible to define states |K0
1 〉 and |K0

2 〉 that are eigenstates of the CP operator,

|K0
1 〉 = 1√

2
·
(
|K0 〉 + |K0 〉

)
with CP |K0

1 〉 = +|K0
1 〉 ,

|K0
2 〉 = 1√

2
·
(
|K0 〉 − |K0 〉

)
with CP |K0

2 〉 = −|K0
2 〉 .

If CP is conserved in weak interactions1, the CP eigenstates are also eigenstates of the weak
interaction, meaning that K0

1 and K0
2 are the particles that will be observed in weak decays.

1In fact, Gell-Mann and Pais [28] based their argument on charge conjugation invariance; Lee, Oehme and
Yang [29] pointed out that this assumption was not justified in weak interactions and derived a phenomenology
of neutral kaon decays using the CPT theorem. They realized that the two weak eigenstates do not necessarily
have to be orthogonal to each other. The discovery of CP violation in the neutral kaon system demonstrated
later that this is indeed not the case.
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The by far dominant decay mode for neutral kaons is that to two pions. Kaons and pions being
pseudoscalar particles with internal spin J = 0, angular momentum conservation implies that
the two pions must be produced in this decay with relative angular momentum L = 0 and
with CP |ππ 〉 = −1L = +1. Therefore, the final state in this decay is a CP -even eigenstate
and only the CP -even state K0

1 can decay into two pions if CP symmetry is concerved in the
weak interaction. The CP odd state K0

2 can only decay into three pions or in semileptonic
decays to πeνe or πµνµ. All these decays are, however, significantly suppressed. The decay into
three pions is phase-space suppressed since the masses of three pions add up to almost that of
the kaon, while the semileptonic decays to πeνe and πµνµ are suppressed by parity violation.
This is easiest seen in the pion rest frame, in which the momenta of the charged lepton and the
(anti-)neutrino point into opposite directions. Due to the conservation of angular momentum
in the decay, their spins have to be opposite as well, i.e. they are produced in one of the two
“forbidden” configurations shown in Figure 2.4. Putting all these arguments together, Gell-
Mann and Pais argued that the neutral kaon system should have a short-lived component,
the K0

1 , that decayed to two pions and a component with a much longer lifetime, the K0
2 , that

decayed into three pions and semileptonically. The long-lived neutral kaon predicted by Gell-
Mann and Pais was soon after discovered by Lederman and collaborators [30] and its lifetime
was subsequently measured to be more than 500 times that of the short-lived neutral kaon.

The large difference in lifetimes allows to isolate a pure beam of K0
2 particles. A beam

of neutral kaons can be produced by shooting a beam of pions or protons into a solid target.
Associated production of ss pairs leads to the generation of similar numbers of of K0ãnd
K0 mesons, corresponding to a roughly equal admixture of the K0

1 and K0
2 components. Due

to the large difference in the lifetimes τ1 and τ2 of the K0
1 and K0

2 , however, the fraction
of the K0

1 component in the beam will decrease rapidly and for times t � τ1 an almost
pure K0

2 state will remain. To quantify this statement, by letting a neutal kaon beam travel
in vacuum for twenty K0

1 lifetimes, the K0
1 component will have reduced to e−20 τ1 ≈ 2× 10−9

of its initial intensity, while the intensity of the K0
2 component will remain at e−20 τ1/τ2 ≈ 96%

of its initial value.
As was first realized by Pais and Piccioni [31], an additional complication appears if in-

teractions in nuclear matter are taken into consideration. By definition, the CP eigenstates
K0

1 and K0
2 are equal admixtures of K0 and K0. However, K0 and K0 have different strong

interaction cross sections with nuclear matter. For example, processes like K0 + p → Λ0 +π+

or K0 +n → Λ0 +π0 are possible while the K0 can only undergo charge exchange processes
like K0 + p → K+ +n. In the language of quarks, this is due to the fact that the K0 contains
a d quark that can annihilate with the d valence quarks present in nuclear matter, while there
is no equivalent process for the K0, which contains a d quark. Therefore, when a K0

2 beam
traverses nuclear matter, the K0 component will be absorbed faster than the K0 component.
This corresponds to the regeneration of a K0

1 component in the beam, as is most easily seen
by considering an extreme scenario in which the K0 component is completely absorbed due to
nuclear interactions. What is left then is a pure K0 component with

|K0 〉 =
1√
2
· (|K1 〉 + |K2 〉) .

This effect has become known as “regeneration” and was first observed by Muller, Good et
al. [32, 33]. They generated a beam of neutral kaons by impinging a π− beam on a hydrogen
target, let the K0

1 component decay away and passed the remaining K0
2 beam through a

regenerator plate embedded in a large bubble chamber. As illustrated in Figure 2.6, they found
clear evidence for two-body decays just downstream of the regenerator plates, demonstrating
the regeneration of a K0

1 component.
A beam of K0

2 particles was also employed in the famous experiment by Christenson,
Cronin, Fitch and Turlay [34], in which they discovered CP violation in the neutral kaon
system. Neutral kaons were produced in collisions of 30 GeV protons in an internal Be target
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Figure 2.6: Distribution of cos θ, where θ is the angle between the direction of the incoming kaon beam
and the vector sum of the reconstructed momenta of the two daughter particles, for two-prong events
that occured within two K0

1 lifetimes after the regenerator plate and for which energy conservation
was fulfilled under the K0→π+π− hypothesis. The angle θ should be zero for two-body decays due
to momentum conservation, but it will in general be different from zero for multi-body decays. The
observed excess of events at cos θ ≈ 1 (for which both energy and momentum are conserved) is proof
for decays into two charged pions and demonstrates K0

1 regeneration in the plates (from [33]).

Figure 2.7: Discovery of CP violation by the observation of 2-body decays of the long-lived neutral
kaon. A sketch of the experimental setup is shown on the left, the result of the measurement in terms of
the variable cos theta on the right. Here, the middle panel shows the distribution of cos θ for candidates
with dipion invariant mass close to the mass of the K0 meson, while the upper and lower panels show
the distributions for dipion candidates with invariant mass above and below the K0 mass, respectively.
For further details see the main text (from [34]).

at the Brookhaven AGS and the K0
1 component was left to decay away in a 57 ft long vacuum

transfer line between the target and the decay volume watched by the detector. A sketch of
the decay volume and the detector is shown in Figure 2.7. The decay volume was embedded
in a large Helium bag to minimize K0

1 generation and the detector consisted of a two-arm
dipole magnet spectrometer to measure the directions and momenta of two charged pions.
Candidates were characterized in terms of two discriminating variables, namely the invariant
mass of the pair of pions and the angle θ between the sum of their reconstructed momenta
and the direction of the incoming kaon beam. Due to momentum conservation in the decay,
the angle θ should be zero for true two-body decays, while it will in general be different from
zero for multi-body decays. The result of the measurement is also shown in Figure 2.7. For
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dipion candidates with invariant mass above or below the kaon mass, the distribution in cos θ
is indeed flat as expected for a sample of two pions from multibody decays. For candidates
with invariant mass close to the mass of the kaon, however, a clear excess is seen at cos θ ≈ 1.
For these candidates, both energy conservation and momentum conservation are fulfilled, i.e.
they establish a signal of CP violating decays to two charged pions in the K0

2 beam. Various
sources of potential background were studied, but none was identified that could fake the
observed signal. In particular, potential background from K0

1 regeneration in the Helium gas
was calculated to be a factor of 106 too small to account for the observed effect. As a cross-
check, data were also collected with a regenerator plate inserted at different positions within
the decay volume. It was found that the signal candidates from the main measurement and
reconstructed two-body decays from the regenerated K0

1 component in the control sample
looked alike in all relevant aspects. From the observed excess of 45 ± 9 events, Christenson,
Cronin, Fitch and Turlay calculated the relative branching fraction for the CP violating decay
to π+π− to be BF (K0

2→π+π−)/BF (K0
2→ all charged modes) = (2.0± 0.4)× 10−3.

If CP is violated in the neutral kaon system, the weak eigenstates are not identical to the
eigenstates of the CP operator. The names K0

S and K0
L were subsequently introduced for the

short-lived and long-lived eigenstates, to distinguish them from the CP eigenstates K0
1 and

K0
2 , with

K0
L ≡ 1√

1 + |ε|2
(
K0

2 + ε ·K0
1

)
K0
S ≡ 1√

1 + |ε|2
(
K0

1 − ε ·K0
2

)
.

Christenson, Cronin, Fitch and Turlay derived |ε| ≈ 2.3× 10−3 from their measurement, close
to today’s world average [1] of |ε| = (2.228 ± 0.011) × 10−3, obtained from a fit to available
K→ππ data.

An important proof that the observed effect was indeed due to CP violating decays of the
long-lived neutral kaon was the observation of an interference with the CP allowed decays to
two charged pions of short-lived kaons. To demonstrate this interference, a measurement of
the decay rate to two charged pions was performed [35, 36] in a beam of long-lived neutral
kaons passing through a diffuse beryllium regenerator of variable density. In the presence of a
regenerator, the kaon state is

|Ψ 〉 = |K0
2 〉+ (ε+Ar) |K0

1 〉,

where Ar is the coherent regeneration amplitude. The expected decay rate to two charged
pions is proportional to

|ε+Ar|2 = |ε|2 + |Ar|2 + 2 |ε| |Ar| cosα ,

where α is the phase difference between ε and Ar. A sizeable interference effect can be obtained
by tuning the regenerator density such that Ar ≈ ε. The measured π+π− rate as a function
of the regenerator density is shown in Figure 2.8. A fit to the data shows cos θ = 1.00± 0.21,
i.e. full constructive interference between the two amplitudes.

Soon after its discovery in decays of the long lived neutral kaon into two charged pions,
CP violation in the neutral kaon system was also observed in the decay into two neutral
pions [37,38] and by the measurement of a non-vanishing charge asymmetry

δ` ≡
Γ(K0

L→π−`+ν`) − Γ(K0
L→π+`−ν`)

Γ(K0
L→π−`+ν`) + Γ(K0

L→π+`−ν`)
(`± ∈ e±, µ±)

in semileptonic decays to electrons [39] and to muons [40]. By definition, the K0
2 is an equal

admixture of K0 and K0 and, as illustrated in Figure 2.9, the K0 component decays to negative



20 CHAPTER 2. A HISTORICAL OVERVIEW

Figure 2.8: Observed π+π− rate as a function of the coherent regeneration amplitude Ar. The curves
show the best fit to the data for three hypotheses for the interference angle α. Only the curve for
cosα = 1 agrees well with the data (from [36]).
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Figure 2.9: Feynman diagrams for the semileptonic decays of (left) K0 and (right) K0.

leptons while the K0 component decays to positive leptons. If the K0
L were identical to the

K0
2 , one would therefore expect equal numbers of semileptonic decays to negative and positive

leptons. Both measurements showed an excess of positive leptons, confirming that the K0
L is

not identical to the K0
2 .

That the laws of nature should not be invariant under the CP symmetry initially left the
particle physics community in shock. However, in 1967 Sakharov [41] pointed out that CP vi-
olation (together with baryon number violation and thermal non-equilibrium) is in fact a nec-
essary ingredient for the creation of a matter dominated universe from the matter-antimatter
symmetric initial state that is postulated if the universe was born out of pure energy in a Big
Bang. Today, the Standard Model naturally incorporates CP violation in weak interactions
via the complex phase in the CKM quark-mixing matrix. However, the effect seems to be
more than nine orders of magnitude too small to explain the amount of matter observed in the
universe. This discrepancy is one of the great outstanding problems of fundamental physics
today.
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2.6 GIM mechanism (1970)

In an attempt to classify the plethora of new mesons and baryons discovered in cosmic rays
and in experiments at the new particle accelerators, Gell-Mann [42] and Zweig [43] had derived
in 1964 what came to be known as the quark model2. According to their model, all known
mesons and baryons could be described as composite (qq) and (qqq) states, respectively, with
three types of quarks q: up (u), down (d) and strange (s). Cabibbo had shown that the weak
interaction then coupled to a linear combination d′ = cos θC · d + sin θC · s of the down and
strange quark. The simplest renormalizable theory of the weak interaction was then considered
to be described by a Lagrangian

LW = gWλ J
λ + h.c.

with the weak current

Jλ = νe · γλ(1− γ5) · e− + νµ · γλ(1− γ5) · µ− + u · γλ(1− γ5) · d′ ,

a single, electrically charged, massive intermediate vector boson, W , and a coupling constant
g given by

GF√
2

=
g2

m2
W

,

where GF is the Fermi constant and mW is the mass of the intermediate vector boson. However,
it seemed difficult to reconcile this theory with certain observed features of flavour-changing
interactions between quarks. One of these features was the small splitting between the masses
of the K0

S and K0
L states in the neutral kaon system, which pointed to a strong suppression of

so-called ∆S = 2 amplitudes that change the strangeness by two units. The ∆S = ∆Q rule
reflected the strong suppression of flavour-changing neutral hadronic current processes such as
K+→π+`+`− or K0

L→µ+µ−. For example, the branching fraction for the decay K0
L→µ+µ−

had been measured to be of the order of 10−7, while that for the corresponding charged current
decay K+→µ+νµ is about 63.5%.

Glashow, Iliopoulos and Maiani postulated [46] in 1970 that these observed features could
be explained by the introduction of a fourth quark, which they dubbed “charm” (c). In
extention of Cabibbo’s concept, the weak interaction would couple to the up and charm quarks
and to a linear combination of the down and strange quarks,

(
d′ , s′

)
≡ CH

(
d
s

)
=

(
cos θC sin θC
− sin θC cos θC

) (
d
s

)
.

Since the mixing matrix CH is unitary, i.e. C†HCH = 1, the neutral hadronic current then
becomes

JλNC =
(
d′ , s′

)
γλ (1 + γ5)

(
d′

s′

)

=
(
d , s

)
C†H γλ (1 + γ5) CH

(
d
s

)

=
(
d , s

)
γλ (1 + γ5)

(
d
s

)
= d γλ (1 + γ5) d + s γλ (1 + γ5) s

and flavour-changing neutral hadronic currents cancel naturally. Complete cancelation occurs
for the case of massless quarks, in practice the cancellation is almost complete since the mass

2An earlier version was the so-called “eightfold way”, developed by Gell-Mann [44] and Ne’eman [45].
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differences between the quarks are small compared to the mass of the vector boson that me-
diates the weak interaction. Flavour changing neutral hadronic currents as well as ∆S = 2
transitions can occur at higher order but are suppressed by the smallness of the weak coupling
constant. Their study is one of the most important aspects in quark flavour physics today as
will be discussed in Chapter 6.

Already in 1961, Glashow had postulated [47] a renormalizable theory of the electroweak
interaction of leptons, which was based on the gauge group SU(2)⊗ U(1). As well as the two
charged W bosons, his model contained two neutral vector bosons, one massive, now known as
the Z or Z0, and the other massless, the photon, In their 1970 paper [46], Glashow, Iliopoulos
and Maiani pointed out that the additional quark proposed by them created a symmetry
between the quark sector and the lepton sector and proposed to extend Glashow’s electro-
weak theory to the quark sector. They also pointed out that the introduction of a neutral
vector boson did not change the cancellation in neutral currents described above.

2.7 CKM mechanism (1972)

In 1971, Weinberg discussed several physical processes that were known to suffer from diver-
gences in “conventional models” considered at the time and demonstrated that these processes
were free of divergences in the proposed renormalizable SU(2)L ⊗ U(1) model of electro-weak
interactions [48]. Following Glashow, Iliopoulos and Maiani, he also introduce a fourth quark
to explain the suppression of flavour-changing neutral hadronic currents.

One year later, Kobayashi and Maskawa published their now famous paper [49] in which
they explored various mechanisms by which CP violation could be encorporated in the model
proposed by Weinberg. Observing that the model with two left-handed quark doublets,(

u
d

)
,

(
c
s

)

cannot encorporate CP violation since the 2× 2 mixing matrix that couples the two doublets

U =

(
cos θC sin θC
− sin θC cos θC

)

has only one free parameter (the mixing angle θC) and is therefore real. Kobayashi and
Maskawa went on to propose an “interesting model of CP -violation”, namely that there could
be a sextuplet of quarks, decomposed into three left-handed SU(2) doublets and six right-
handed SU(2) singlets. As already discussed here in Section 1.3, not all complex phases of the
unitary 3× 3 mixing matrix can then be absorbed into the phase convention and CP violation
effects can occur through the interference of different components of the current with different
complex phases. An attractive feature of the model was that CP violation effects at the lowest
order appear only in non-leptonic ∆S 6= 0 processes and in semileptonic decays of strange
mesons, in accordance with experimental observations.

Kobayashi and Maskawa’s paper was published two years before the discovery of the charm
quark confirmed the existence of two quark doublets and initially it went mostly unnoticed. It
was the discovery of the bottom quark in 1977 that finally drew the attention of the community
to their work and the “CKM mechanism” — so named to honour the earlier work by Cabibbo
— then quickly gained popularity.

2.8 Charm quark (1974)

By the summer of 1974, essentially all ingredients of what is known today as the Standard
Model of particle physics had been developed and a coherent picture started to gradually
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Figure 2.10: Discovery of (left) the ψ at BNL and (right) the J at SLAC. The panel on the left shows the
e+e− invariant mass spectrum in e+e−X events produced in proton collisions on a beryllium target. The
panels on the right show the measured cross section to (top) e+e−, (middle) µ+µ− and (bottom) π+π−

or K+K− pairs as a function of the center of mass energy of the e+e− collision (from [50] and [51],
respectively).

emerge. Searches for the charm were ongoing, the favoured method being to look for “open
charm”, i.e. particles composed of a charm quark and lighter quarks. Then, in November
1974, a narrow resonance with a mass of about 3.1 GeV was discovered simultaneously in
the invariant-mass spectrum of e+e− pairs produced in the reaction p+ Be → e+e−+X at
BNL [50] and in the e+e− interaction cross section at SLAC [51]. The signals observed in the
two measurements are shown in Figure 2.10. The BNL group called this resonance “J” and
the SLAC group named it “ψ”.

The observation of the J/ψ was quickly confirmed by measurements at Frascati [53] and
DESY [54]. The measured width of the signal was in all cases compatible with the experimental
resolution. From a fit to the measured branching fractions to e+e−, µ+µ− and hadrons, the
SLAC group computed a total decay width of about (69 ± 15) keV [52], corresponding to a
lifetime of about 10−20 s. Since the resonance was produced in e+e− collisions, its spin-parity
could be inferred to be JPC = 1−−. This was confirmed by the SLAC group in measurements of
the interference between the resonant and non-resonant production of µ+µ− pairs, and by the
measurement of the angular distributions in the e+e− and µ+µ− final states [52] as illustrated
in Figure 2.11. About two weeks after the discovery of the J/ψ, the SLAC group also reported
the observation of a second narrow resonance at 3.7 GeV [55].

Their narrow width meant that these resonances could not be excited states of lighter
hadrons. Such excited states would decay through strong or electromagnetic processes, re-
sulting in much shorter lifetimes and larger decay widths. The interpretation of the J/ψ and
the resonance at 3.7 GeV as the (1s) and (2s)-states in the spectrum of bound cc states was
first proposed in Refs. [56] and [57], respectively. Additional bound cc states were predicted in
Refs. [57] and [58] and several of these were observed soon after, confirming this interpretation.
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Figure 2.11: Direct determination of the spin-parity of the J/ψ at SLAC. The upper left panel shows
the ratio of the µ+µ− and e+e− yields as a function of the e+e− annihilation energy. The solid curve
indicates the expected behaviour for a JPC = 1−− state, the dip just below the resonance being
due to the interference with non-resonant e+e−→µ+µ− production, while the dashed line indicates
the behaviour expected in case of no interference. The two panels on the right show the observed
angular distributions of (top) e+e− and (bottom) µ+µ− pairs from J/ψ decays, overlayed with the
cos2 θ dependence expected for the decay of a J = 1 resonance (from [52]).

Almost two years after the discovery of the J/ψ, the first observation of open charm was
finally reported by the SLAC group [59]. Studying the invariant-mass spectra of Kππ candi-
datesm, they observed a narrow resonance at a mass of 1876 MeV/c2 in the final state K∓π±π±

but not in the final state K±π+π−, a signature that was expected for the decay of a charmed
meson. The result of the measurement is shown in Figure 2.12 together with the Feynman
diagramm for the decay.

Around the same time, the τ lepton was discovered with a very similar mass and it became
clear that it was the similar signature of tau decays that had made it so difficult to clearly
identify decays of charmed mesons.

The discovery of the J/ψ and its interpretation as a cc resonance caused a paradigm shift
in particle physics. Over the next few years, quarks became generally accepted as a physical
reality and the Standard Model as the theory that described their interactions.

2.9 Bottom or beauty quark (1977)

About three years after the discovery of the J/ψ resonance, a broad enhancement at a mass
around 9.5 GeV/c2 was observed in the invariant-mass spectrum of µ+µ− pairs produced
via the reaction p+ (Cu,Pt) →µ+µ−+ X in a 400 GeV proton beam at Fermilab [60]. The
measurement is shown in Figure 2.13. The observation was quickly interpreted as a bound
state of a new quark and its antiquark [61], which was later named beauty or bottom. With
a three-fold increase in the size of the analyzed data set, the structure could be resolved into
two narrow resonances, with a hint for a possible contribution from a third resonance [62].

The three resonances were originally named Υ, Υ′ and Υ′′, but are today referred to by
the notation Υ(1S), Υ(2S) and Υ(3S), reflecting their respective positions in the spectrum of
bb resonances. The Υ and Υ′ were soon after confirmed in e+e− collisions at DESY [66–69],
while the Υ′′ was confirmed by the Fermilab experiment two years later [63].
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Figure 2.12: Discovery of the D± meson at SLAC. The upper left panel shows the observed signal
in the K∓π±π± invariant mass spectrum, while the lower left panel demonstrates the absence of a
signal in the final state K±π+π−, characteristic for the decay of a charmed meson (from [59]). The
corresponding Feynman diagram for the decay D±→K∓π±π± is shown on the right.

The fourth radial excitation, Υ(4S), was discovered in 1980 by the CLEO collaboration in
a measurement the hadronic excitation function in e+e− annihilations [64] . The mass of this
resonance was found to be 10.55 GeV and its total decay width was determined to be about
20 MeV. The large witdh suggested that the Υ(4S) could decay via the strong interaction,
i.e. that its mass had to lie above the production threshold for pairs of b flavoured mesons.
Evidence for the production of B mesons at the Υ(4S) was reported by CLEO in 1981 [70] ,
followed by the observation , in 1983, of the exclusive decays B→D(∗)π and B→D(∗)ππ [65]
.

After the discoveries of the b quark and the τ lepton, it was pretty much taken for granted
that a sixth quark, the top, had to exist to complete the third quark doublet. First indication
that the mass of the top quark had to be much larger than those of the other quarks came
from the observation of strong B0B0 mixing, as described in the next section. Standard-Model
fits to electroweak precision measurements, such as those of the decay width of the Z boson
and the Weinberg angle sin θW at LEP and SLC, then permitted to derive the mass of the
top quark to within about 20 GeV/c2 uncertainty3. The first direct observation of the top
quark was announced in 1995 by the CDF [71] and D0 [72] collaborations at the Tevatron at
Fermilab. The measured mass was in good agreement with the prediction from electroweak
fits. Today’s world average is mt = ( 173.21 ± 0.51 (stat) ± 0.71 (syst) ) GeV/c2 [1]. As the
top quark decays essentially to 100% to W+b, it does not play a significant role in flavour
physics. Studies of top quark decays are, however, an important topic in electroweak physics.

2.10 B0−B0 mixing (1987)

In analogy to particle-antiparticle mixing in the neutral kaon system, B0−B0 transitions can
occur via box diagrams as those shown in Figure 2.16. However, though the processes respon-
sible for B0−B0 mixing are analogous to those for K0−K0 mixing — compare the diagrams
shown in Figure 2.16 with that shown in 2.5 — the phenomenology in the two systems is very

3The last prediction from electroweak fits prior to the announcement of direct evidence was presented at
the Moriond conference in March 1994 as mt = (174 ± 11 (stat) +17

− 19 (syst)) GeV/c2.
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Figure 2.13: Discovery of the Υ resonances at Fermilab: (left) the initial observation of a broad enhance-
ment in the µ+µ− invariant mass spectrum; (top right) the signal exscess over the fitted continuum
background from a three times larger data sample, the two lines showing fits assuming two (solid line)
or three (dashed line) narrow resonances; (bottom right) the confirmation of the Υ′′ (from [60], [62]
and [63], respectively).

Figure 2.14: Discovery of the Υ(4S)
resonance at CLEO (from [64]).

Figure 2.15: First observation of B mesons at CLEO
(from [65]).
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Figure 2.16: B0−B0 mixing through box diagrams with the exchange of two W± bosons via (left)
quark-antiquark intermediate states and (right) two virtual W± bosons in the intermediate state.

different. Due to the larger mass of the B0 meson, there are many decay modes for both weak
eigenstates and the difference of their lifetimes is negligibly small compared to the average.
Therefore, unlike in the K0K0 system, it is not possible to isolate one of the two eigenstates
by means of the decay time distribution. The phenomenology of particle-antiparticle mixing
in the different neutral meson systems will be discussed in more detail in Chapter 3.1

The first observation of B0−B0 mixing was reported in 1987 by the Argus collaboration
at the e+e− storage ring Doris II at DESY [73]. At Doris-II, positrons and electrons were
collided at a centre-of-mass energy of 10.58 MeV, corresponding to the mass of the Υ(4S) res-
onance. As discussed in the previous section, the Υ(4S) is a bound bb state with a mass just
above the BB production threshold. It decays to about 50% to B0B0 and to about 50% to
B+B− and therefore provides a clean source of B0B0 and B+B− pairs. In an analysis of
88’000 recorded Υ(4S) decays, however, one event was found in which two B0 meson candi-
dates were reconstructed in flavour-specific semileptonic decay modes. A display of this event
is shown in Figure 2.17. Employing the subscripts shown in the event display, one B0 meson
was reconstructed in the decay

B0→D∗−µ+
1 νµ with D∗−→D0π−1s and D0→K+

1 π
−
1

while the other B0 meson was reconstructed in the decay

B0→D∗−µ+
2 νµ with D∗−→D−π0 and D−→K+

2 π
−
2 π
−
2 .

In both cases, the electric charges of the final-state particles uniquely identified the decaying
particle as a B0 meson. The observation of two B0 meson decays in the same event implied that
the initially produced B0 meson must have mixed into a B0 meson at the time of its decay. A
significant signal for B0−B0 mixing was also observed through partially reconstructed events
with two charged leptons (electrons or muons) in the final state. In analogy to the case of
semileptonic kaon decays shown in Figure 2.9, b quarks decay to negative leptons and b quakrs
decay to positive leptons. Therefore, only events with two oppositely charged leptons are
expected to be observed in Υ(4S) decays if no B0−B0 mixing occurs. The Argus collaboration
found 50 same-sign dilepton events, out of which 25.2± 5.0± 3.8 events were estimated to be
due to various sources of background. The remaining 24.8±7.6±3.8 events were attributed to
a mixing signal. Finally, a mixing signal was also observed in a sample of events that contained
one B0 or B0 candidate that was fully reconstructed in a flavour-specific decay mode and a
lepton of “wrong” charge from the decay of the opposite B meson. Combining the results, the
time integrated mixing probability was calculated to be

χ =
Γ(B0→B0)

Γ(B0→B0) + Γ(B0→B0
= 0.17± 0.05.

As shown in Figure 2.16, the top quark can appear as a virtual particle in the internal loop of
the box diagram and the mixing probability depends on its mass. From their measurement,
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the Argus collaboration derived a lower bound of 50 GeV for the mass of the top quark. This
was a relevant result at the time of the measurement, since the top quark was expected then to
be lighter than we know it to be today. In fact, only a few years earlier the UA1 collaboration
had claimed evidence for a top signal between 30 and 60 GeV [74].

The observation of B0−B0 mixing was confirmed soon after by the CLEO collaboration
at the e+e− collider CESR at Cornell [75].

2.11 Direct CP violation in the K0K0 system (1999)

Following the discovery of the CP violating decay K0
L→π+π−, a phenomenological analysis of

the K0-K0 system showed [76] that two mechanisms could contribute to the observed CP asym-
metry: “indirect” CP violation in K0−K0 mixing, caused by a relative phase between the
transition amplitudes involving on-shell and off-shell intermediate states, and “direct” CP vi-
olation in the decay, caused by the interference of decay amplitudes with a relative complex
phase.

In the CKM modell, both types of CP violation can occur in the neutral kaon system:
CP violation in K0−K0 mixing occurs because the transitions through on-shell and off-shell
intermediate states are dominated by box diagrams with different internal quark lines and
different CKM phases; CP violation in the decay can be caused by the interference of tree
and penguin amplitudes, which have different CKM phases as depicted in Figure 2.18. A third
mechanism, interference between mixing and decay, plays an important role in the B0−B0 and
B0
s−B0

s systems but is negligible in the K0−K0 system. The three mechanisms will be dis-
cussed in more detail in Section 3.3.

However, as already mentioned in Section 2.5, the CKM model was only one of many
possible theories that had been put forward to explain CP violation. An alternative group of
models that retained great popularity until well into the 1990’s were so-called superweak models
first proposed by Wolfenstein in 1964 [77]. In these models, CP violation was caused by a new
interaction that changed strangeness by two units and contributed only to K0−K0 transitions.
To explain the measured value of the CP asymmetry in K0

L→π+π−, the coupling constant of
this new interaction had to be of the order of 10−10−10−11 times that of the weak interaction,
hence the name superweak theory. As K0−K0 mixing is by definition the only source of

Figure 2.17: Fully reconstructed B0B0 event observed by Argus. The subscripts “1” and “2” indicate
the decay products of the first and second B0 meson, respectively. The decay chains are described in
the text (from [73]).
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Figure 2.18: Feynman diagrams for (left) the tree amplitude and (right) the penguin amplitude con-
tributing to the decays (top) K0→π+π− and (bottom) K0→π0π0.

CP violation in the superweak models, these models would be ruled out by the observation of
a direct CP violating asymmetry in the decay of neutral kaons4.

Proof of CP violation in mixing had been provided in 1967 by the measurement of CP vi-
olating charge asymmetries in the semileptonic decays K0

L→πeνe [39] and K0
L→πµνµ [40].

Semileptonic decays proceed through a single decay amplitude and cannot receive any contri-
bution from CP violation in decay.

A possible contribution from CP violation in decay can be probed by comparing the rates
of CP violating K0

L decays to two neutral pions and to two charged pions. Since CP violation
in mixing is independent of the decay mode, it will yield the same effect in the π+π− and π0π0

final states. The observation of different CP asymmetries in the two final states would therefore
be proof of a contribution from CP violation in the decay, ruling out superweak theories.

In the usual notation, introduced e.g. in Ref. [78], CP violation in mixing is described by
the complex-valued parameter ε, defined by

K0
L = 1√

2(1+|ε|2)

{
(K0 −K0) + ε (K0 +K0)

}
= 1√

2(1+|ε|2)

{
(1 + ε)K0 − (1 − ε)K0

}
,

while CP violation in the decay is described by the complex-valued parameter ε′. A proper
definition of the parameter ε′ is for example given in Ref. [79]. In terms of these parameters,
the decay amplitude ratios between the CP forbidden and CP allowed decays to two charged
pions is

η+− ≡
A(K0

L→π+π−)

A(K0
S→π+π−)

= ε+ ε′

and that for decays to two neutral pions is

η00 ≡
A(K0

L→π0π0)

A(K0
S→π0π0)

= ε− 2ε′ .

4In later years, Wolfenstein made an attempt to re-define the meaning of superweak theories such that they
could also accommodate a small contribution from direct CP violation in the kaon system; the observation of
CP violation in the B0 meson system finally disproved super-weak theories also in this wider sense.
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Superweak models predict ε′ = 0 by definition, whereas in the Standard Model the real part of
the ratio ε′/ε is predicted to be of the order of 10−3 − 10−2. The uncertainty of the Standard
Model prediction is significant due to hadronic uncertainties from kaon form factors [80].

The first observations, in 1967, of the decay K0
L→π0π0 resulted in estimates of |η00| that

were significantly larger than the known value of |η+−| at the time, indicating the possibility
of a large contribution from direct CP violation in decay. Subsequent measurements of |η00|,
however, yielded [81–88] inconsistent results, ranging from zero to 5 × 10−3 with claimed
uncertainties between 0.3× 10−3 and 0.5× 10−3.

Later experiments searching for direct CP violation measured the double ratio of CP vio-
lating and CP conserving decay rates

Γ(K0
L→π+π−) /Γ(K0

S→π+π−)

Γ(K0
L→π0π0) / Γ(K0

S→π0π0)
≈ 1 + 6 · Re

(
ε′

ε

)
,

in which many systematic uncertainties cancel to first order if the four decay modes are mea-
sured simultaneously in the same beam and the same detector: systematic effects related to
kaon beam intensities cancel to first order in the ratios

Γ(K0
L→π+π−)

Γ(K0
L→π0π0)

and
Γ(K0

S→π+π−)

Γ(K0
S→π0π0)

,

while those related to pion detection efficiencies cancel to first order in the ratios

Γ(K0
L→π+π−)

Γ(K0
S→π+π−)

and
Γ(K0

L→π0π0)

Γ(K0
S→π0π0)

.

Between 1972 and 1988, a number of measurements of this double ratio were performed [89–
93] and yielded results compatible with zero. In 1988, the NA31 collaboration at CERN
reported first evidence [94] for direct CP violation. Their final result [95], published in 1993,
was

Re (ε′/ε) = ( 23.0 ± 4.1 (stat) ± 5.1 (syst) ) × 10−4 ,

corresponding to a deviation from zero with a significance of 3.3 Gaussian standard deviations.
At the same time, however, the E731 collaboration at Fermilab reported [96]

Re (ε′/ε) = ( 7.4 ± 5.2 (stat) ± 2.9 (syst) ) × 10−4 ,

compatible with absence of direct CP violation. To resolve this apparent discrepancy, two
follow-up experiments — KTeV at Fermilab and NA48 at CERN — were initiated with the
goal to measure Re (ε′/ε) to a precision of (1− 2)× 10−4.

At this level of precision, second-order systematic effects in the measurement of the double
ratio have to be considered with great care. Such second-order effects can emerge because
different detectors, trigger and reconstruction algorithms have to be employed for the charged
and neutral decay modes and two different beams have to be employed as sources of K0

L and
K0
S decays. The production target for K0

S beam has to be close to this fiducial decay volume
monitored by the detector, while the production target for the K0

L beam has to be far upstream
to let the K0

S component decay away before the beam reaches the fiducial volume. Differences
in the momentum spectra of the two beams will lead to differences in the distribution of
opening angles of decay products and therefore to a different illumination of the detector
and potentially different reconstruction efficiencies for K0

L and K0
S decays. The very different

K0
L and K0

S lifetimes lead to different decay vertex distributions within the fiducial decay
volume, again leading to different illumination of the detectors for K0

L and K0
S decays. These

effects cancel in the double ratio as long as the two detectors for charged and neutral final states
have identical detection and reconstruction efficiencies across the full acceptance. An artificial
asymmetry will, however, be induced as soon as detection efficiencies for the charged and the
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neutral final states vary differently across the acceptance5. Similarly, different variations in
the K0

S and K0
L beam intensities will lead to different probabilities for random coincidences,

which can result in artificial asymmetries if they affect trigger and reconstruction efficiencies
for neutral and charged decays differently. It is also important to measure all four decay
modes simultaneously, since relevant properties of the K0

L and K0
S beams and of the charged

and neutral detectors can vary differently as a function of time.

In both experiments — in particular in the case of NA48 — great care was put into the
design of the beams, detectors and analysis techniques in order to minimize possible sources of
such secondary effects. In the following, only a brief and incomplete overview of some of the
key aspects for each of the two experiments can be given. A comprehensive description of the
NA48 measurement technique can be found in Ref. [97].

The generation of the beams for the KTeV experiment at Fermilab is illustrated in Fig-
ure 2.19. Two almost parallel K0

L beams were produced by colliding a beam of 800 GeV/c pro-
tons from the Tevatron into a single beryllium oxide target that was located 122 m upstream
of the fiducial decay volume. To create a source of K0

S decays, a so-called regenerator consist-
ing of 84 plates of 2 cm thick plastic scintillator was inserted into one of the two beams just
upstream of the decay volume. As discussed in Section 2.5, different K0 and K0 interaction
cross sections in the material lead to the regeneration of a K0

S component in the initially pure
K0
L beam. The total amount of material traversed by the beam was chosen such that the

regenerated K0
S component made up 3% of the beam intensity downstream of the regenerator

and therefore dominated the rate of decays to two pions in this beam. The scintillators were
monitored by photomultiplier tubes to be able to veto inelastic interactions in the material of
the regenerator. Moreover, the regenerator was swapped between the two beams every minute
to even out possible asymmetries in detector acceptance. A sketch of the KTeV detector is
shown in Figure 2.20. The detector for charged particles consisted of a forward magnetic spec-
trometer with two pairs of drift chambers upstream and downstream of a dipole magnet. A
high-resolution CsI crystal calorimeter was employed to detect the photons from neutral final
states. The detector was complemented by a scintillator hodoscope providing a fast trigger
for charged particles and by a muon veto counter and photon veto counters to suppress back-
grounds from the dominant semileptonic and three-pion K0

L decays. For both charged and
neutral final states, the reconstructed position of the kaon decay vertex in the plane orthogo-
nal to the beam direction was used to determine which of the two beams the event originated
from and therefore whether it would be classified as a K0

L decay or a K0
S decay. Acceptance ef-

fects due to the very different K0
S and K0

L decay vertex distributions along the beam direction,
shown in Figure 2.21, were corrected for using a Monte-Carlo simulation.

The beams and the detector of the NA48 experiment [99] are illustrated in Figures 2.22
and 2.23, respectively. Two distinct targets were employed to generate the K0

L and K0
S beams.

The K0
L beam was generated by colliding 450 GeV/c protons from the CERN-SPS into a

first target, located 126 m upstream of the fiducial decay volume. Protons that had not
interacted in the K0

L target were then sent through a bent silicon crystal [100]. A small but
fixed fraction of these protons was deflected by channeling in the lattice of this crystal and
was then steered towards a second target, located just upstream of the fiducial volume, to
generate the K0

S beam. This technique ensured that a fixed fraction of the initial proton
beam impinged on the K0

S target and that the intensities of the K0
L and K0

S beams were
affected equally by variations in the primary proton beam. The K0

S target was displaced
laterally from the K0

L beam by 7.6 cm. To minimize acceptance effects due to this small
displacement between the two beams, the K0

S beam was collimated such that it converged with

5To illustrate this, consider a simplified scenario in which all pions from K0
S decays go into region A of

the detector, and all pions from K0
L decays go into region B. Assume further that π+π− detection is to 99%

efficient in region A but only 98% efficient in region B, while π0π0 detection is 99% efficient in region B and
98% efficient in region A. In the absence of any direct CP violation, the measured value of the double ratio will
then be (0.99/0.98)/(0.98/0.99) ≈ 1.02, corresponding to Re (ε′/ε) = 3.4× 10−3.
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Figure 2.19: Layout of the KTeV beams. Note the different scales along the horizontal and vertical
axes (from [98]).

Figure 2.20: Layout of the KTeV experiment (from [98]).

Figure 2.21: Measured longitudinal decay vertex distributions for kaon decays to (left) two charged
pions and (right) two neutral pions. In both panels, thick lines show the distributions for the beam
without regenerator and thin lines show the distributions for the beam in which the regenerator was
inserted (from [98]).



2.11. DIRECT CP VIOLATION IN THE K0K0 SYSTEM 33

Figure 2.22: Layout of the NA48 beams. Note the different scales along the horizontal and vertical axes
(from [99]).

Figure 2.23: Layout of the NA48 detectors (from [97]).
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Figure 2.24: Performance of the K0
S/K0

L tagging for decays to π+π−. The panel on the left shows the
time difference between signals in the trigger hodoscope and the tagging detector versus the vertical
position of the kaon decay vertex as reconstructed from the trajectories of the two charged pions.
The vertex reconstruction allows a clear separation between decays from the K0

S and K0
L beams. As

expected, events from the K0
S beam cluster around a time difference of zero, whereas the time difference

for events from the K0
L beam is randomly distributed. The panel on the right shows the distribution of

the time difference separately for π+π− decays that were assigned to the K0
L beam and to the K0

S decays
by means of their reconstructed decay vertex positions. The vertical lines indicate the ±2 ns coincidence
window that is employed to classify decays as K0

S or K0
L decays. True K0

L decays that accidentally fall
within the coincidence window are wrongly classified as K0

S decays and true K0
S decays in the tail of the

distribution outside the coincidence window are wrongly classified as K0
L decays. Note the logartihmic

scale: both these fractions are small (from [97]).

the K0
L beam and overlapped with it in the centre of the detector. Moreover, the production

angles at the K0
L target and at the K0

S target were chosen to produce similar momentum
spectra for the K0

L and K0
S beams. Decays to π+π− were reconstructed in a forward magnetic

spectrometer consisting of two pairs of precision drift chambers upstream and downstream of
a dipole magnet. A quasi-homogeneous LKr calorimeter was employed to detect the photons
from decays to π0π0. The detector was complemented by a scintillator hodoscope providing
a fast trigger for charged particles and by a hadron calorimeter, muon veto counters and
photon “anti-counters” to suppress backgrounds from the dominant semileptonic and three-
pion K0

L decays.

To classify events as K0
L or K0

S decays, a tagging counter was installed inside the proton
beam line to the K0

S target. This counter consisted of an array of thin scintillator strips and
recorded the passage of protons with a precision of around 0.1 ns. Event were classified as
K0
S decays if a signal in the K0

S tagging counter was observed within a time window of ±2 ns
around the signal recorded in the trigger hodoscope for π+π− decays or in the LKr calorimeter
for π0π0 decays. If no signal in the K0

S tagging counter was observed within this time window,
the corresponding event was classified as a K0

L decay. This method exploited the excellent
time resolutions of 0.25 ns in the charged hodoscope and 0.3 ns in the LKr calorimeter and
minimized a possible asymmetry in the event classification between the π+π− and π0π0 decay
modes. In the case of decays to π+π−, the decay vertex resolution in the plane transverse to
the beam direction is sufficiencly precise to cleanly assign the decay vertex to the K0

L beam
or the K0

S beam. This independent classification permits to estimate K0
L→K0

S and K0
S→K0

L

misidentification probabilities due to random time coincidences or out-of-time signals. Fig-
ure 2.24 shows the measured time distributions separately for π+π− decays that were assigned
to the K0

L beam and to the K0
S decays by means of their reconstructed decay vertex positions,

demonstrating that the misidentification probabilities are small.

An event weighting technique was applied to compensate for acceptance effects due to the
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Figure 2.25: Effect of decay-time weighting. The panel on the left shows the reconstructed decay time
distribution for K0

S events and for K0
L events before and after lifetime weighting. The AKS position

defines the upstream end of the fiducial volume considerd in the analysis. The panel on the right shows
the reconstructed value of the double ratio as a function of kaon energy in simulated events before
and after lifetime weighting of the K0

L events. The significant bias that is visible before weighting is
effectively removed by the weighting procedure (from [97]).

very different K0
L and K0

S lifetimes without having to resort to Monte-Carlo simulations. In
the determination of the double ratio, each reconstructed K0

L event was counted with a weight

w = exp

{
− zV
βKγKc

·
(

1

τS
− 1

τL

)}
,

where zV is the reconstructed position of the kaon decay vertex along the K0
L beam axis,

βKγKc is the Lorentz boost of the kaon in the laboratory frame and τL and τS are the known
K0
S and K0

L lifetimes, respectively. The effect of this weighting is illustrated in Figure 2.25.

The KTeV and NA48 experiments collected data from 1996 till 1999 and from 1997 till 2001,
respectively. In summer 1999, KTeV reported [101] the first observation of direct CP violation,
based on a subset of the data collected in 1996-1997. Soon after, NA48 published [102] a first
measurement based on the 1997 data set, which confirmed the observation. The final result
of the NA8 experiment, based on a total of 5.3 million reconstructed K0

L→π0π0 decays and
22.5 million reconstructed K0

L→π+π− decays, was published [103] in 2002 as

Re (ε′/ε) = ( 14.7 ± 1.4 ± 0.9 ± 1.5 ) × 10−4 ,

where the first quoted uncertainty is statistical, the second includes systematic uncertainties
related to the statistics of control samples and the third includes all remaining systematic
uncertainties. The final result of the KTeV experiment, using their full data set of 6 mil-
lion reconstructed K0

L→π0π0 decays and 25 million reconstructed K0
L→π+π− decays, was

published [104] in 2010 as

Re (ε′/ε) = ( 19.2 ± 1.1 (stat) ± 1.8 (syst) ) × 10−4 .

These results finally established the existence of direct CP violation in the decay of neutral
kaons and ruled out superweak models. They are compatible with the CKM picture of CP vi-
olation but cannot provide a quantitative test of the theory since predictions of Re (ε′/ε) suffer
from large uncertainties related to non-perturbative kaon form factors.



36 CHAPTER 2. A HISTORICAL OVERVIEW

2.12 CP violation in the B0B0 system (2001)

The first observation of CP violation outside the neutral kaon system was reported in 2001 by
the BaBar [105] and Belle [106] collaborations, who had measured the decay-time dependent
rate asymmetry between the CP -conjugated decay modes B0→ J/ψK0

S and B0→ J/ψK0
S .

With these measurements began the exploration of CP violating phenomena in the neutral,
charged and strange B meson systems that will be the topic of Chapters 5 and 6.

In contrast to the neutral kaon system, a large number of decay modes in the B meson
systems provides for a rich phenomenology that permits to perform quantitative tests of the
CKM model of CP violation. Because of the relatively large mass of the b quark, Uncertainties
due to form factors are in general smaller than in the kaon system. Moreover, it is possible to
construct observables that are either intrinsically free from hadronic uncertainties or in which
such uncertainties cancel to first order.

But before the measurement comes the experiment and in order to motivate the design
of the experiments, it is helpful to introduce the basic phenomenology of the processes they
attempt to analyze. This will be the goal of the next chapter.



Chapter 3

The Rules of the Game: A Short
Phenomenology

In the following sections, the basic formalism of particle–antiparticle mixing in the neutral
meson systems will be introduced, followed by classifications of heavy quark decays, and a
short introduction of the three sources of CP violation in the CKM model of flavour-changing
interactions in the quark sector. A basic understanding of these concepts will help in motivating
the choices made in the design of the experimental facilities, discussed in Chapter 4.

3.1 Particle–antiparticle mixing in the neutral meson systems

The phenomenon of particle-antiparticle mixing in the neutral kaon system has been briefly
introduced in Section 2.5. The same mechanisms that lead to K0−K0 transitions also cause
particle-antiparticle mixing in the D0D0, B0B0 and B0

sB
0
s systems. In all four systems, quark

flavour is the only quantum number that distinguishes particle from antiparticle and since
flavour is not conserved in weak interactions, second-order transitions such as the box dia-
grams shown in Figure 3.1 can cause transitions between particle and antiparticle. The basic
formalism that is employed to describe these transitions is derived in the following. The neu-
tral meson is denoted here as B0 and the neutral antimeson as B0, but the formalism applies
in exactly the same manner for K0K0, D0D0 and B0

sB
0
s. As shown at the end of this section,

the resulting phenomenology is, however, rather different in each of the four systems, due to
the fact that the relevant parameters assume different values.
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Figure 3.1: Example of box diagrams that cause particle-antiparticle mixing in (left) the K0K0, B0B0

and B0
sB

0
s systems and (right) the D0D0 system.
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For the sake of simplicity, conservation of CP invariance will be assumed here. CP violation
in mixing will be discussed in Section 3.3.

Due to the occurence of particle-antiparticle transitions, an initially pure B0 or B0, pro-
duced in a strong interaction at a time t = 0, will evolve into a mixed state

|Ψ(t) 〉 = a(t) |B0 〉 + b(t) |B0 〉.

as a function of t. The time evolution of this mixed state can be described by a two-component
Schröderinger equation

−i ∂
∂t

 a(t)

b(t)

 = H

(
a(t)
b(t)

)
,

with an effective Hamiltonian

H =

 H11 H12

H21 H22

 .
Since the B0 and B0 have a finite lifetime and decay as well as mix into each other, probability
is not conserved and the operator H is not Hermitian. However, following an approach first
developed by Weisskopf and Wigner [107, 108], the operator H can be expressed by the sum
of a hermitian operator

M ≡ 1

2

(
H + H†

)
,

that describes the propagation of the coupled system and an anti-hermitian operator

−i Γ

2
≡ 1

2

(
H − H†

)
,

that describes the decaying part of the amplitude. The diagonal elements of the 2×2 matrices
M and Γ describe the B0 and B0 mass and decay width, while their off-diagonal elements
describe B0-B0 mixing transitions via off-shell and on-shell intermediate states, respectively.

Hermeticity of the operators implies M21 = M∗12 and Γ21 = Γ∗12. Assuming CPT invariance,
B0 and B0 must have identical mass , M ≡M11 = M22, and decay width, Γ ≡ Γ11 = Γ22, and
the Hamiltonian H can be written as

H =

 M − iΓ/2 M12 − iΓ12/2

M∗12 − iΓ∗12/2 M − iΓ/2

 .

Diagonizing H then yields the eigenvalues

ωH,L = M − i
Γ

2
±
√(

M12 − i
Γ12

2

)(
M∗12 − i

Γ∗12

2

)
and corresponding eigenstates

|BH,L 〉 = p |B0 〉 ∓ q |B0 〉 ,

where
q

p
= −

√
M∗12 − iΓ∗12 / 2

M12 − iΓ12 / 2
.

The “heavy” and “light” eigenstates, BH and BL, are states with well defined masses mH,L

and decay widths ΓH,L,

|BH(t) 〉 =
(
p |B0 〉 − q |B0 〉

)
e−imH t e−ΓH t / 2
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and
|BL(t) 〉 =

(
p |B0 〉 + q |B0 〉

)
e−imL t e−ΓL t / 2 ,

where mH,L and ΓH,L are the real and imaginary parts of the eigenvalues, i.e.

ωH,L ≡ mH,L − i
ΓH,L

2
.

Furthermore, it is convenient to define the differences

∆m ≡ mH − mL

and
∆Γ ≡ ΓH − ΓL

of the masses and decay widths of the two mass eigenstates. The mass difference, ∆m, is
by definition positive, while the difference of decay widths, ∆Γ, can be positive or negativem
depending on whether the heavier mass eigenstate has shorter or longer lifetime than the lighter
mass eigenstate.

Solving for |B0 〉 and |B0 〉, the time evolution of initially pure flavour eigenstates |B0 〉
and |B0 〉 produced at time t = 0 is obtained to be

|B0 〉(t) = g+(t) · |B0 〉 +
q

p
· g−(t) · |B0 〉

and
|B0 〉(t) = g+(t) · |B0 〉 +

p

q
· g−(t) · |B0 〉,

with

g±(t) =
1

2

(
e−ωLt ± eωH t

)
=

1

2
eiM t e−Γ t / 2

(
ei∆mt e∆Γ t / 4 ± e−i∆mt e−∆Γ t / 4

)
.

Finally, the time-dependent probabilities for a B0 or a B0 produced at t = 0 to decay as a B0

or a B0 at time t > 0 are

PB0→B0(t) =
∣∣g+(t)

∣∣2 =
1

2
e−Γ t

{
cosh

(
∆Γ

2
t

)
+ cos (∆mt)

}
PB0→B0(t) =

∣∣g+(t)
∣∣2 =

1

2
e−Γ t

{
cosh

(
∆Γ

2
t

)
+ cos (∆mt)

}
PB0→B0(t) =

∣∣∣∣qp
∣∣∣∣2 ∣∣g−(t)

∣∣2 =
1

2

∣∣∣∣qp
∣∣∣∣2 e−Γ t

{
cosh

(
∆Γ

2
t

)
− cos (∆mt)

}
PB0→B0(t) =

∣∣∣∣pq
∣∣∣∣2 ∣∣g−(t)

∣∣2 =
1

2

∣∣∣∣pq
∣∣∣∣2 e−Γ t

{
cosh

(
∆Γ

2
t

)
− cos (∆mt)

}
.

Violation of CP symmetry in B0−B0 mixing implies that

PB0→B0(t) 6= PB0→B0(t) ,

i.e. that ∣∣∣∣qp
∣∣∣∣2 6= ∣∣∣∣pq

∣∣∣∣2 ⇔ ∣∣∣∣qp
∣∣∣∣ 6= 1 .

and that the mass eigenstates

|BH,L 〉 = p |B0 〉 ∓ q |B0 〉,
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are not aligned with the CP eigenstates

|BCP± 〉 =
1√
2

(
|B0 〉 ± |B0 〉

)
.

Convenient experimental observables are the time-dependent mixing asymmetries

amix(t) ≡
N
B0→B0(t) − N

B0→B0(t)

N
B0→B0

(t) + N
B0→B0

(t)
=

cos (∆mt) + δ cosh
(

∆Γ
2 t
)

cosh
(

∆Γ
2 t
)

+ δ cos (∆mt)

and

amix(t) ≡
N
B0→B0(t) − N

B0→B0(t)

N
B0→B0

(t) + N
B0→B0

(t)
=

cos (∆mt) − δ cosh
(

∆Γ
2 t
)

cosh
(

∆Γ
2 t
)
− δ cos (∆mt)

with

δ ≡ 1− |q/p|2

1 + |q/p|2
.

Again, |q/p| 6= 1 implies δ 6= 0 and amix(t) 6= amix(t), i.e. CP violation in mixing. This case
will be discussed in Section 3.3. Assuming for now that CP symmetry is conserved in mixing,
δ = 0 and the expressions simplify to

amix(t) = amix(t) =
cos (∆mt)

cosh
(

∆Γ
2 t
) .

Introducing the average decay width

Γ ≡ ΓH + ΓL
2

,

it is convenient to define the dimensionless parameters

x ≡ ∆m

Γ

and

y ≡ ∆Γ

2Γ

and express the mixing asymmetry as

amix(t) = amix(t) =
cos (xΓt)

cosh (y Γt)
.

The mixing asymmetry shows a damped oscillatory behaviour as a function of time, with an
oscillation frequency and a damping parameter that are determined by the mass difference and
the lifetime difference between the two mass eigenstates in the meson-antimeson system, re-
spectively. This behaviour applies to all four neutral meson-antimeson systems, K0K0, D0D0,
B0B0 and B0

sB
0
s. The phenomenologies differ due to the different mass differences, lifetimes

and lifetime differences. The relevant parameters for each of the four systems are compiled in
Table 3.1 and the resulting time-dependent mixing behaviour illustrated in Figures 3.2, 3.3,
3.4 and 3.5.

In the K0K0 system, the decay width difference between the two mass eigenstates is large
since all possible decay modes for the long-lived mass eigenstate are suppressed as discussed
in Section 2.5. The two mass eigenstates are therefore labelled by their lifetimes rather than
by their masses, i.e. K0

S for the shorter-lived, light mass eigenstate and K0
L for the longer-

lived, heavy mass eigenstate. The decay width of the K0
L being negligibly small compared
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Figure 3.2: Illustration of K0K0 mixing as a function of decay time expressed in units of the average
K0 lifetime. The effect of CP violation is neglected. Left: Probability for a K0 produced at time t = 0
to decay as a K0 or as a K0. Right: Mixing asymmetry.
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Figure 3.3: Illustration of D0D0 mixing as a function of decay time expressed in units of the average
D0 lifetime. The effect of CP violation is neglected. Left: Probability for a D0 produced at time t = 0
to decay as a D0 or as a D0. Right: Mixing asymmetry.
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Figure 3.4: Illustration of B0B0 mixing as a function of decay time expressed in units of the average
B0 lifetime. The effect of CP violation is neglected. Left: Probability for a B0 produced at time t = 0
to decay as a B0 or as a B0. Right: Mixing asymmetry.
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Figure 3.5: Illustration of B0
sB

0
s mixing as a function of decay time expressed in units of the average

B0
s lifetime. The effect of CP violation is neglected. Left: Probability for a B0

s produced at time t = 0
to decay as a B0

s or as a B0
s. Right: Mixing asymmetry.
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Table 3.1: Compilation of the parameters relevant for mixing in the four neutral meson-antimeson
systems. Values that are quoted with uncertainties are taken from the autumn-2014 compilation by
the Heavy Flavour Averaging Group [2] resp. the 2014 edition of Review of Particle Physics [1]. Values
quoted without uncertainties have been derived for the purpose of this table.

K0K0 D0D0 B0B0 B0
sB

0
s

τ = 1

Γ
[ps] 180 0.4101± 0.0015 1.519± 0.005 1.512± 0.007

∆m [ps−1] (5.293± 0.009)× 10−3 (0.95+0.41
−0.44)× 10−2 0.510± 0.003 17.757± 0.021

∆Γ [ps−1] 1.1× 10−2 3.5× 10−2 ≈ 0 0.091± 0.008

x = ∆m/Γ 0.95 4.8× 10−3 0.775± 0.006 26.79± 0.08

2y = ∆Γ /Γ 2 (1.29+0.14
−0.18)× 10−2 ≈ 0 0.122± 0.009

χ = x2 + y2

2 (1 + x2) 0.5 3.7× 10−5 0.1875± 0.017 0.499307± 0.000004

to that of the K0
S , the decay width difference is essentially equal to the K0

S decay width.
The oscillation parameter, xK , and the damping parameter, yK , being of similar magnitude,
flavour oscillation in the K0K0 system is strongly damped. The short-lived, light eigenstate
has essentially decayed away after one oscillation period and only the long-lived, heavy mass
eigenstate survives.

The situation is different in the other neutral meson-antimeson systems, where many decay
modes exist and the lifetimes of the two mass eigenstates are therefore of similar magnitude.
As discussed above, the decay width difference ∆Γ is given by the magnitude of the dispersive
part of the mixing amplitude, while the mass difference ∆m is determined by the magnitude
of the absorptive part of the mixing amplitude. In the Standard Model, mixing is induced by
the box diagrams shown in Figure 3.1. In the B0B0 system, the contribution of the diagram
with intermediate quark lines i and j (i, j ∈ {u, c, t}) can be written as

(VibV
∗
id)(VjbV

∗
jd) · η · S0(m2

i /m
2,m2

j/m
2
W ) ,

where Vib, Vid, Vjb and Vjd are the relevant CKM matrix elements, η describes short-distance
QCD corrections, and the so-called Inami-Lim functions S0(xi, xj) [109] are polynomials of
the squared masses of the intermediate quarks. Due to the large mass of the top quark, box
diagrams with internal top-quark lines dominate over those with charm- or up-quark lines. The
dispersive part of the mixing amplitude is therefore determined by the size of the box diagram
with intermediate top quarks. Due to energy conservation, the absorptive part of the mixing
amplitude, which proceeds through on-shell intermediate states, cannot receive contributions
from internal top-quarks and is therefore dominated by diagrams with internal charm-quark
lines. Both amplitudes are strongly suppressed by the smallness of the CKM matrix elements
— both |VtbV ∗td| and |VcbV ∗cd| are of order λ3 in terms of the Wolfenstein parameter λ ≈ 0.23.
While the mass difference between the two mass eigenstates is still sizeable due to the large
value of the Inami-Lim factor, the decay width difference is negligibly small. This results in a
weakly damped oscillation pattern. The time-integrated probability, χd, for a B0 produced at
t = 0 to decay as a B0 is sizeable.

Similar arguments hold in the B0
sB

0
s system, except that the suppression of the mixing

amplitudes due to the magnitude of the involved CKM matrix elements is less large — both
|VtsV ∗tb| and |VcsV ∗cb| are both of order λ2. The mass difference between the two mass eigen-
states is therefore expected to be about a factor 25 larger than in the B0B0 system and the
decay width difference is not negligible here. Both expectations have been confirmed by mea-
surements. The large value of ∆ms leads to rapid oscillations and the time-integrated mixing
probability, χs, is 50%, i.e. a B0

s produced at t = 0 has equal probability to decay as a B0
s or

a B0
s.
In the D0D0 system, finally, the dispersive part of the mixing amplitude is dominated by

the box diagram with internal b quark and the absorptive part of the mixing amplitude is
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Figure 3.6: Examples of (top left) hadronic, (top right) semi-leptonic and (bottom) leptonic B-meson
decays.

dominated by internal s quark lines. The Inami-Lim factors are therefore significantly smaller
than the corresponding factors in the B0B0 and B0

sB
0
s systems. The absorptive part of the

mixing amplitude is further suppressed by the magnitudes of the CKM matrix elements —
|VcbVub| ∝ λ5. Both the decay width difference and the mass difference between the two
mass eigenstates are therefore very small, resulting in very little mixing. The time-integrated
probability, χD, for a D0 produced at t = 0 to decay as a D0 is negligibly small.

3.2 Classification of heavy quark decays

Ground-state hadrons that contain a heavy quark decay through the weak interaction. There
are several criteria according to which such decays are classified: the type of final state particles
created in the decay, the type of processes inlved in the decay, the colour flow between quarks
in the initial and final state, and the magnitude of the involved CKM matrix elements.

Decays are called hadronic if they lead to a final state that contains only hadrons, they
are called semi-leptonic if the final state contains a mix of hadrons and leptons, and they are
called leptonic if the final state consists only of leptons. Examples of these three types of
decays are illustrated in Figure 3.6. Note that decays leading to a purely leptonic final state
are Flavour-Changing Neutral Current decays and, because of the GIM mechanism discussed
in Section 2.6, can occur only via diagrams involving an internal loop.

Decays that involve a closed internal loop are called penguin diagrams, while diagrams that
do not involve such loops are called tree diagrams. Examples of penguin and tree diagrams
are shown in Figure 3.7. All else being equal, penguin diagrams are typically suppressed by
a factor of about three compared to tree diagrams, because they involve a loop as well as an
extra factor of αstrong at the scale of the b quark mass.

As depicted in Figure 3.7, hadronic decay diagrams can be further subdivided external
diagrams, in which the created quark-antiquark pair ends up in the same meson and in internal
dagrams in which the created quark and antiquark end up in two different mesons. In internal
tree diagrams, the newly created quark-antiquark pair has to be produced with a matching
combination of colour charge such that two colour-neutral mesons can be formed in combination
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Figure 3.7: Examples for (top left) external and (top right) internal tree diagrams and for (bottom left)
internal and (bottom right) external penguin diagrams.

with the incoming antiquark and quark. In external tree decays, no such restriction applies
since the quark-antiquark pair is always created in a colour singlet state as required for forming
a meson. The colour flow in the two types of diagrams is illustrated in Figs. 3.8. External tree
diagrams have two independent colour loops for a total of 3×3 possible combinations of colour
states, while internal tree diagrams have only one colour loop with three possible colour states.
All else being equal, the decay amplitude for internal tree decays is therefore suppressed by a
factor of three compared to that for the equivalent external tree diagrams. The two types of
diagrams are also referred to as colour suppressed and colour allowed.

The situation for Penguin decays is more involved, as illustrated in Figure 3.9. Internal
penguin diagrams have two colour loops and are therefore colour allowed. The naive external
penguin diagram shown in Figure 3.9 has a single colour loop but is in fact forbidden, since
gluons are colour octet objects and a single gluon cannot lead to a colour-singlet meson.
Therefore, at least two gluons have to be exchanged in external penguin diagrams and, as
shown in Figure 3.9, this again leads to two colour loops and no colour suppression. However,
due to the exchange of a second gluon, these diagrams are suppressed by a factor αstrong. The
suppression can be significant since the second gluon, which determines the relevant scale for
αstrong, can be soft

The magnitude of the involved CKM matrix elements is usually expressed in terms of
powers of the Wolfenstein parameter λ = sin θC , where θC ≈ 0.23 is the Cabibbo quark mixing
angle. All b quark decay amplitudes are proportional to at least λ2. These amplitudes are
called Cabibbo allowed. Amplitudes that are proportional to λ3 are called Cabibbo suppressed
and amplitudes that are proportional to λ4 are called doubly Cabibbo suppressed.

3.3 Sources of CP violation in the Standard Model

By definition, CP symmetry is violated if two charge-conjugated processes do not occur at the
same rate. As will be shown below, this requires that at least two amplitudes with different
weak phase contribute to the process. The weak phases change sign between the two charge-
conjugated processes and interference effects can give rise to a CP violating rate difference.
The complex phase in the CKM quark mixing matrix, introduced iN Section 1.3 is the only
weak phase that appears in the Standard Model of particle physics and this phase is therefore
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Figure 3.8: Illustration of the colour flow in (left) external and (right) internal tree diagrams (from [110]).

Figure 3.9: Illustration of the colour flow in (top) internal and (bottom) external penguin diagrams
(from [110]). The naive penguin diagram shown in the bottom left diagram is forbidden since a single
gluon is a colour octet object and cannot give rise to a meson, which has to be a colour singlet state

said to be the sole source of all CP violation in the Standard Model.

Three distinct mechanisms have been identified that can lead to CP violating asymmetries
in the Standard Model:

• CP violation in mixing in the neutral meson-antimeson systems is caused by the interfer-
ence of box diagrams with different internal quark lines. Mixing is the dominant source
of CP violation in the K0K0 system, while CP violation in mixing is predicted to be
very small in the B0B0 and B0

sB
0
s systems.

• CP violation in decay is caused by the interference of decay diagrams with different
weak phase and different strong phase leading to the same final state. This is the only
possible source of CP violation for charged B mesons. In general, poorly known strong
phases limit the precision with which the weak phase can be extracted from the measured
asymmetry. There are, however, cases in which the weak phase can be cleanly determined
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using a combination of several related decay modes and exploiting symmetries of the
strong interaction between these modes.

• CP violation in the interference of mixing and decay can occur in the B0B0 and B0
sB

0
s sys-

tems if the B0 or B0
s and the B0 or B0

s can decay to the same final state. A prominent
example is the final state J/ψK0

S , which allowed the B factories to establish CP viola-
tion in the B0B0 system. A time-dependent CP violating is caused in such processes by
the interference between the direct decay of the meson to the given final state and the
amplitude for the process in which the meson first mixes to its antiparticle, which then
decays to the same final state.

In the remainder of this section, the three mechanisms are discussed one by one

3.3.1 CP violation in mixing

Following the discussion in Section 3.1, and using again the B0B0 system as a proxy for all
four neutral meson-antimeson systems, CP symmetry is violated in mixing if the probability
for an initial B0 meson to decay after a time t as a B0 differs from the probability for an initial
B0 meson to decay as a B0 after the same time t. This is the case if∣∣∣∣qp

∣∣∣∣2 =

∣∣∣∣M∗12 − iΓ∗12 / 2

M12 − iΓ12 / 2

∣∣∣∣ 6= 1 ,

i.e. if a non-vanishing complex phase appears between the dispersive part of the mixing am-
plitude, M12, and its absorptive part, Γ12.

As shown in Section 3.1, in the Standard Model the dispersive part of the B0−B0 mixing
amplitude is dominated by box diagrams with internal top-quark lines while its absorptive part
is dominated by diagrams with internal charm-quark lines. The CKM phase between (VtbV

∗
td)

and (VcbV
∗
cd) causes a relative phase between Γ12 and M12 as required for CP violation to occur

in mixing. However, the generated CP asymmetry is expected to be small. Since diagrams
with top-quark lines strongly dominate over diagrams with charm-quark lines, the dispersive
part of the mixing amplitude dominates also dominates strongly over the absorptive part, i.e.

Γ12 � M12 ,

which implies that
q

p
≈ − argM12

is almost a pure phase and ∣∣∣∣qp
∣∣∣∣2 ≈ 1 .

Similar arguments hold in the B0
sB

0
s system and the Standard Model therefore predicts CP vi-

olation in mixing to be very small in the B0B0 and B0
sB

0
s systems.

The situation is different in the K0K0 system, where transitions with intermediate top
quarks are significantly suppressed by the ratio of the magnitudes of the involved CKM matrix
elements, |VtdV ∗ts| ∝ λ5 while |VcdV ∗cs| ∝ λ. As a consequence, the absorptive part of the mixing
amplitude is less suppressed compared to the dispersive amplitude. Indeed, as discussed in
Section 2.5, mixing is the dominant source of CP violation in the K0K0 system.

CP violation in mixing is best probed in semileptonic decays, in which the flavour of the
meson at its decay can be derived from the charge of the final-state lepton. At the quark level,
conservation of electric charge implies that b → c `+ν` and b → c `+ν`, and similar for the decay
of s and s quarks. Consequently K0, B0 and B0

s mesons decay to positive leptons, while their
antiparticles decay to negative leptons.
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In the K0K0 system, CP violation in mixing can be observed by a charge asymmetry in
the semileptonic decays of the long-lived component,

|K0
L 〉 = p |K0 〉 + q |K0 〉 .

In the B0B0 and B0
sB

0
s systems, it is not possible to isolate one of the two mass eigenstates.

Instead, one measures the asymmetry in the rate of wrong-sign decays

adsl ≡
dΓ
dt

(
B0→ `+X

)
− dΓ

dt

(
B0→ `−X

)
dΓ
dt

(
B0→ `+X

)
+ dΓ

dt

(
B0→ `−X

) =
1− |q/p|4

1 + |q/p|4
,

which is zero if CP symmetry is conserved in mixing. The semileptonic asymmetry assl in the
B0
sB

0
s system is defined in the same manner. Note that adsl and assl, although defined as an

asymmetry of time-dependent decay rates, are in fact time-independent quantities. Regarding
the initial flavour of the B meson at t = 0, one has to either rely on the assumption that equal
numbers of B0

q and B0
q mesons are produced in the beam-beam collisions, or the flavour at

production has to be derived indirectly from other information in the event. The latter can
be achieved by exploiting the fact that the creation of B mesons proceeds almost exclusively
through the associated production of bb quark pairs. The flavour of the accompanying beauty
hadron can be derived through the observation of flavour-specific signatures of its decay and
it is then assumed that this flavour is opposite to the initial flavour of the B meson used in
the measurement of the asymmetry. The approach is known as opposite side flavour tagging
and will be discussed in Sections 4.1 and 4.2.

A related observable that probes CP violation in mixing is the so-called same-sign dilepton
charge asymmetry

asl =
N(`+`+X)−N(`−`−X)

N(`+`+X) +N(`−`−X)

in events in which both b hadrons decayed semileptonically. The observation of two negative
leptons in such events implies that a B0 or B0

s has mixed into a B0 or B0
s, while the observation

of two positive leptons implies that a B0 or B0
s has has mixed into a B0 or B0

s . If unequal
numbers of events with two positive leptons and two negative leptons are observed, one of the
two mixing processes must occur more frequently than the other and CP symmetry is violated
in mixing. The D0 collaboration has published measurements of an unexpectedly large same-
sign dilepton charge asymmetry, which are in tension with Standard Model predictions at
the level of three standard deviations. However, these deviations have not been confirmed by
complementary measurements at the B factories and at LHCb. These measurements will be
discussed in Section 6.2.

3.3.2 CP violation in the decay

Taking again the B0B0 system as a proxy for all four neutral meson-antimeson systems,
CP symmetry is violated in the decay if the time-integrated decay rate of a neutral meson
to a flavour-specific final state f differs from the decay rate of the B0 meson to the charge
conjugated final state f . The effect is often referred to as direct CP violation. In order for
an observable CP asymmetry to be generated, it is necessary that at least two amplitudes
with different weak and strong phases contribute to the decay. These are typically a tree am-
plitude and a penguin amplitude, as illustrated in Figure 3.10 for the example of the decay
B0→K+π−. In the case of two contributing amplitudes ai (i = 1, 2) with strong phases δi
and weak phases φi, the total decay amplitude Af for the decay B→ f is given by

Af = |a1| ei(δi +φi) + |a2| ei(δ2 +φ2)
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Figure 3.10: Feynman diagrams for (left) the tree amplitude and (right) the penguin amplitude con-
tributing to the decay B0→K+π−.

and the decay amplitude Af for the decay B→ f is given by

Af = |a1| ei(δi−φi) + |a2| ei(δ2−φ2) .

Note, that the weak phases φi change sign between the two charge conjugated processes while
the strong phases δi do not. The decay rates of the charge conjugated processes are therefore

Γ(B→ f) = |Af |2 = |a1|2 + |a2|2 + |a1||a2|
(
e−i(δ2− δ1) e−i(φ2−φ1) + e+i(δ2− δ1) e+i(φ2−φ1)

)
and

Γ(B→ f) = |Af |2 = |a1|2 + |a2|
2 + |a1||a2|

(
e−i(δ2− δ1) e+i(φ2−φ1) + e+i(δ2− δ1) e−i(φ2−φ1)

)
and the time-integrated decay rate asymmetry is

af =
Γ(B→ f) − Γ(B→ f)

Γ(B→ f) + Γ(B→ f)
=

2|a1| |a2| sin (δ2 − δ1) sin (φ2 − φ1)

|a1|2 + |a2|2 + 2|a1||a2| cos (δ2 − δ1) cos (φ2 − φ1)
.

It can be seen from the right-hand side of this equation that both the weak phases and the
strong phases of the contributing amplitudes have to differ in order to generate a CP -violating
asymmetry in the decay rates. The interplay of strong and weak phases in generating such an
asymmetry is illustrated in Figure 3.11.

The classic example of direct CP violation is that in the decay of neutral kaons to two pions,
the measurement of which was discussed in Section 2.11. Also in this case, the CP asymmetry
is generated by the interference of tree and penguin amplitudes, as illustrated in Figure 2.18.
The two interfering decay amplitudes in the K0K0 system are usually defined, however, in
terms of the strong isospin of the two-pion final state (see Section 2.1 for a brief introduction
of the concept of isospin). The isospin of the two final-state pions can combine to a total of
I = 0 or I = 2, the state I = 1 being forbidden by Bose-Einstein statistics. The two decay
amplitudes for the decay K0→ππ are usually parametrized as

A(K0→ (2π)I=0,2) = AI e
iδI ,

where AI is the complex, weak decay amplitude and δI is the strong phase. The corresponding
amplitudes for the decay K0→ππ are then

A(K0→ (2π)I=0,2) = A∗I e
iδI .

The charged and neutral two-pion states contain different fractions of the two Isospin ampli-
tudes,

|π+π− 〉 =
1√
3

(√
2 |π+π−, I = 0 〉 + |π+π−, I = 2 〉

)
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Figure 3.11: Illustration of the interplay between the strong phase difference δ2 − δ1 and the weak
phase difference φ2 − φ1 of the two amplitudes a1 and a2 in generating a CP violating difference in the
magnitude of the decay amplitudes A = a1 + a2 and A = a1 + a2. Note that the magnitudes of a1 as
well as a2 are the same in all four diagrams.

and

|π0π0 〉 =
1√
3

(
|π0π0, I = 0 〉 −

√
2 |π0π0, I = 2 〉

)
,

leading to the parameter ε′ that describes direct CP violation in the decay of neutral kaons,

ε′ =
i ei(δ2−δ0)

√
2

Im

(
A2

A0

)
.

Direct CP violating is small in the K0K0 system due to the fact that the amplitude A2 is
strongly supressed compared to the amplitude A0,

|A2|
|A0|

≈ 1

22
,

and the interference is therefore small. The presence of the poorly known strong rescattering
phases δ2 and δ0 introduces large uncertainties when trying to relate the measured value of ε′

to the underlying weak CKM phases.

Direct CP violating asymmetries in the decay can be large in the B0B0 and B0
sB

0
s systems

as well as in charged B mesons, where they are the only possible source of CP violation. The
extraction of the interesting weak phases, however, is complicated also here by the poorly
known values of the strong phases. In some cases, the weak CKM phases can be extracted
cleanly by combining related decay modes and exploiting symmetries of the strong interaction
to eliminate the strong phases. A prominent case is the determination of the CKM angle γ from
measurements of direct CP asymmetries in the decay B±→DK±, which will be discussed in
Section 5.5.
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3.3.3 CP violation in the interference of mixing and decay

In the B0B0 and B0
sB

0
s systems, a CP violating asymmetry can also be induced by the interfer-

ence of the mixing amplitude and the decay amplitude in decays to CP eigenstates f that are
accessible to both the B0 or B0

s and the B0 or B0
s meson. The mechanism and its formulation

are the same in the B0B0 and B0
sB

0
s systems and in the following the B0B0 system will again

be taken as a proxy for both. The two interfering amplitudes are on the one hand that for the
direct decay of the B0 to the final state f and on the other hand that for the process in which
the B0 first mixes into a B0 and the B0 then decays into the same final state. The involved
phases are illustrated in Figure 3.12.

The relative phase between the two amplitudes for an initial B0 meson is

λf =

(
q

p

) (
Af
Af

)
,

while for an initial B0 meson it is (
p

q

) (Af
Af

)
=

1

λf
.

The interference of the two amplitudes leads to a time dependent decay rate asymmetry

af (t) =

dΓ
dt (B0

(s)(t)→ f) − dΓ
dt (B0

(s)(t)→ f)

dΓ
dt (B0

(s)(t)→ f) + dΓ
dt (B0

(s)(t)→ f)

=
−Cf cos (∆mt) + Sf sin (∆mt)

cosh (∆Γ t/2) + Ωf sinh (∆Γ t/2)

with

Cf =
1 − |λf |2

1 + |λf |2
; Sf =

2 Im (λf )

1 + |λf |2
; Ωf = 1 − C2

f − S2
f

If a single amplitude dominates the decay, there can be no CP violating asymmetry in the
decay and |Af/Af | = 1. Assuming furthermore that CP violation in mixing is negligibly small

— which is a valid approximation in the B0B0 and B0
sB

0
s systems — it follows that |λf |2 = 1,

Cf = 0 and Sf = Im (λf ) such that the expression simplifies to

af (t) =
Im (λf ) sin (∆mt)

cosh (∆Γ t/2) +
(
1− Im(λf )2

)
× sinh (∆Γ t/2)

.
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Finally, in the B0B0 system the decay width difference ∆Γ is negligibly small and the time-
dependent CP asymmetry is then simply given by

af (t) = Im(λf ) sin (∆mt) .

Since CP violating asymmetries can be large and no strong phases are involved in the extraction
of the weak phase from the measured asymmetry, CP violation in the interference of mixing and
decay in the B0B0 and B0

sB
0
s systems provides a powerful approach for measuring CKM phases.

The most prominent example is the measurement of the CKM angle β from the measurement
of the time-dependent CP asymmetry in so-called golden decay mode B0→ J/ψK0

S . This
measurement will be discussed in Section 5.3.



Chapter 4

Introducing the Players: The
Experimental Facilities

The great advances in science usually result from new tools rather than from new
doctrines.

— Freeman J. Dyson, The American Mathematical Monthly 103 (1996) 800.

In this chapter, the main experimental facilities will be introduced that have shaped flavour
physics over the last fifteen years. On the one hand, these are the two B factories, BaBar at
SLAC and Belle at KEK, which employed high-luminosity e+e− colliders operating at the
Υ(4S) resonance to produce large samples of B0B0 and B+B− events. On the other hand,
there are the two general purpose detectors, CDF and D0, at the Tevatron and more recently
the dedicated heavy flavour experiment LHCb at the LHC, all of which exploit the large bb pro-
duction cross section at high-energy hadron colliders to produce huge samples of all types of
b hadrons. The following sections give a brief introduction to each of the experiments, dis-
cussing the experimental challenges and the specific advantages of each of the two approaches.

4.1 B factories: BaBar and Belle

B factories exploit the Υ(4S) resonance as a clean source of B0B0 and B+B− pairs. The
Υ(4S) is a bb state with quantum numbers JPC = 1−−, allowing its exclusive production in
e−e+ collisions, and with a mass just above the above the production thresholds forB0B0 and
B+B− pairs. The Υ(4S) decays with a probability of about 52 % to B+B− and with a
probability of 48 % to B0B0 [1].

A BaBar measurement of the bb excitation function in the region of the Υ(4S) resonance is
shown in Figure 4.1. The absolute e−e+→ bb production cross section at the Υ(4S) resonance
is about 1 nb and the ratio of the bb production cross section to the total inelastic e−e+ cross
section is about 25%. Taking into account the Υ(4S) branching fraction into B0B0 of about
50 % and assuming a combined duty factor of accelerator and experiment of 30 %, the produc-
tion of 107B0B0 pairs per year requires an instantaneous luminosity of

L =
107

(3.15× 107 s · 30 %) · (10−33 cm2 · 50 %)
≈ 2× 1033 cm−2 s−1

The design luminosity of the PEP-II and KEKB colliders hosting the BaBar and Belle ex-
periments was 3 × 1033 cm−2s−1 and the record peak luminosity reached at KEKB was
2.1× 1034 cm−2s−1. The BaBar experiment operated from 1999 until April 2008 and collected
an integrated luminosity of 433 fb−1 at the Υ(4S) resonance, corresponding to 467× 106 pro-
duced BB pairs (including B0B0 and B+B−); the Belle experiment operated from 1999 until

53
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Figure 4.1: BaBar measurement of the bb production cross section, normalised to the cross section for
e−e+→µ−µ+, as a function of the e−e+ center-of-mass energy. Vertical lines indicate the production
thresholds for BB pairs (where BB stands for B0B0 or B+B−), B0

sB
0
s pairs and pairs involving radially

excited B? mesons. The Υ(4S) resonance is the narrow structure between the BB and B?B thresholds
(from [111]).

November 2010 and collected an integrated luminosity of 711 fb−1 at the Υ(4S) resonance,
corresponding to 772× 106 produced BB pairs. Both BaBar and Belle collected smaller event
samples also at other Υ(nS) resonances and at center-of-mass energies in between the reso-
nances.

As discussed in Chapter 3, many interesting observables require to measure decay-time
dependent rate asymmetries in the B0B0 system. For two reasons, this would be impossible at
a symmetric e−e+ collider in which the two beams have equal energies and the center-of-mass
system of the collision is identical to the laboratory system. Firstly, the energy release in
the decay is small. The momentum of the produced B0 and B0 mesons in the centre-of-mass
system of the collision is

pB =
1

2

√
m2

Υ(4s) − (2mB0)2 = 327 MeV ,

corresponding to a Lorentz boost of βγ = 0.064. This results in a mean decay length of

βγ cτB0 = 0.064 · 3× 108 m/s · 1.5× 10−12 s ≈ 30× 10−6 m = 30 µm ,

which is too short to be resolved within the measurement precision of modern vertexing de-
tectors. Secondly, the decay of the Υ(4S) resonance produces the B0B0 pair in a coherent
state with the quantum numbers of the Υ(4S). Quantum entanglement implies that the two
mesons oscillate in phase until the first of them decays. The flavour of the decaying B meson
at the time of its decay determines the flavour of the surviving B meson at this time and only
then does the surviving meson start to oscillate freely. Time-dependent observables there-
fore have to be measured as a function of the difference between the decay timess of the two
mesons. In a symmetric e−e+ collider, the B0B0 pair is produced back-to-back in the labora-
tory frame and only the sum of the two decay times can be measured. A measurement of the
decay-time difference would require knowledge of the position of the e−e+ interaction in which
the Υ(4S) was produced, but this position cannot be reconstructed since no other particles
than the B0B0 pair are produced in the collision. Both these problems were overcome at the
asymmetric B factories, PEP-II and KEKB, by colliding electrons and positrons with unequal
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Figure 4.2: Illustration of the ingredients for the measurement of the B0−B0 oscillation frequency at
a B factory.

beam energies. The center-of-mass frame of the collision is then Lorentz boosted along the
beam axis and this extra Lorentz boost gives the B0 and B0 mesons a mean decay length in
the laboratory system that is large enough to be measured with sufficient precision. Moreover,
since the B0 and the B0 meson are both boosted in the same direction along the beam axis,
the distance between their decay vertices can be measured as illustrated in Figure 4.2. At
the PEP-II accelerator, 9 GeV electrons were collided with 3.1 GeV positrons, resulting in a
Lorentz boost of βγ = 0.56 and a mean decay length of the B mesons of βγ cτB0 ≈ 255 µm,
while 8 GeV electrons were collided with 3.5 GeV positrons in KEKB, resulting in a Lorentz
boost of βγ = 0.425 and a mean decay length of the B mesons of βγ cτB0 ≈ 195 µm.

The generic strategy for the measurement of a decay-time dependent rate asymmetry is
illustrated in Figure 4.2 for the example of a measurement of the B0−B0 oscillation frequency
in the flavour-specific hadronic decay mode B0→D∗+π− with D∗+→D0π+ and D0→K−π+.
One of the two neutral B mesons from the decay of the Υ(4S) resonance, denoted as Brec in the
figure, is fully reconstructed in this decay mode. Its flavour at the time of its decay is revealed
by the charges of the final-state particles. Since all final-state particles are reconstructed,
the momentum of the Brec candidate and the position of its decay vertex can be determined
with good precision. The other two ingredients that are needed for a measurement of the
decay-time dependent asymmetry have to be derived from the decay of the second B meson in
the event, labelled Btag in the figure. These are the position of the Btag decay vertex, which
defines the time of reference for the measurement of the decay-time difference, and the flavour
of Btag at the time of its decay, which per quantum entanglement defines the initial flavour
of Brec. It is, however, not desirable to perform a full reconstruction of the Btag candidate
to derive the necessary information, since the large number of decay modes and the small
branching fractions into any specific final state would lead to too large a loss in statistics.
Instead, inclusive methods are employed to deriv exploting the fact that all measured tracks
in the event that were not used in the reconstruction of the Brec candidate must due to decay
products of Btag. The position of the Btag decay vertex can be estimated from an inclusive fit
to these tracks, while the flavour of Btag at the time of its decay is derived from so-called flavour
tagging algorithms that search for flavour-specific signatures amongst them. Flavour-tagging
algorithms will be discussed in more detail below. The signatures that they exploit include
the charge of a lepton from semileptonic decays b→ c`−ν` resp. b→ c`+ν` or the charge of a
kaon from the decay chain b→ c→ s resp. b→ c→ s. The use of such inclusive methods in the
determination of the flavour of the Btag candidate and the position of its decay vertex leads
to a loss in precision compared to a full reconstruction: flavour-tagging algorithms have a non
negligible “mistag” probability for deriving the flavour wrongly and this causes a dilution of the
measured asymmetry; a large fraction of B-meson decays involve long-lived charmed mesons
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and the inclusion in the vertex fit of tracks from secondary decays of such charmed mesons
can bias the reconstruction of the Brec vertex position, leading to a deterioration in vertex
resolution. The typical measurement uncertainty on the position of the Btag decay vertex is
quoted as 100− 200 µm in Ref. [112], compared to an average uncertainty of about 50 µm on
the position of fully reconstructed Brec decay vertices. However, these losses in precision are
more than compensated for by the large increase in the numbers of reconstructed candidates
that are available for the analyses.

The measurement of time-dependent CP asymmetries in the B0B0 system proceeds along
similar lines as that of the oscillation frequency described in the previous paragraph. The
Brec candidate is in this case reconstructed in a decay to a CP eigenstate, such as J/ψK0

S

for the measurement of the aangle β of the unitarity triangle or π+π− for the measurement
of the angle α. The flavour of the Brec candidate at the time of its decay is not known in
this case and is not needed for the measurement. The decay-time dependent rate asymmetry
is measured between the number of Brec candidates that were tagged as initial B0 and those
that were tagged as initial B0 mesons by the tagging algorithms. The relevant observable in
this case is not the frequency but the amplitude of the measured asymmetry, which makes it
necessary to precisely understand the dilution effects due to finite decay-vertex resolution and
flavour-tagging performance.

Measurements of time-dependent rate asymmetries will be described in detail in the dis-
cussion of measurements of the B0−B0 oscillation frequency in Section 5.1 and measurements
of the CKM angles β and α in Sections 5.3 and 5.4. The purpose of this brief overview of
the analysis strategy was to highlight some of the key requirements for a successful B physics
experiment at the Υ(4S) resonance:

• best possible angular coverage for both charged and neutral particles to capture all decay
products from the decays of both B mesons;

• best possible vertex resolution to be able to determine the decay vertex difference ∆z;

• best possible kaon/pion separation to be able to identify specific Brec decay modes, and
to be able to select tagging kaons amongst the remaining tracks.

This list of requirements lead to similar layouts for the BaBar and Belle detectors. Longi-
tudinal cross sections through the two detectors are shown in Figures 4.3 and 4.4. Detailed
technical descriptions of the two detectors can be found in Refs. [113] and [114], while a brief
historic overview and a concise comparison of the two approaches is given in Ref. [112]. Both
detectors followed the traditional barrel/endcap layout of collider experiments, but with a
forward-backward asymmetric design reflecting the asymmetric beam energies. Both detec-
tors comprised a silicon-microstrip vertex detector mounted closely around the beam pipe,
surrounded by a drift chamber embedded in a solenoidal magnetic field to reconstruct the tra-
jectories and momenta of charged particles, followed by detectors for kaon/pion identification,
an electromagnetic calorimeter for electron/positron identification, photon and π0 reconstruc-
tion, and finally a detector for the identification for muons and long-lived neutral hadrons such
as K0

L mesons. The main difference between the BaBar and Belle detectors was in the respec-
tive approaches towards kaon/pion identification. The BaBar experiment employed a special
type of ring-imaging Cherenkov detector, dubbed DIRC, for this purpose while kaon/pion sepa-
ration in Belle relied on a combination of threshold Cherenkov counters, a time-of-flight system
and dE/dx measurements in the tracking drift chamber. The different detector components
are described in the next paragraphs, followed by a short introduction to some of the relevant
reconstruction techniques.
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Figure 4.3: Longitudinal cross section of the BaBar detector. The main detector components are indi-
cated: silicon vertex detector (SVT), drift chamber (DCH), ring-imaging Cherenkov counter (DIRC),
electromagnetic calorimeter (EMC), and muon detector (Instrumented Flux Return, IFR). The e−e+ in-
teraction region is in the centre of the SVT. The detector layout reflects the asymmetry of the collision:
the higher-energy electron beam impinges from the left and the lower-energy positron beam from the
right; the B mesons produced in the collision as well as their decay products are therefore Lorentz-
boosted to the right (from [113]).

Figure 4.4: Longitudinal cross section of the Belle detector. The main detector components are indi-
cated: silicon vertex detector (SVD), central drift chamber (CDC), threshold Cherenkov counters (PID)
and time-of-flight counters (ToF), Cesium-Iodide calorimeter (CsI), muon and K0

L detector (KLM). The
e−e+ interaction region is in the centre of the SVD; the higher-energy electron beam impinges from the
left and the lower-energy positron beam from the right. The B mesons produced in the collision as well
as their decay products are therefore Lorentz-boosted to the right and the detector layout reflects this
asymmetry (from [114]).
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Figure 4.5: Longitudinal cross section of the BaBar vertex detector (from [113]).

Figure 4.6: Longitudinal cross section of the Belle vertex detector (from [115]).

4.1.1 Detectors for vertex reconstruction

The precise reconstruction of the decay vertices of the two B mesons is particularly important
in measurements of time-dependent CP asymmetries, where the finite vertex resolution leads
to a dilution of the B0−B0 oscillation signal. To limit the impact of this dilution on the mea-
surement, the distance between the two decay vertices of Brec and Btag should be reconstructed
to better than about half the average B0 decay length, i.e. to better than 130 µm in BaBar
and to better than 100 µm in Belle. The parameters that limit the vertex resolution are on
the one hand the spatial resolution of the detector itself and on the other hand the precision
with which the measured track parameters can be extrapolated to the position of the vertices.
To minimize the uncertainty due to the extrapolation, the spatial distance and the amount of
material between the decay vertices and the first measurement point have to be kept as small
as possible.

The BaBar and Belle vertex detectors consisted of cylindrical layers of 300 µm thick double-
sided silicon strip detectors surrounding a thin beryllium beam pipe. The readout strips were
oriented parallel to the beam axis on one side of the sensors and orthogonal to the beam axis
on the other side of the sensors. Readout strip pitches in the inner layers of the detectors were
50 µm for the strips parallel the beam axis and 100 µm for those orthogonal to the beam axis.

The BaBar vertex detector (SVT) consisted of five concentrical detection layers as illus-
trated in Figure 4.5. The innermost layer was located at a radius of 32 mm from the beam
axis. The amount of material crossed before the first measurement point corresponded to about
1-2% of a radiation length, depending on the polar angle of the particle. The total material
budget of the five-layer SVT was of the order of 4 − 6%. The achieved vertex resolution for
fully reconstructed decays of B mesons was about 55 µm in the direction along the beam axis
and about 65 µm in the plane orthogonal to the beam axis.

The original Belle vertex detector (SVD) employed three detection layers, with the inner-
most layer placed at a radius of 30 mm from the beam axis. It was replaced in 2003 due
to limited radiation tolerance of its readout electronics and silicon sensors. The new vertex
detector (SVD2 [115]) consisted of four detection layers as illustrated in Figure 4.6. A new,
smaller beam pipe was installed at the same time [116], allowing the innermost layer of the
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Figure 4.7: Performance of the track reconstruction as a function of transverse momentum pT in BaBar:
(top left) pT distribution of charged particles, (bottom left) track reconstruction efficiency and (right)
relative pT resolution (from [113]).

SVD2 to be placed at a radius of only 20 mm from the beam axis. The new layout led to
an improvement in the track impact parameter resolution for 1 GeV/c particles from about
60 µm to 42 µm.

4.1.2 Detectors for tracking of charged particles

The efficient reconstruction of the trajectories of charged particles and the precise determina-
tion of their momenta is an essential ingredient to almost all physics analyses. The trigger
system relies to a large extent on information from the charged particle tracking system. Fur-
thermore, both BaBar and Belle used dE/dx measurements in the tracking system as input
for charged particle identification, in particular kaon/pion separation.

In both experiments, the tracking system consisted of the vertex detector and a cylindrical
drift chamber, embedded in a solenoidal magnetic field with a field strength of 1.5 T. The
majority of charged final-state particles at the B factories having momenta below 1 GeV/c, the
momentum resolution is largely limited by multiple scattering in the material of the detectors.
Low-Z drift gases were therefore chosen for the drift chambers to minimize their material
budget.

The BaBar drift chamber (DCH) covered radii from 236 mm to 809 mm around the beam
axis and consisted of 40 concentrical wire layers with wires arranged parallel to the beam
axis or under small stereo angles. A gas mixture of 80% He and 20% C4H10 was employed.
Pulse-height measurements in the drift chamber provided a dE/dx resolution of about 7.5%,
while the combined momentum resolution of the tracking system is quoted in Ref. [113] as
σpT/pT ≈ 0.45% + 0.13% · pT.

The Belle drift chamber (CDC) covered radii from 83 mm to 863 mm around the beam
axis and consisted of 50 concentrical wire layers and three cathode strip layers, the latter being
used mainly for trigger purposes. Wires were arranged parallel to the beam axis or under small
stereo angles. The drift gas was in this case a mixture of 50% He and 50% C2H6. The drift
chamber provided a dE/dx resolution of about 6% and the combined momentum resolution of

the tracking system is quoted in Ref. [114] as σpT/pT ≈ 0.3% ·
√

1 + p2
T.
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4.1.3 Detectors for kaon/pion identification

The ability to efficiently identify charged kaons and separate them from the more prolifically
produced charged pions is required at the B factories over a momentum range from well below
1 GeV/c up to above 4 GeV/c. Low-momentum kaons are employed in the flavour tagging
algorithms discussed in Section 4.1.10 below, while kaon/pion separation at the higher end of
the momentum range is required to separate the two-body decays B0→K+π− and B0→π+π−.
For momenta up to about 700 MeV/c, dE/dx measurements in the vertex detectors and drift
chambers provided good separation power as illustrated in Figure 4.8. In BaBar, the SVT
provided up to ten and the DCH up to 40 dE/dx measurements. To mitigate the effect of
occasional large energy depositions in the long upper tail of the Landau distribution [117] that
describes the dE/dx distribution for particles of a given not-too-low momentum, truncated
means are formed using only the lowest 60% of the measurements in the SVT and the lowest
80% of the measurements in the DCH. In Belle analyses, only dE/dx measurements from
the drift chamber are used and a truncated mean is formed using the lowest 80% of these
measurements.

To provide charged kaon identification for higher-momentum particles, BaBar employed
a novel type of ring-imaging Cherenkov counter, which they dubbed DIRC for “Detector of
Internally Reflected Cherenkov light” [119]. The detector principle is based on the fact that
the magnitude of the angle of incidence of photons is preserved upon reflection on flat surfaces.
A schematic of the detector illustrating its principle of operation is shown in Figure 4.9. Thin,
rectangular bars of synthetic silica with a mean refractive index of n = 1.473 are used as a
Cherenkov radiator. Charged particles of mass m that traverse the radiator with momenta
p above the Cherenkov threshold, p > m/

√
n2 − 1, produce Cherenkov photons under an

angle θC = arccos (1/(nβ)) with respect to the particle direction, where β = p/
√
p2 +m2.

A refractive index of n = 1.473 corresponds to Cherenkov thresholds of about 130 MeV/c
for charged pions and 450 MeV/c for charged kaons. For particles with β ≈ 1, some of the
produced Cherenkov photons will always lie within the limit for total internal reflection and
will be transported to either end of the silica bar. The forward end of the bar is equipped with
a plane mirror that reflects photons back towards its backward end. Photons reaching the
backward end of the bar emerge into a 1.2 m long expansion volume and are finally detected in
an array of densely packed photomultiplier tubes. The expansion volume is filled with purified
water to minimize reflection losses at the material interfaces. Since angles are preserved during
the internal reflections in the silica bar, the expected light pattern in the detection surface is
essentially a conical section, where the opening angle of the cone is given by the Cherenkov
angle, modified by the angle of refraction from the transistion from the silica into the water.
An example of a recorded photon pattern is shown in Figure 4.9. An additional constraint
for the reconstruction of the Cherenkov angles is obtained by recording the arrival time of the
photomultiplier signals, which provides an independent measurement of the propagation of the
photons. Two algorithms are used to reconstruct the DIRC data: one performs maximum-
likelihood fits for the opening angle of the Cherenkov ring for each reconstructed track in the
event, while the other performs a series of unbinned maximum likelihood fits for an entire
event, iteratively taking into consideration all possible combinations of particle hypotheses for
all reconstructed tracks in the event.

The DIRC detector concept is well matched to the layout of a collider experiment, especially
considering the asymmetric beam energies at which PEP-II operates. The thin radiator bars
take up little radial space in the barrel while the space consuming expansion volume and the
heavy photomultiplier tubes can be located in the backward part of the detector, outside of
the acceptance. A conventional RICH detector would have required significantly larger radial
space, increasing the size and cost of the solenoid magnet and the electromagnetic calorimeter.

In Belle, a combination of threshold Cherenkov counters and time-of-flight counters was
employed to provide pion and kaon identification at particle momenta above 700 MeV. The
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Figure 4.8: Measured dE/dx in the driftchambers as a function of the reconstructed track momentum
in (left, from [118]) BaBar and (right, from [114]) Belle. In the panel on the left, blue dots are for
a sample of pions, red dots for kaons and black dots for protons. Clean samples of pions and kaons
were selected using the charge of the slow pion, π±sl , from the decay D∗+→D0π+

sl / D∗−→D0π−sl to
tag the kaon and pion in the subsequent decay D0→K−π+ / D0→K+π−. A clean sample of protons
was selected using the decay Λ→ pπ−. The two bands for pions and kaons are clearly separated at low
momenta but start to overlap at momenta above 0.7 GeV/c.

Figure 4.9: The DIRC detector as employed in BaBar. (Left) Schematic showing the main components
and the measurement principle, (right) event display showing the pattern of Cherenkov photons mea-
sured for an e−e+→µ−µ+ event. The thicker, red dots indicate hits that remain if a time coincidence
within 8 ns is required between the measured signals and the expected Cherenkov photon arrival times
for the two muon tracks. The plots are taken from Refs. [113] and [119].
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threshold Cherenkov counters consisted of an aerogel radiator that was read out by photo-
multiplier tubes. The refractive index of the aerogel was tuned to be between n = 1.01 and
n = 1.03 for different polar angle regions, following the expected momentum distributions of
the particles of interest. A refractive index of n = 1.03 corresponds to Cherenkov thresholds
of about 550 MeV/c for pions and 2 GeV/c for kaons, while a refractive index of n = 1.01
corresponds to Cherenkov thresholds of about 950 MeV/c for pions and 3.5 GeV/c for kaons.
The time-of-flight system consisted of an array of 128 fast scintillation counters that were read
out with photomultiplier tubes. For a time resolution of 100 ps and a flight path of 1.2 m in
length, the time-of-flight system could provide kaon/pion separation up to momenta of about
1.2 GeV/c. The photomultiplier tubes for the Cherenkov threshold counters as well as the
time-of-flight counters had to be operated inside the 1.5 T magnetic field of the spectrometer
magnet. The Lorentz force acting on the electrons drifting inside the tube leads to a significant
gain reduction. To mitigate this effect, both detectors employed so-called fine-mesh photomul-
tiplier tubes with 19 dynode stages and a large intrinsic gain of about 106. The gain loss due
to the magnetic field was estimated to be up to a factor of 10−3 for phototubes that had to be
placed parallel to the magnetic field lines.

4.1.4 Electromagnetic calorimetry

The electromagnetic calorimeters in BaBar and Belle serve two main purposes: the precise
measurement of the energy and position of photons from B-meson decays and the identification
of electrons by comparing the energy deposition of the particle with its momentum measured
in the tracking system. Excellent energy resolution is required down to 20 MeV for photons
from multi-body B-meson decays containing π0 or η mesons, and up to above 4 GeV for
photons from two-body decays such as B0→π0π0 or B0→K∗γ. Good spatial resolution on the
measurement of the cluster positions is required for π0 reconstruction at energies above 2 GeV,
where the angular resolution starts to dominate the π0 mass resolution. The reconstruction of
π0 decays at high momentum also requires a fine detector granularity to be able to resolve the
two photons from the π0 decay.

The layouts of the electromagnetic calorimeters of BaBar (EMC) and Belle (ECL) are shown
in Figures 4.10 and 4.11, respectively. Both calorimeters employed finely segmented arrays of
Thallium-doped Cesium-Iodide (CsI(Tl)) crystals that were read out by silicon photodiodes.
The EMC in BaBar used a total of 6580 crystals in the barrel and endcaps while the ECL in
Belle consisted of a total of 8736 crystals. The crystals had a tower-like, trapezoidal shape.
Their lateral dimensions of the order of 50× 50 mm2 at the front face and 65× 65 mm2 at the
rear face were matched to the Moliére radius [120,121] of 38 mm in CsI(Tl). The depth of the
crystals was of the order of 30 cm, corresponding to 16.2 radiation lengths.

In-situ monitoring and calibration of the calorimeters relied on electrons and positrons
from elastic e−e+→ e−e+ collisions (Bhabha scattering), for which the true energy can be
calculated using the known relation between energy and polar angle. At BaBar and Belle,
electrons and positrons from Bhabha scattering have energies in the range 3 − 9 GeV. In
BaBar, an independent calibration point at lower energies was provided by means of a source
of 6.13 MeV photons that was generated by irradiating liquid Fluorinert with low-energy
neutrons via the reaction 19N+n→ 16N+α. The activated 16N decays with a half-life of seven
seconds to 16N→ 16O∗+β followed by 16O∗→ 16O+γ. The activated fluid was pumped from the
neutron generator to a manifold of thin-walled aluminium pipes that was mounted immediately
in front of the crystals. The system was tuned to give a typical photon rate of 40 Hz per crystal,
sufficiently large to obtain reasonably sized calibration samples, but low enough not to affect
data taking and data quality. Employing the two calibration sources, the relative energy
resolution of the BaBar calorimeter was found to vary from σE/E ≈ 5% at E = 6.13 MeV to
about 2% at 7.5 GeV, while the angular resolution improved from 12 mrad at the low energy
to 3 mrad at high energy. This performance resulted in an average π0 mass resolution of about
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Figure 4.10: Layout of the BaBar electromagnetic calorimeter (from [113]).

Figure 4.11: Layout of the Belle electromagnetic calorimeter (from [114]).

7 MeV/c2. In Belle, e−e+→ γγ events were employed in addition to Bhabha scattering in the
calibration of the calorimeter. The relative energy resolution of the Belle calorimeter was found
to improve from σE/E ≈ 4% at E = 100 MeV to about 1.6% at 8 GeV. The performance in
terms of the angular resolution was similar to that of the BaBar calorimeter and the average
π0 mass resolution was found to be 4.5 MeV/c2 (all numbers quoted in this paragraph were
taken from Ref. [112]).

4.1.5 Detectors for muons and long-lived neutral particles

The efficient and clear identification of muons is an important ingredient for flavour tagging
algorithms, for the reconstruction of final states involving a J/ψ meson or other vector res-
onances, and for semileptonic and rare B , D and τ decays. The possibility to reconstruct
K0
L mesons allows complementary measurements of CP violating asymmetries, for example in

decays to the CP eigenstate B0→ J/ψK0
L.

In both BaBar and Belle, the return yoke of the solenoid magnet was used as a muon filter
and hadron absorber.

In BaBar, the detector was dubbed Instrumented Flux Return (IFR) and consisted of
19 detection layers in the barrel and 18 layers in the endcaps that were installed in gaps
in the finely segmented steel of the return yoke. Resistive Plate Chambers (RPC) made
from thin bakelite (phenolic polymer) sheets separated by a 2 mm gas-filled gap were initially
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used as detector elements in both the barrel and the endcap regions. The detectors were
operated in limited streamer mode, i.e. a high voltage was applied between the two plates
such that a charged particle traversing the gap initiated a local discharge of the electrodes.
This discharge was quickly quenched by the high resistivity of the bakelite plates. Already
during the first year of operation, however, a large fraction of the RPC modules in the barrel
and the forward endcap suffered aging problems and significant efficiency losses. The endcap
detectors were subsequently replaced by second-generation RPCs of improved design and better
performance [122], while the barrel detectors were eventually replaced by Limited Streamer
Tubes [123].

The K0
L and muon detector (KLM) in Belle consisted of 15 detection layers in the barrel

region and 14 layers in the endcaps, which were inserted in gaps in the return yoke and
support structure of the solenoid magnet. Belle employed double-gap RPC detector modules
with electrodes that were made of 2.0− 2.4 mm thick plates of glass with appropriately tuned
resistivity. The detectors were operated in limited streamer mode and performed reliably
until the end of the Belle operation. The total amount of iron in the KLM corresponded to
3.9 nuclear interaction lengths and K0

L candidates were identified by the hadronic shower they
initiated in this material. This allowed to determine the direction of flight of the K0

L but not
its energy. Discrimination between muons on the one hand and pions and kaons on the other
hand was based on the range and the angle of deflection of the trajectory of the particle.

4.1.6 Triggering

The task of the trigger is to select events of interest with high, stable and well-understood
efficiency and to reject background events to keep the total output rate at a level that is
compatible with the processing and storage capacity of the offline computing system. Due to
the clean event environment at the B factories, trigger efficiencies close to 100% for BB events
could be achieved. In addition to BB events for physics analyses, samples of e−e+ (Bhabha)
and γγ events were collected for calibration and luminosity determination. Backgrounds at the
B factories were dominated by lost beam electrons and positrons interacting in the material of
the beam pipe. In BaBar, at a luminosity L = 3× 1033 cm−2 s−1 the rate of such background
events with at least one reconstructed track with a transverse momentum pT > 120 MeV/c or
an energy deposit E > 100 MeV was typically 20 kHz, to be compared to a bb production rate
of 3.2 Hz at this luminosity.

In both Belle and BaBar, trigger algorithms were based primarily on simple particle signa-
tures and topologies. This permitted to design the trigger to be robust and flexible with regard
to changing beam background conditions and to provide for sufficient redundancy to allow the
determination of trigger efficiencies. Both experiments used a first-level trigger (L1) that was
implemented in hardware on custom-made electronics boards, followed by a second-level trig-
ger that was implemented in software running on an online computing farm. For historical
reasons, the second-level trigger was referred to as L3 in BaBar and as Level 4 in Belle.

The maximally allowed accept rate of the L1 trigger was determined by the bandwidth of
the data acquisition systems and the capacity of the online computing farms. The limit was
3 kHz in BaBar and about 500 Hz in Belle. A simplified schematic of the BaBar L1 trigger
scheme is shown in Figure 4.12. It was based on the reconstruction of track candidates in the
drift chamber, showers in the electromagnetic calorimeter and track segments in the IFR. The
drift-chamber trigger (DCT) consisted of three different types of electronics modules: track
segment finder modules (TSF) combined information from four consecutive detection layers
in a given segment of the drift chamber to identify combinations of hits that were compatible
with belonging to a reasonably straight track originating from the origin; the binary link
tracker (BLT) module linked these track segments together and classified track candidates
according to the number of detection layers they were observed in; transverse-momentum
discriminator modules (PTD) checked high-quality track candidates for their compatibility
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Figure 4.12: Simplified schematic of the BaBar L1 trigger (from [118]).

Figure 4.13: Simplified schematic of the Belle L1 trigger (from [124]).

with a configurable minimum transverse momentum. The original PTD modules only made
use of information from detection layers that measured the coordinates in the bending plane
of the solenoid magnet. To cope with the increasing instantaneous luminosities delivered
by PEP-II, these modules were replaced in summer 2004 by so-called z − pT discriminator
modules (ZPD) that made use of information with finer granularity and from all detection
layers. The calorimeter trigger (EMT) used the summed energy deposits in 280 pre-defined
groups of crystals and compared these against thresholds to form trigger objects. The IFR
trigger (IFT) formed for each the detection layer the logical OR of all readout strips in ten
pre-defined sectors of the IFR, then formed coincidences between different detection layers
within these sectors, and finally combining the information from different sectors to form
topologies such as “one muon in endcap”, “two back-to-back muons in barrel” and five others.
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The output information of the DCT, EMT and IFT were fed into a global L1 trigger module
(GLT). As bunch crossings in BaBar occurred with a spacing of 4.2 ns, essentially continuous
with respect to the 59.5 MHz clock of the BaBar electronics, the GLT module first needed
to time-align the different trigger inputs. It then formed logical combinations of the trigger
primitives and compared them with sets of configurable selection parameters to form a total
of 24 specific trigger lines. The L1 algorithms were implemented in Field-Programmable Gate
Arrays (FPGA) and the total latency of the L1 trigger was 11-12 µs. The Belle L1 trigger
had a fixed latency of 2.2 µs, a maximum output rate of about 500 Hz and an efficiency of
99.5 % for bB events. As illustrated in Figure 4.13, it made use of information from the CDC,
the TOF, the KLM and the electromagnetic calorimeters, ECL and EFC. The CDC trigger
compared data from the drift chamber with pre-defined track patterns stored in memory lookup
tables to determine the numbers, directions and transverse momenta of track candidates in the
bending plane of the magnet (r−φ) and the numbers and directions of track candidates in the
projection along the beam axis (z). Other inputs to the trigger decision were the multiplicity
and topology of hits measured in the TOF, the total energy and the number of clusters found
in the ECL [125], time coincidences of hits in a subset of the detection layers in the KLM.
Finally, information from the forward calorimeter (EFC) provided a trigger for Bhabha and
two-photon events used for the determination of the luminosity. The information from these
different trigger sources was fed into a global decision logic (GDL [124]), which performed the
necessary time alignment and derived a variety of trigger streams based on track topologies,
total energy, the number of isolated calorimeter clusters, muon candidates, and a dedicated
Bhabha trigger. In addition, pre-scaled random triggers and triggers with very loose conditions
were generated for monitoring purposes.

A large fraction of the background events passing the L1 triggers was still due to interactions
of lost beam electrons and positrons in the material of the beam pipe or beam interactions with
residual gas inside the beam pipe. To further reduce these backgrounds was the main purpose of
the software triggers. The BaBar L3 trigger had access to the complete event data, including
the output of the L1 trigger processors. It refined and augmented the selection methods
employed in the L1 trigger, e.g. by using more refined algorithms for DCH track reconstruction
and EMC clustering. The DCH based selection algorithm performed a fast pattern recognition,
starting from the track segments identified by the TSF algorithm and using look-up tables
derived from simulated samples of tracks. For identified track candidates, a simple fit of
the track parameters was then performed, neglecting the effects of material interactions and
magnetic field inhomogenities. This fit yielded moderate resolutions of 0.8 mm and 6.1 mm
for the track impact parameters orthogonal and parallel to the beam axis, respectively, and
of σ(pT)/pT ≈ 1.9% · pT/ GeV/c for the transverse momentum. The EMC based trigger
algorithm identified energy clusters with a sensitivity sufficient for finding minimum ionizing
particles. It selected clusters with a minimum energy and in time coincidence with the event
and then employed look-up tables to determine the position, time and shower shape for these
clusters. A variety of filters was then applied on the sets of reconstructed tracks and clusters to
select and classify events for offline reconstruction. For example, drift chamber filters selected
events with at least one track pointing back to the nominal e−e+ interaction point and with
pT > 600 MeV/c or two such tracks with pT > 250 MeV/c. Calorimeter filters selected events
with at least two clusters with E > 350 MeV or four clusters with E > 100 MeV. Bhabha
events were rejected by putting constraints on the energy deposits, the track momenta and
E/p and on the event topology, such as the colinearity of the two tracks in two-prong events. A
small fraction of Bhabha events was retained for calibration purposes and for the determination
of the luminosity. The output rate of the L3 trigger was initially 120 Hz but was allowed to
go up to 800 Hz towards the end of data taking. The average L3 processing time for an
event was 10 ms, dominated by the algorithms for the reconstruction of charged tracks. The
Belle software trigger (Level 4) demanded a reconstructed track with pT > 300 MeV/c and
compatible with originating from the nominal e−e+ interaction point, or an energy deposit
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greater than 4 GeV in the ECL. The efficiency of the trigger was very close to 100% for events
that passed the offline reconstruction requirements.

4.1.7 Particle identification

Particle identification criteria are applied in the offline reconstruction to assign particle hy-
potheses to the reconstructed tracks of charged particles.

Muon candidates are identified by the association of hits in the IFR (BaBar) respectively
KLM (Belle) detectors with charged tracks reconstructed in the tracking detectors, taking
into account the amount of material traversed by the particle along its trajectory. Muon
identification efficiencies were determined using cosmic rays and samples of µ+µ−e−e+ and
µ+µ−γ final states, the probability of misidentifying pions for muons was measured using
pions from the decay K0

S→π+π− and from three-prong τ lepton decays. For momenta above
1.5 GeV/c, muon identification efficiencies above 90 % were achieved for fake rates of 6− 8 %
in BaBar and below 5 % in Belle.

Electron candidates are identified as clusters in the electromagnetic calorimeters that can
be associated to a charged track and for which the ratio of the cluster energy E to the track
momentum p is close to one. The requirement on E/p is motivated by the fact that the electro-
magnetic showers initiated by electrons are expected to be well contained in the calorimeter,
whereas hadronic showers due to pions, kaons or protons have significant energy leakage result-
ing in E/p < 1. In addition, requirements are applied on dE/dx measurements in the tracking
detectors to be compatible with a minimum ionizing particle.

Kaon candidates are separated from pions and protons by combining particle identification
information from the different detector components described in Section 4.1.3. In BaBar,
these are the Cherenkov angle measured in the DIRC and the dE/dx measured in the DCH
and in the SVT. Several methods have been employed to combine this information into a
global probability for a given particle to be a kaon, pion or proton. In the first of these
methods, individual likelihood functions were defined for each of the three subsystems and
then multiplied to form a global likelihood. A particle is then identified as a kaon by cutting
on the likelihood ratio

LRK =
LDIRC
K × LDCH

K × LSVT
K∑

h αh (LDIRC
h × LDCH

h × LSVT
h )

with h ∈ {π,K, p} ,

where αh is a scaling factor that takes into account the expected multiplicities for the different
particle types. Likelihood ratios for pions and protons are defined in the same manner. In
addition to this global likelihood method, several multi-variate techniques have been employed,
including algorithms based on an artifical neural network, on decision trees and on Error-
Correcting Output Code (ECOC [126]). The ECOC technique uses as input the likelihood
ratios defined above, along with the inputs used to calculate them, but also other variables
such as the particle momentum, its polar and azimuthal angle, the number of measurements
in the DIRC and in the DCH and input from the calorimeter. Multi-variate algorithms return
for each particle hypothesis a classifier that can assume values between −1 for tracks that are
very unlikely to be of the given particle type and +1 for tracks that are very likely to be of this
particle type. The particle hypothesis for a given track is then decided by cutting on the value
of this classifier. The specific cuts applied on the likelihood ratio or the multi-variate classifier
can be adjusted to the needs of each specific analysis: tight cuts result in small misidentification
probabilities and pure samples at the cost of low identification efficiencies, while loose cuts lead
to higher identification efficiency but also larger misidentification probabilities and therefore
less pure samples. The kaon identification performance of the likelihood ratio method and the
ECOC algorithm is shown in Figure 4.14. As expected, it can be seen that the performance of
the more sophisticated ECOC algorithm is generally superior to that of the simpler likelihood
ratio method.
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Figure 4.14: Kaon identification performance as a function of the particle momentum in BaBar using
(top) likelihood ratios and (bottom) the ECOC algorithm mentioned in the text. The plots on the
left show the efficiency for a true kaon to be correctly identified as a kaon while the plots on the right
show the probability for a true pion to be misidentified as a kaon. Green circles are for “very loose”
identification criteria (high efficiency at the cost of high misidentification probability), black squares are
for “loose”, red upward-pointing triangles for “tight” and blue downward-pointing triangles for “very
tight” identification criteria. Clean samples of pions and kaons were selected using the charge of the slow
pion, π±sl , from the decays D∗+→D0π+

sl and D∗−→D0π−sl to tag the kaon and pion in the subsequent
decay D0→K−π+ respectively D0→K+π− (from [118]).

Figure 4.15: Illustration of the kaon identification performance as a function of the particle momentum
in Belle: (left) distribution of the likelihood ratio PID(K) as a function of the particle momentum, P ,
where blue crosses indicate true pions while red circles indicate true kaons, and (right) efficiency for a
true kaon to be correctly identified as a kaon and probability for a true pion to be misidentified as a
kaon. Clean samples of pions and kaons were selected using the charge of the slow pion, π±sl , from the
decays D∗+→D0π+

sl and D∗−→D0π−sl to tag the kaon and pion in the subsequent decay D0→K−π+

respectively D0→K+π− (from [114]).
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In Belle, kaon/pion/proton identification is based on dE/dx measurements in the CDC,
time-of-flight measurements in the TOF, and the number of Cherenkov photons produced in
the ACC. Individual likelihood functions were defined for each of the three subsystems and the
product of these three likelihood functions gives the overall probabilities PK for a particle to
be a kaon and Pπ for it to be a pion. A particle is then identified as a kaon or pion by cutting
on the likelihood ratio

PID(K) =
PK

PK + Pπ
.

The performance of the overall kaon/pion identification in Belle is illustrated in Figure 4.15.

4.1.8 Reconstruction of neutral particles

Neutral pion candidates are formed in both experiments from pairs of neutral clusters in the
electromagnetic calorimeter that give a combined invariant mass compatible with the π0 mass
if they are assumed to originate from the nominal e−e+ interaction point.

Candidates for K0
S→π+π− decays in BB events are identified as pairs of tracks that point

back to a common displaced vertex, for which the two-pion invariant mass is compatible with
the K0 mass, and for which the sum of their two momentum vectors is compatible with being
parallel to the line of flight from the reconstructed decay vertex of the B meson to the two-pion
vertex.

To reconstruct K0
S→π0π0 decay candidates in BB events, a first rough estimate of the

K0
S momentum vector is obtained by combining two π0 candidates and assuming the K0

S decay
vertex to coincide with the nominal e−e+ collision point. In a second step, the K0

S decay
vertex is assumed to lie on a line that is defined by this estimated momentum vector and the
reconstructed decay vertex of the B meson. The position of the K0

S decay vertex along this line
can then be determined by applying π0 mass constraints on the pairs of photon clusters that
form the two π0 candidates. Finally, the K0

S candidate is retained if the combined invariant
mass of the two neutral pions, calculated assuming the estimated decay point, is compatible
with the K0 mass.

Finally, K0
L candidates are identified as neutral clusters in the electromagnetic calorimeters

that are not compatible with being due to a π0, or as clusters in the IFR (BaBar) or KLM
(Belle) detectors that are incompatible with being due to nuclear interactions of charged tracks.
The K0

L detection efficiency was measured using the reaction e−e+→φγ with φ→K0
LK

0
Sγ and

was found to increase roughly linearly with the momentum of the K0
L, from about 20 % at

1 GeV/c to 40 % at 4 GeV/c.

4.1.9 Reconstruction of B meson candidates

Events that passed the software trigger were stored on disk to be fully reconstructed offline. The
offline event reconstruction builds upon information from the software triggers, but employs
refined reconstruction algorithms to improve efficiencies and resolutions.

Additional track reconstruction algorithms are applied to find tracks that were missed by
the software trigger. All track candidates are then fit using an algorithm based on a Kalman
filter technique [127,128] that takes into account detailed descriptions of the material distribu-
tion in the detector and non-uniformities in the magnetic field. This fit yields a significantly
improved momentum resolution compared to the simplified fit applied in the software triggers.
The resolution on the transverse momentum attained in the offline reconstruction is quoted as

σ(pT)

pT

= 0.45 % + 0.13 % · pT [GeV/c]

for BaBar and as
σ(pT)

pT

=
√

(0.34 %)2 + (0.19 % · pT [GeV/c])2
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Figure 4.16: Naive illustration of the generic event topology for (left) e−e+→Υ(4S)→BB events and
for (right) continuum background events of the type e−e+→ qq, where q denotes a d, u, s or c quark.

Figure 4.17: Distributions of (left) the number of reconstructed tracks and (right) the second Fox-
Wolfram moment, R2 for e−e+→BB events and for various categories of continuum backgrounds as
indicated in the plot legends. (from [112]).

for Belle.

Refined algorithms are also applied to improve the reconstruction of clusters in the elec-
tromagnetic calorimeters. For example, local maxima in the energy distribution within the
clusters are searched for to identify overlapping clusters caused by two or more nearby parti-
cles. The distance between the cluster centroid and the extrapolated impact points of charged
tracks reconstructed in the tracking detectors is employed to associate clusters to charged
particles. If no such association is found, the cluster is classified as being due to a neutral
particle.

To further reduce backgrounds from non-BB events, an initial event selection is applied
based on global event criteria, such as the number of reconstructed tracks or the sum of all
energy deposits in the calorimeter. The distribution of the number of reconstructed tracks in
BB events and in different categories of non-BB events is shown in Figure 4.17. Cuts on global
event-shape variables in the centre-of-mass frame of the e−e+-collision are applied to suppress
backgrounds from e−e+→ dd, uu, ss or cc continuum events. Event-shape variables exploit the
fact that the quark and the antiquark in such continuum events are produced with a significant
momentum in the centre-of-mass frame, resulting in a jet-like event shape as illustrated in
Figure 4.16, while the two B mesons in e−e+→Υ(4S)→BB events are produced almost at
rest in the centre-of-mass frame and their decay products therefore tend to be distributed
isotropically. One such event-shape variable that is used in both BaBar and Belle analyses is
the so-called second Fox-Wolfram moment [129], R2 = H2/H0, where

Hi ≡
∑
jk

{
|~pj | |~pk| × Pi(cos (~pj , ~pk))

}
,
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Figure 4.18: Distribution of the beam-energy substituted invariant mass, abbreviated as mES respec-
tively Mbc, for B0→ J/ψK0

S , ψ(2s)K0
S , χc1K

0
S and ηcK

0
S candidates in the ∆E signal region from (left)

BaBar and (right) Belle measurements of the CKM angle β in these decay modes (from [131], [132]).

Pi is the Legendre polynomial of order i, and the sum runs over the momenta ~pj and ~pk for

all pairs of reconstructed tracks in the event. The distribution of R2 for BB events and for
different categories of non-BB events is shown in Figure 4.17. Other variables use the thrust,

T ≡
∑
j |~T · ~pj |∑
j |~pj |

,

where the sum runs over the momenta ~pj of the reconstructed tracks and the direction of

the unit vector ~T is defined such that T is maximized for the given set of tracks. Another
variable that provides discrimination power between BB events and continuum background
is the response of the flavour-tagging algorithms described in the next section. Events with
a high-quality flavour tag usually contain a high-momentum muon or electron, and these are
rare amongst non-BB events. Finally, fake B candidates formed by random combinations of
reconstructed final-state particles in non-BB events can be suppressed by means of the polar
angle, θB, of the reconstructed momentum vector of the B candidate in the centre-of-mass
frame of the e−e+ collision. Since B mesons are pseudoscalar particles with spin J = 0, their
angular distribution follows a sin2 θB dependence, while the two jets in non-BB events follow
a 1 + cos2 θB distribution. Often, several of these discriminating variables are combined in a
multi-variate discriminator, calculated as a Fisher discriminant [130] or derived via artificial
neural network algorithms.

Most physics analyses require to reconstruct one of the two B mesons in the event, Brec, in
an exclusive decay mode. Final state particles are selected based on their kinematic properties
and on the particle identificaton criteria described in the previous two sections. A kinematic
fit is then applied to these particles to reconstruct the decay vertex position, the energy and
the invariant mass of the Brec candidate. Constraints on the decay vertices and masses of
intermediate resonances can help to significantly improve the measurement precision on the
Brec properties.

Two nearly uncorrelated kinematic variables exploiting energy conservation in the process
e−e+→Υ(4S)BB are then employed to statistically separate the signal from the remaining
background. One of these is the energy imbalance

∆E ≡ EB − Ebeam ,

where EB is the reconstructed energy of the Brec candidate and Ebeam the known beam en-
ergy, both evaluated in the centre-of-mass frame of the e−e+ collision. Energy conservation
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implies that this energy imbalance should be zero for perfectly reconstructed signal candidates.
The second variable is called “energy-substituted” invariant mass, mES, in BaBar and “beam
constrained” mass, Mbc, in Belle. It is defined as

mES ≡ Mbc ≡
√(

Ebeam

)2 − (pB)2

and should be equal to the known mass of the B meson for perfectly reconstructed signal can-
didates. Here, pB is the magnitude of the reconstructed momentum of the Brec candidate in
the centre-of-mass system of the e−e+ collision, while the reconstructed energy of the Brec can-
didate has been replaced in the calculation by the more precisely known beam energy, Ebeam.
Distributions of mES respectively Mbc, for B0→ (cc)K0

S candidates in BaBar and Belle are
shown in Figure 4.18.

4.1.10 Flavour tagging

As discussed in the introduction to this section and illustrated in Figure 4.2, one of the neces-
sary ingredients for measurements of the B0−B0 oscillation frequency and of time-dependent
CP asymmetries in the B0B0 system is the knowledge whether the second B meson in the
event, Btag, decayed as a B0 or as a B0. This knowledge can be derived in a large fraction of

events, since the majority of B0 and B0 decays leads to flavour-specific final states. A full re-
construction of Btag candidates in specific flavour-specific decay modes would, however, lead to
an unacceptably large loss in statistics due to the large number of possible decay modes and the
corresponding small branching fractions. Therefore, so-called flavour tagging algorithms are
employed that search for generic flavour-specific signatures amongst the reconstructed tracks
that were not employed in the reconstruction of the Brec candidate. These signatures are
charged leptons from semileptonic decays b → c`+ν`, charged kaons or Λ baryons produced in
the hadronization of strange quarks from the cascade decay b → c → s, low-momentum charged
pions from the decays D∗−→D0π of D∗− mesons produced in the hadronization of the charm
quark from the decay b → cW+, charged high-momentum particles from the hadronization of
the W+ boson produced in this decay, or combinations of these signatures.

Two factors describe the performance of a flavour-tagging algorithm: the tagging efficiency,
εtag, is defined as the fraction of all reconstructed Brec decays for which a flavour tag can be
assigned, and the mistag probability, ωtag, is the fraction of the flavour-tagged Brec decays for
which the tagging decision is incorrect. Wrong tags dilute the observed charge asymmetry by
a factor

D ≡ 1 − 2ωtag .

while the statistical uncertainty on the measurement of the asymmetry generally scales with
1/
√
Qtag, where

Qtag ≡ εtag · D = εtag · (1 − 2ωtag)

is usually referred to as the tagging power or effective tagging efficiency.

Relatively low mistag fractions and high effective tagging efficiencies can be achieved at the
B factories, where all final-state particles are due to the decay of the Brec or the Btag meson.
Moreover, since the two B mesons are emitted into opposite hemispheres in the centre-of-mass
system, the respective decay products are relatively well separated from each other. The flavour
tagging performance can therefore be assumed to good approximation to be independent of
the specific Brec decay mode and can be measured reliably using samples of fully reconstructed
flavour-specific Brec decays.

Lepton flavour-tagging algorithms rely mostly on the charge of high-momentum leptons
from the semileptonic decays b → c`+ν` and b → c`−ν`: a positively charged lepton indicates
a B0 decay, a negatively charged lepton indicates a B0 decay. Leptons of opposite charge are
produced via cascade decays b → c → s`−ν` and b → c → s`+ν`. These “wrong-sign” leptons
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can also be employed in the flavour-tagging algorithm since their lower momentum allows
to distinguish them from the primary leptons produced in the semileptonic decay of b and
b quarks. The clear tagging signature and the high purity of lepton identification allow to keep
the mistag fraction low, while the tagging efficiency is limited by the relatively low branching
fractions of semileptonic decays.

Higher tagging efficiency can be achieved in kaon tagging algorithms due to the large
fraction of B0 and B0 decays that involve charged kaons in the final state. The dominant source
of charged kaons are cascade decays b → c → s and b → c → s, where a positive kaon indicates
the decay of a B0 meson, while a negative kaon indicates a B0 decay. The average multipliticy
of such “right-sign” kaons in B0 and B0 decays has been measured to be 0.51 ± 0.010.08 [133].
Kaons of opposite charge can for example be produced in the hadronization of the W± meson
from the decays b → cW+ and b → cW−. The average multiplicity of such “wrong-sign” kaons
in B0 and B0 decays is 0.13 ± 0.010.05 [133]. As their kinematic properties are similar to
those of the right-sign kaons, they cannot be cleanly separated from these and constitute a
source of wrong tags. Another source of wrong kaon tags are misidentified pions. Despite the
larger mistag fraction, though, kaon tagging algorithms yield the highest tagging power at the
B factories.

The strange quarks and antiquarks produced in cascade decays b → c → s and b → c → s
can also hadronize into Λ0 and Λ0 baryons, where a Λ0 indicates a B0 decay while a Λ0 baryon
indicates a B0 decay. Λ0 and Λ0 candidates are formed from a track that has been identified
as a proton or antiproton and a second track of opposite charge, which come from a common
displaced decay vertex and yield an invariant mass compatible with the known Λ0 mass. Λ0 and
Λ0 candidates provide clean tags but the tagging efficiency is low.

If the charmed quark or antiquark from the decay b → cW+ or b → cW− hadronizes into
a D∗± meson, tagging information is provided by the charge of the low-momentum pion, π±sl ,
from the subsequent decay D∗+→D0π+

sl or D∗−→D0π−sl . The background from other low-
momentum tracks is significant, but can be suppressed by exploiting correlations between the
direction of flight of the π±sl candidate with the remaining particles from the decay of the
Btag candidate. Since the π±sl and the neutral D meson are produced nearly at rest in the rest
frame of the decaying D∗± meson, their momentum vectors will be aligned with each other in
the Btag rest frame and opposite that of the other Btag decay products. The direction of flight

of the π±sl candidate should therefore be aligned with the thrust axis of the particles on the
Btag side of the event. A π−sl indicates a B0 decay while a π+

sl indicates a B0 decay.

Finally, an inclusive tag can be derived from the charge of the track with the highest
momentum in the center-of-mass frame of the Υ(4S) decay. Such high-momentum particles
can be due to the hadronization of the bq̃uark, such as fast pions from the decays B0→D∗−π+

and B0→D∗+π− or they can be high-momentum leptons that failed the selection criteria
for the lepton tag. High-momentum tracks of positive charge indicate a B0 decay, those of
negative charge indicate a B0 decay.

Both in BaBar and Belle, multivariate techniques are employed to select tagging candidates
for the different tagging algorithms and to combine the results of these algorithms into a final
flavour tag for the event. Artificial neural network algorithms trained on large samples of
simulated B0B0 events are employed in BaBar [131], while in Belle multi-dimensional lookup
tables are used that were also derived from simulated B0B0 events [134]. A simple schematic
diagram of the tagging algorithm employed in Belle is shown in Figure 4.19. In both cases,
input variables to these algorithms are the reconstructed momenta and decay angles of the
tagging candidates and their associated particle-identification criteria, as well as information
from the remaining event, such as the thrust axis of the Btag candidate. The final output of
the algorithms is a flavour tagging decision for the event as well as an estimate of the reliability
of this decision. In Belle, the tagging decision was expressed as q = +1 for events in which the
Btag candidate was tagged as having decayed as a B0 meson and q = −1 for events in which it
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Figure 4.19: Schematic diagram of the flavour tagging algorithm employed in Belle, where q = ±1 indi-
cates the tagging decision and r ∈ [0, 1] indicates the estimated reliability of this decision (from [134]).

was tagged as having decayed as a B0 meson. The estimated reliability was expressed in terms
of a continuous variable r that could assume values between r = 0 for no decision to r = 1
for unambiguous decisions. In BaBar, both informations were combined in one continuous
variable y ≡ q · r that could assume values between −1 and +1.

The response of the algorithms was then calibrated on collision data using samples of events
in which the Brec candidate decayed into flavour-specific (“self-tagged”) final states such as
B0→D∗−`+ν`, B

0→D∗−π+ and B0→D−π+. The flavour-tagging algorithm was applied
to these events and they were grouped into seven categories according to the value of r or |y|
returned by the algorithm. One of these seven categories contained events for which no tagging
decision could be derived or for which r resp. |y| was smaller than 0.1. Such events were not used
in BaBar analyses, while in Belle analyses they were assigned a mistag probability ω = 0.5,
corresponding to a 50% probability for the decision to be correct or wrong. For the other
six tagging categories, the average mistag fraction, ω, was determined from the calibration
sample by comparing the decision of the flavour-tagging algorithm, q, with the true flavour
of the Brec candidate as derived from its decay products. In addition to the average mistag
probability, also the difference ∆ω between the mistag probabilities for true B0 decays and
true B0 decays was determined. The results of the final flavour-tagging calibrations performed
at BaBar and Belle are shown in Tables 4.1 and 4.2, respectively. The overall, combined
effective tagging efficiencies are quoted in Ref. [112] as Q = (33.1± 0.3) % for BaBar and and
Q = (30.1± 0.4) % for Belle.

4.1.11 Reconstruction efficiencies and systematic uncertainties

Many measurements, e.g. measurements of absolute decay rates or cross sections, require the
precise knowledge of reconstruction efficiencies. These were determined from large samples
of simulated events. Various control channels were employed to study differences between
simulation and collision data over a wide range of particle momenta and other kinematic prop-
erties of the events, detector occupancies and background levels. If differences were observed,
systematic uncertainties were derived accordingly. If no significant deviation was found, the
statistical uncertainty of the efficiency determination was assumed to cover possible systematic
effects.

As an example, track reconstruction efficiencies in collision data and simulation were com-
pared in BaBar employing large samples of e−e+→ τ−τ+ events in which one τ lepton decayed
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Table 4.1: Results of the final calibration of the BaBar flavour-tagging algorithm (from [112]). The
tagging categories were given funny names but are essentially defined in terms of the estimated reliability
|y| returned by the algorithm. For a full definition of the tagging categories, see Ref. [112]. The average
tagging efficiency εtag, mistag fraction ω and tagging power Q for each tagging category and for the full
sample are quoted as well as the differences ∆εtag, ∆ω and ∆Q in these numbers between true B0 and
B0 candidates.

Table 4.2: Results of the final calibrations of the Belle flavour-tagging algorithm (from [112]). The
average tagging efficiency εtag and mistag fraction ω for each tagging category are quoted as well as the
difference ∆ω between the mistag fractions for true B0 and B0 candidates.

leptonically as τ±→µ±νµντ while the other decayed semileptonically as τ∓→π+π−π∓ντ .
Candidate events were selected by requiring an isolated muon candidate and either two or
three charged tracks with associated particle-identification information compatible with the
pion hypothesis. In events with two such tracks, the existence of a third particle was inferred
from charge conservation and the track reconstruction efficiency was determined from the frac-
tion of events for which a track for this third particle was found. No significant difference in
this efficiency was found between collision data and simulation. The main limitation of this
method was found to be the presence of multiple neutrinos in the final state, which did not
allow to perform precise comparisons as a function of the direction and momentum of the in-
ferred track. Other sources of systematic uncertainties associated to this method were related
to potential backgrounds, for example from events involving K0

S decays. The total systematic
uncertainty of the method was estimated to be (0.13−0.24) %. Track reconstruction efficiencies
for low-momentum particles were compared using samples of low-momentum pions from decays
D∗±→D0π±. Here, the systematic uncertainty was found to be 1.5 % larger. Differences in
the track reconstruction efficiency for positively charged and negatively charged particles can
induce artificial asymmetries in mesurements of CP violating observables. This charge asym-
metry was determined to be (0.10 ± 0.26) %, i.e. consistent with zero. Particle identification
efficiencies in collision data and simulation were compared using control samples of B-meson
decays involving a J/ψ meson, such as B±→ J/ψπ±, B±→ J/ψK± or B0→ J/ψK∗0 with
K∗0→K+π− and B0→ J/ψK∗0 with K∗0→K−π+. Reconstructing the J/ψ meson in its de-
cay to two charged leptons permitted to select clean event samples with an event environment
similar to that in most physics analyses. Systematic uncertainties were studied by comparing
the event yields in collision data and in simulation, with and without particle identification
requirements applied.
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Table 4.3: Operating parameters, approximate bb production cross sections and approximate number
of bb pairs produced at high-energy hadron colliders, compared to the corresponding numbers for the
B factories, BaBar and Belle. The quoted numbers of bb pairs do not take into account the effects of
detector acceptance, trigger and reconstruction efficiencies.

collisions
√
s σ(bb)

∫
L dt bb pairs

BaBar (1999-2008) e−e+ 10.58 GeV 1 nb 424 fb−1 465× 106

Belle (1999-2010) e−e+ 10.58 GeV 1 nb 711 fb−1 771× 106

CDF/D0 (2001-2011) pp 1.96 TeV 100 µb 10 fb−1 ≈ 10× 1011

LHCb (2011) pp 7 TeV 270 µb 1 fb−1 ≈ 3× 1011

LHCb (2012) pp 8 TeV 300 µb 2 fb−1 ≈ 6× 1011

ATLAS/CMS (2011) pp 7 TeV 270 µb 5 fb−1 ≈ 14× 1011

ATLAS/CMS (2012) pp 8 TeV 300 µb 20 fb−1 ≈ 6× 1012

LHCb (2016-2018) pp 13 TeV 500 µb 2 fb−1/ year 1× 1012/ year
ATLAS/CMS (2016++) pp 13 TeV 500 µb 45 fb−1/ year 2× 1013/ year

4.2 Hadron colliders: advantages, disadvantages, differences

Asymmetric B factories operating at the Υ(4S) resonance provide a clean environment for the
study of CP violating observables in the B0B0 and B+B− systems. However, as the mass
of the Υ(4S) resonance lies below the B0

sB
0
s production threshold, B factories do not give

access to the B0
sB

0
s system. As described in Sections 5.1, 6.1 and 6.2, precise measurements of

the B0
s−B0

s oscillation frequency and of CP violating observables in the B0
sB

0
s system provide

a powerful handle for testing the CKM picture of flavour-changing quark interactions and
probing for possible effects from physics beyond the Standard Model. Towards the end of
its operation, the Belle experiment collected some data at the Υ(5S) resonance, above the
B0
sB

0
s and B0

s
∗B0

s
∗ production thresholds. However, the collected sample of B0

sB
0
s pairs is

small since the bb production cross section at the Υ(5S) is about three times lower than that
at the Υ(4S) and the Υ(5S) has many possible decay modes in addition to that to B0

sB
0
s pairs.

In total, Belle collected about 7 million B0
s

(∗)B0
s

(∗) pairs in a data sample corresponding to
an integrated luminosity of 121 fb−1. This is to be compared to the sample of 772 million
B0B0 and B+B− pairs collected by the experiment.

Significantly larger samples of B0
s mesons and all other types of b hadrons can be collected

by exploiting the large bb production cross section in hadron-hadron collisions at high energies.
This approach has been pursued successfully by the CDF and D0 experiments at the Tevatron
and more recently by the dedicated heavy-flavour experiment LHCb at the LHC. The Tevatron
collided protons and antiprotons at a centre of mass energy of 1.96 TeV from 2002 till 2011,
while the LHC collided protons on protons at centre-of-mass energies of 7 TeV in 2011 and
8 TeV in 2012, respectively. After a long shutdown for maintenance and consolidation of the
accelerator in 2013/14, the LHC is expected to resume operation in 2015 at a centre-of-mass
energy of 13 TeV. The Tevatron experiments and the LHCb experiment will be described in
Sections 4.3 and 4.4, respectively.

The production of bb quark pairs in hadronic collisions can proceed through pair production
(qq annihilation or gluon fusion), flavour excitation and gluon splitting processes, as illustrated
in Figure 4.20. Figure 4.21 shows the calculated b quark production cross section as a function
of the centre-of-mass energy in pp collisions, compared with other Standard-Model processes
and split into the contributions from each of the three production processes. These calculations
also apply to the 1.96 TeV pp collisions at the Tevatron, since the valence-quark dependent
contribution to hard subprocesses is small at such high collision energies. The calculated total
b quark production cross sections are in fact in good agreement with those measured at the
Tevatron and the LHC. Approximate values are compiled in Table 4.3.

As illustrated in Figure 4.22 for the example of LHC operation conditions in 2012, the
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Figure 4.20: Feynman diagrams illustrating the main bb production mechanisms in hadron collisions:
(top left) qq annihilation, (top right) gluon fusion, (bottom left) flavour excitation and (bottom right)
gluon splitting.

Figure 4.21: Calculated b quark production cross sections as a function of the centre-of-mass energy
in pp collisions, (left, from [135]) compared to other Standard Model processes and (right, from [136])
split into the contributions from each of the three production processes.
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Figure 4.22: Results of PYTHIA [137] simulations of bb production in pp collisions at a centre-of-mass
energy of 8 TeV, i.e. the LHC operation conditions in 2012: (left) distribution of b and b production
angles, θ1 and θ2, with respect to the proton-proton beam axis and (right) distribution of the Lorentz
boost βγ versus the pseudo-rapidity η = − ln (tan(θ/2)) of the produced b and b quarks. In the panel
on the left, bins inside the acceptance of the LHCb experiment are marked in red. In the right panel,
vertical lines indicate the acceptance boundaries of LHCb and of the two general purpose detectors
(GPD), ATLAS and CMS, respectively (simulations and plots by Christian Elsasser).

production of bb pairs in high-energy hadron-hadron collisions is strongly peaked towards
small angles with respect to the beam axis. This is because the mass of the b and b quark
produced in the collision is small compared to the energy released in the collision. Each of the
two partons (quarks or gluons) that interact to create the bb pair carries only a fraction of the
momentum of its parent hadron and this fraction is in general not equal for the two interacting
partons. Therefore, while the centre-of-mass frame of the hadron-hadron collision is at rest in
the laboratory frame, the centre-of-mass frame of the underlying parton-parton interaction is
usually Lorentz-boosted, in either direction, along the beam axis1. As a result, the b hadrons
are produced with a large Lorentz boost in the laboratory frame, which increases significantly
towards small angles with respect to the beam axis as illustrated in Figure 4.22. A larger
Lorentz boost translates into a longer mean decay length of the b hadron in the laboratory
frame and into higher momenta of its decay products. Particles with higher momenta suffer
less from multiple scattering in the material of the detector and therefore permit a more
precise reconstruction of the b hadron decay vertex. The longer decay length and the more
precise determination of the decay vertex allow for a better resolution on the decay time of the
b hadron. This is of particular importance for all measurements that require to resolve the rapid
flavour oscillations in the B0

sB
0
s system, such as measurements of the oscillation frequency (see

Section 5.1) or time-dependent CP asymmetries in the B0
sB

0
s system (see Section 6.1). The

LHCb experiment is designed as a forward magnetic spectrometer in order to exploit these
features of bb production at the LHC. The lifetime of the B0 meson translates into a mean
decay length of about 10 mm in LHCb, compared to 255 µm in BaBar and 195 µm in Belle.

In hadron-hadron collisions, the b quark and the b quark are not produced in an entangled
state. They hadronize independently from each other into any type of b hadron, namely B±,
B0, B0

s , B±c or Λb, or excited states of these. The hadronization fractions, i.e. the relative prob-
abilities with which the different types of ground-state b hadrons are produced, are roughly

1The situation is different for the production of particles with large mass, such as the Higgs boson. Here, in
order to produce such a particle, each of the two interacting partons must carry a large fraction of the momentum
of its parent hadron. This forces the collision to be more symmetric and the Lorentz boost is therefore small.
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Figure 4.23: Event displays of (left) a B0
s → Dsπ candidate with its underlying event in CDF and

(right) a fully reconstructed B0B0 event in Belle. In the left panel, thick green lines indicate the final-
state particles from the B0

s decay, the thick blue and red lines indicate a charged kaon and a muon
candidate that could be used for tagging the flavour of the B0

s meson at its production and the thin
grey lines illustrate the tracks of particles from the underlying event. The close-up of the interaction
region illustrates the displaced decay vertices of the B0

s and D meson (the latter produced in the decay
of the Ds), which together with the large impact parameters of the decay products can be used as
trigger signatures. In the panel on the right, note that there are hardly any detector signals that are
not associated to one of the decay products of the two B mesons.

0.4 : 0.4 : 0.15 : 0.05 for B± : B0 : B0
s : B±c : Λb. Measurements by the LHCb collabo-

ration [138] indicate that these fractions seem to depend on the kinematic properties of the
initially produced b quark and therefore on the production process and energy.

High-energy hadron-hadron collisions as a source of b hadrons also pose significant exper-
imental challenges compared to the clean environment of B factories. As Figure 4.21 shows,
the inelastic cross-section is larger than the bb production cross section by about a factor
of 800 at the Tevatron and by about a factor 160 at the LHC. Highly selective and efficient
trigger algorithms are therefore required to extract the interesting signal events from the large
background. These algorithms typically exploit generic features of b-hadron decays, such as
displaced decay vertices or decay products with relatively high transverse momentum and large
impact parameter with respect to primary collision vertices. Trigger efficiencies are typically
of the order of 80% or more for decays involving muons in the final state but only 50% for
decays to fully hadronic final states. By comparison, at the B factories trigger efficiencies close
to 100 % were achieved for all types of B-meson decays.

A further challenge in hadron-hadron collisions is the large number of additional particles
that are produced in the underlying hadronic interaction and cause additional signals in the
detector. For illustration, Figure 4.23 shows event displays of a B0

s→Dsπ candidate in CDF
next to a fully reconstructed B0B0 event in Belle. The mean number of reconstructed tracks in
a typical event in CDF is 80, with tails extending up to above 300 tracks. More sophisticated
reconstruction algorithms are required to extract the few particles of interest in a given event,
leading to lower event reconstruction efficiencies compared to B factories, where essentially all
particles in a BB event are due to the decays of the B meson and the B meson.

Measurements involving the reconstruction of neutral pions and, in particular, neutrinos
are challenging in the hadronic environment. Neutrinos escape the detector unobserved but
at the B factories their properties can be reconstructed indirectly by studying the energy and
momentum imbalance of all reconstructed particles in the event. Such an approach is not
feasible in hadronic interactions.

The general strategy for the measurement of time-dependent asymmetries at hadron collid-
ers is illustrated in Figure 4.24, taking as an example a measurement of the B0

s−B0
s oscillation

frequency. Measurements of time-dependent CP asymmetries in the B0
sB

0
s system or measure-

ments in the B0B0 system follow similar patterns. As the bb quark pair is not produced in
a coherent state and the wave functions of the two produced b hadrons evolve independently
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Figure 4.24: Illustration of the ingredients for the measurement of the B0
s -B0

s oscillation frequency at a
hadron collider.

from each other, the point of reference for all time-dependent measurements is the primary
collision vertex in which the bb quark pair was produced. This vertex can be reconstructed
with good precision from the large number of tracks from the charged particles produced in
the underlying hadronic interaction. Similar to the approach at B factories described in Sec-
tion 4.1, a B0

s or B0
s meson, denoted as Brec, is fully reconstructed in a flavour-specific final

state, such as B0
s→D∗+s π− followed by D∗+s →D0

sπ
+
sl and D0

s →K−π+. The charge of the
final-state particles allows to determine the flavour of the Brec candidate at the time of its
decay, i.e. whether it decayed as a B0

s or B0
s meson. The momentum of the Brec candidate

and the position of its decay vertex can be determined from a kinematic reconstruction of the
decay chain. The final ingredient of the measurement is the initial flavour of the Brec can-
didate, i.e. whether it was created as a B0

s meson or a B0
s mesonin the hadronization of the

b and b quark produced in the hadron-hadron collision. This information can be derived in a
similar fashion as at the B factories by exploiting flavour-specific signatures from the decay
of the second b hadron in the event, denoted as btag in the figure. Such opposite-side tagging
algorithms exploit the charge signs of leptons or kaons or an appropriately weighted sum of the
charges of all tracks assigned to a displaced secondary vertex or a jet of charged particles that
could be caused by the hadronization and decay of the btag candidate. In addition to these
opposite-side tagging algorithms, so-called same-side tagging algorithms can be employed to
infer the initial flavour of the Brec candidate. Same-side kaon tagging exploits the fact that
the hadronisation process leading to a B0

s or B0
s meson requires the creation of a ss quark pair

in close vicinity to the initial b or b quark. The s quark will be absorbed in the creation of
a B0

s meson, while the s quark can hadronize into a positive kaon. Likewise, the s quark will
be absorbed in a B0

s meson, leaving the s quark, which can hadronize into a negative kaon.
Same-side tagging algorithms therefore search for charged kaons close in phase space to the
Brec candidate. In a similar fashion, same-side pion tagging algorithms can be employed to
tag the initial flavour of B0 or B0 mesons. At hadron colliders, a significant fraction of B0 and
B0 mesons is produced via decays of excited charged B mesons and the tagging pion can in
this case be due to such a decay of an excited B meson as well as the hadronization process
leading to the production of the B0 or B0 meson.

Due to the large number of tracks from the underlying event, the identification of the
correct tagging candidates is less clean than at the B factories, resulting in larger fraction
of wrong tagging decisions. An additional source of wrong tagging decisions in opposite-side
tagging algorithms is the fact that the btag hadron can be a neutral or strange B meson that
had mixed at the time of its decay. As discussed in Section 4.1.10, a fraction ωtag of wrong
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Figure 4.25: Illustration of the hadronization of a b quark to a B0
s meson, leading to the production of

a charged kaon close in phase space to the B0
s meson.

tagging decisions leads to a dilution of the measured oscillation amplitude by a factor

D ≡ 1 − 2ωtag ,

while the statistical precision of asymmetry measurements scales with the so-called tagging
power

Qtag ≡ εtag · (1 − 2ωtag) ,

where the tagging efficiency εtag is given by the fraction of reconstructed Brec candidates for
which a tagging decision can be derived. Due to the larger mistag fractions, the tagging power
that has been achieved at hadron colliders is almost an order of magnitude smaller than that
obtained at the B factories.

The specific flavour tagging algorithms employed at the Tevatron experiments and at LHCb
will be discussed in Sections 4.3.5 and 4.4.5, respectively.

4.3 The Tevatron: CDF II and D0

The first experiments to pursue a successful b-hadron physics programme at a hadron collider
were the two general-purpose detectors, CDF II and D0, at the Tevatron. The primary goal
of the Tevatron was to search for the top quark, the Higgs boson and as yet unknown heavy
particles. During its first period of operation, between 1987 and 1996, protons and antiprotons
were collided at a centre-of-mass energy of 1.8 TeV and an integrated luminosity of about
110 pb−1 was collected by each of the two experiments. This data taking period culminated
in the first observation of the top quark by the CDF and D0 collaborations in 1995 [71, 72].
The accelerator then underwent a major upgrade to increase the collision energy and the
instantaneous luminosity. The two experiments underwent comprehensive upgrades at the
same time, to adjust to the new operating conditions and at the same time improve the
performance of the detectors. During run II, which followed the upgrades and lasted from 2001
till 2011, the Tevatron operated at a center-of-mass energy of 1.96 TeV and at instantaneous
luminosities exceeding 4× 1032 cm−2s−1. An integrated luminosity of 12 fb−1 was delivered to
the two experiments, out of which 9.6 fb−1 were collected. An important part of the detector
upgrades in both CDF and D0 was the installation of new silicon micro-strip vertex detectors
to allow an efficient and precise identification of large-impact parameter tracks and detached
vertices from decays of b hadrons. The ability to efficiently and cleanly identify high-pT jets
containing a b quark (so-called “b tagging”) was for example required for studies of top quark
production through the decay t → Wb or in searches for (light) Higgs bosons via the decay
H → bb. At the same time, the vertex detector upgrades enabled the experiments to perform
dedicated studies in b-hadron physics.
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Figure 4.26: The CDF II detector for run II of the Tevatron: (left) isometric view and (right) schematic
layout of its tracking system (from [139]).

Figure 4.27: Cross sections through (left) the D0 detector for run II of the Tevatron and (right) its
central tracking system (from [140]).

The potential of a b-hadron physics programme for run II of the Tevatron was explored
in a series of workshops, the results of which are summarized in Ref. [141]. A dedicated
experiment, dubbed BTeV, was proposed [142] in the year 2000. The BTeV collaboration grew
to 175 physicists from 31 institutions in seven countries, but the plans for the experiment then
fell prey to budgetary cuts during the dark ages of the Bush administration in 2005. The
b-physics reach of the general purpose experiments, CDF II and D0, was more limited than
that of a dedicated experiment could have been. Nevertheless, the two experiments pursued
an active and successful measurement programme particularly in the B0

sB
0
s system, to which

the Tevatron provided unique access until the startup of the LHC in 2010. The main results
of this effort are nicely summarized in Ref. [143]. Highlights were the first observation of
B0
sB

0
s oscillations, including a precise measurement of the B0

sB
0
s oscillation frequency, and the

first measurements of the CP violating phase in B0
sB

0
s mixing, φs. These measurements are

discussed in Sections 5.1 and 6.1, respectively. They have in the meantime been repeated with
better precision at LHCb, but stand as important milestones in the recent history of flavour
physics.

Views of the upgraded CDF II [144] and D0 [140] detectors are shown in Figs. 4.26 and 4.27,
respectively. Both experiments follow the typical layout of general-purpose collider detectors,
with silicon micro-strip vertex detectors surrounding the interaction region, followed by a track-
ing detector (an open-geometry wire chamber in CDF II, a scintillating fibre detector in D0)
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embedded in the field of a solenoid magnet, electromagnetic and hadronic calorimeters and
finally a muon system. The CDF II experiment made use of a displaced track trigger that al-
lowed to select events containing tracks with large impact parameter with respect to the beam
axis. This trigger was essential for the b-physics programme at CDF II. The b physics pro-
gramme at D0 relied on efficient muon and dimuon triggers and concentrated on measurements
of semileptonic B → µX decays and decays with a J/ψ → µ+µ− in the final state.

In the remainder of this section, the components of the two experiments most relevant for
b-hadron physics, namely vertexing, tracking, triggering and charged particle identification,
will be briefly described, followed by a short outline of the offline algorithms employed for
flavour tagging. Throughout, the usual coordinates and variables employed in colliding beam
experiments will be used: the z coordinate is measured along the beam direction while r and
φ are the radial distance and azimuthal angle in the plane orthogonal to the beam direction,
which is also the bending plane of the solenoid magnet. Particles are characterized by their
transverse momentum, pT, which is the momentum component orthogonal to the magnetic
field lines and therefore in the r–φ plane, and by their pseudo-rapidity, η = − ln(tan θ/2),
where θ is the polar angle with respect to the beam axis. The transverse impact parameter of
a track is defined as its distance from the pp interaction vertex in the point of closest approach
in the r–φ plane. At the trigger levels, the pp interaction vertex could not be determined
event–by–event and an average position was assumed for the calculation of the transverse
impact parameter.

4.3.1 Detectors for vertex reconstruction

As explained in the previous paragraphs, the ability to precisely reconstruct the trajectories of
charged particles close to the pp interaction region was a prerequisite for many measurements in
CDF II and D0. In particular, the efficient and clean identification of tracks with large impact
parameter was crucial for the selection of events containing a b decay and the suppression of
the large background from generic inelastic pp interactions. The precise reconstruction of the
B0
s decay vertex is required for measurements of decay-time dependent asymmetries in the

B0
sB

0
s system. The achievable precision in the reconstruction of impact parameters and vertex

positions is limited by the measurement resolution of the detector, by the multiple scattering
of the particles in the material of the detector and the beam pipe, and by the distance over
which the track parameters have to be extrapolated from the first measurement point back to
the interaction region. To obtain the best possible resolution, therefore, detectors have to be
placed as close to the interaction region as possible and the amount of material, in particular
the amount of dead material between the interaction region and the first measurement points,
has to be kept as small as possible.

The layout of the CDF II silicon micro-strip detector system [139] is illustrated in Fig-
ure 4.28. It comprises three sub-systems, called Layer 00 (L00), SVX II and Intermediate
Silicon Layer (ISL). The SVX-II was the central part of the vertex detector and played an
important role in the displaced-track trigger described in Section 4.3.3 below. It consisted of
five concentric, cylindrical detection layers at radii between 2.54 cm and 10.1 cm from the
beam axis and used 300 µm thick double-sided silicon sensors. The readout strips on one side
of the sensors had a readout pitch of 60 µm and were oriented parallel to the beam axis to
precisely measure track coordinates in the r–φ plane. Position information in the z direction
was provided by the readout strips on the other side of the sensors, oriented at 90◦ with respect
to the beam axis in three of the layers and at a small stereo angle of 1.2◦ in the remaining two
layers. The ISL [146] was located in between the SVX-II and the surrounding Central Outer
Tracker (COT), which is described in the next section. Its main purpose was to improve the
linking of track segments between the SVX-II and the COT and to increase the track recon-
struction efficiency in the forward and backward regions of the detector, that were not covered
by the COT. The ISL consisted of one cylindrical layer at a radius of 22 cm in the central
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Figure 4.28: Cross sections through the CDF II silicon detector system, consisting of Layer 00, SVX II
and ISL: (left) in the r–φ plane orthogonal to the beam axis and (right) in the r–z plane along the
beam axis (from [139]).

Figure 4.29: The SVX-II barrel detectors: (left) isometric view indicating the locations of readout
electronics that introduce additional dead material; (right) cross section in the r–φ plane, indicating
the 12-fold symmetry of the detector layout (from [145]).

region of the detector and two concentric layers at radii of 20 cm and 28 cm in the forward
and backward regions. Similar to the SVX-II, it used 300 µm thick, double-sided sensors with
readout strips that were oriented parallel to the beam axis on one side of the sensor and at
a small stereo angle on the other side of the sensors. The readout strip pitch in the ISL was
112 µm. One disadvantage of the detector design was the relatively large amount of dead
material from readout electronics, mechanical supports and cooling inside the acceptance of
the experiment. On average, a particle at normal incidence traversed about 15% of a radiation
length in the silicon detectors [147]. For this reason, the system was completed by an additional
inner layer, the L00 [148,149], that was mounted directly on the beam pipe and had its silicon
sensors located at distances of 1.35 cm and 1.62 cm from the beam axis. It used 300 µm thick
single-sided sensors with a readout strip pitch of 50 µm and readout strips oriented parallel
to the beam axis. Particular care was taken in the design of the L00 to minimize the dead
material inside the acceptance of the tracking detector. The information from the L00 helped
to significantly improve the resolution on the transverse track impact parameter by providing
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Figure 4.30: Comparison of the transverse impact parameter resolution as a function of the reconstructed
transverse momentum of the candidate using or not using spatial information from the L00 detector
for (left) particles that went through one of the readout hybrids in the SVX-II (see Figure 4.29) and
therefore traversed a larger amount of dead material and (right) particles that did not cross any readout
hybrid. The quoted resolutions include a constant contribution of 32 µm due to the finite beam size,
which should be subtracted in quadrature (from [139]).

an additional position measurement close to the interaction point and mitigating the effects of
multiple scattering in the material of the SVX-II. As illustrated in Figure 4.30, the improve-
ment in the transverse impact parameter resolution was particularly large at the relatively low
transverse momenta that are typical for particles from b hadron decays at the Tevatron.

The D0 Silicon Microstrip Tracker (SMT) had to provide vertexing and tracking capability
over the full angular acceptance of the experiment. Its layout followed a different philosophy
from the CDF II silicon system. As illustrated in Figure 4.31, the SMT consisted of a succession
of barrels and disks arranged along the beam axis. Each barrel consisted of four concentric,
cylindric detection layers at radii between 2.72 cm and 10.51 cm. The disks were planar
detection layers oriented orthogonally to the beam axis. The so-called “F”-disks in the central
part of the detector covered radii from 2.57 cm to 9.96 cm, while larger “H”-disks in the forward
and backward regions extended from radii of 9.61 cm to 23.6 cm to provide similar coverage in
η as those in the central part of the detector. The advantage of this complex layout was that
the trajectories of particles produced at large angle with respect to the beam axis, could be
measured precisely in the barrel detectors while the disks provided precise tracking information
for particles produced at shallow angles with respect to the beam axis. The barrels used a
combination of single-sided and double-sided silicon sensors. The single-sided sensors and one
side of the double-sided sensors had readout strips with a pitch of 50 µm oriented parallel to
the beam axis to provide precise coordinate measurements in the r–φ plane. The other side
of the double-sided sensors had strips oriented either at 90% or at a small stereo angle of 2◦

to provide coordinate information along the beam axis. The disks were assembled from silicon
sensors of trapezoidal shape with readout strips oriented at stereo angles of ±30◦ or ±15◦ with
respect to the radial direction in the F-disks and H-disks, respectively.

In 2006, the SMT was complemented with an additional inner cylindrical detection layer,
called “layer 0”. It consisted of 300 µm thick single-sided silicon sensors that were located
at radii of 1.61 mm and 1.76 mm from the beam axis. Readout strips were oriented parallel
to the beam axis and had strip pitches of 71 µm and 81 µm in the inner and outer layer,
respectively. Like for the L00 detector in CDF II, particular care was taken in the design of
layer 0 to minimize its material budget. The beneficial impact of layer 0 on the transverse
impact parameter resolution for low-pT particles is illustrated in Figure 4.32.

Short digression: Another crucial aspect for operation at high energy, high lu-
minosity hadron colliders is the harsh radiation environment to which the detectors
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Figure 4.31: Isometric view of the D0 silicon microstrip tracker (SMT) consisting of six barrel detectors,
twelve F disks, and four H disks (from [150]).

Figure 4.32: The D0 silicon layer 0: (left) cross section through the detector; (right) its effect on the
transverse impact parameter resolution (both from [150]).

and their readout electronics are exposed. This is particularly relevant for the ver-
tex detectors that have to operate close to the interaction points, where particle
fluences are highest. A substantial effort has been invested over the last fifteen years
to reach a detailed understanding of the mechanisms of radiation damage and to
develop radiation tolerant detector technologies for the LHC. These technologies
were, however, not yet available at the time when the CDF II and D0 vertex de-
tectors were designed and the lifetime of the innermost detector modules in the
SVX-II and the SMT was not expected to extend beyond an integrated delivered
luminosity of at most 4-6 fb−1, corresponding to a few years of operation. It was
another purpose of the L00 and the layer 0 to compensate for the expected loss
of efficiency in the inner modules of the SVX-II and the SMT. Single-sided silicon
sensors were employed in the L00 and in layer 0, as these were expected to be more
robust against the effects of radiation damage than double-sided sensors. Ref. [139]
contains a detailed account of the very substantial effort that was undertaken by
the SVX-II team to maintain the detector operational until the end of run II, well
beyond its initial design lifetime, with only minor loss in physics performance.

4.3.2 Detectors for tracking of charged particles

The reconstruction of the trajectories and momenta of charged particles relied in CDF II on
the silicon detectors described in the previous section and on the Central Outer Tracker (COT)
that surrounded these detectors. The COT was an open-geometry drift chamber that spanned
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a length of 310 cm along the beam axis and covered radii from 44 cm to 132 cm. The COT
contained a total of 96 radial detection layers that were organized into eight super-layers of
twelve layers each. Every second super-layer had axial wires, oriented parallel to the beam axis
to provide precise position measurements in the r–φ plane, the remaining four super-layers had
wires oriented at a small stereo angles of either +3◦ or −3◦ to provide position information
along the z axis. A standard mixture of 50 % Argon and 50 % Ethane was used as drift gas.
The resulting maximum drift time of 100 ns fitted well within the Tevatron bunch spacing of
396 ns. The signals collected on the anode wires were amplified, shaped, discriminated and
fed into a TDC that recorded the leading and the trailing edge of the signals with a resolution
of 1 ns. The time of the leading edge was employed to determine the drift time, resulting
in a spatial resolution of about 175 µm for single hits. The time difference between leading
and trailing edge provided a measure for the signal amplitude and therefore for the amount
of energy deposited by the particle traversing the drift cell. These dE/dx measurements
provided input for the separation of kaons and pions at momenta above 2 GeV/c, as described
in Section 4.3.4. Position measurements from the axial detection layers of the COT were used
as input for the first-level trigger described in Section 4.3.3. The total material of the COT
corresponded to 1.6 % of a radiation length at normal incidence. To allow the reconstruction of
particle momenta, the COT and the silicon detectors were immersed in the field of a solenoid
magnet that provided a homogenous magnetic field of 1.4 T with field lines parallel to the beam
axis. In the central region of the detector, |η| < 1, a total of seven position measurements in
the silicon sensors plus 96 measurements in the COT, distributed over a lever arm of about
130 cm, permitted to reconstruct the transverse momenta, pT, of charged particles with relative
precision σ(pT)/pT ≈ 0.15 %× pT [GeV/c].

Charged particle tracking in D0 relied on the SMT described in the previous section and
the Central Fibre Tracker (CFT). As illutrated in Figure 4.34, detection layers in the CFT
were organized in eight concentric cylinders at radii from 20 cm to 52 cm, where each cylinder
consisted of a pair of scintillating-fibre doublets. Fibres in the inner doublet of each pair were
oriented parallel to the beam axis, those in the outer doublet were oriented at small stero

Figure 4.33: Central Outer Tracker in CDF II: (left) drift-cell geometry in one of the super-layers, where
the twelve sense wires corresponding to the twelve detection layers are shown for three consecutive drift
cells, as well as field forming wires and the thin cathode sheets that separate the drift cells; (right)
simulation, performed using the Garfield/Magboltz [151] package, of electron drift lines for a high-
pT particle crossing the twelve detection layers in a super-layer (both from [152]).
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Figure 4.34: Longitudinal cross section of a quadrant of the D0 detector, illustrating the locations of
the eight pairs of fibre doublets of the Central Fibre Tracker (from [153]).

angles of ±3◦. The two fibre layers within a doublet were staggered by half a fibre diameter
to provide full acceptance coverage. The fibres had a length of 166 cm in the innermost two
cylinders and a length of 252 cm in the remaining cylinders. They were read out using Visible
Light Photon Counters (VLPC), silicon-based photon detectors with high quantum efficiency
in the visible range [154]. On average, ten photons could be detected for an ionizing particle
crossing a fibre. The fibres had a diameter of 835 µm diameter, yielding a spatial resolution
of about 100 µm per doublet. The SMT and the CFT were immersed in the 2 T field of a
supra-conducting solenoid magnet.

4.3.3 Triggering

As discussed in Section 4.2, the large inelastic cross section in high-energy hadron collisions
makes a selective and efficient trigger a crucial requirement for a successul b-physics programme
at hadron colliders.

The CDF II trigger system consisted of three consecutive stages. The first level trigger
received data at the Tevatron bunch crossing rate of 1.7×106 events per second, had a maximum
latency of 5.5 µs and a maximum allowed output rate of 30 kHz. The second-level trigger had
a typical execution time of 20 − 30 µs and a maximum output rate of 1 kHz. The third-level
trigger ran on a large CPU farm and performed a full event reconstruction using a speed-
optimized version of the offline reconstruction code. The output rate of the third-level trigger
was 100 Hz, at which events were saved for offline reconstruction.

A good overview of the level-1 and level-2 trigger algorithms that were of relevance for
b-hadron physics is given in Ref. [155]. The cornerstone of the level-1 trigger decision was
the “eXtremely Fast Tracker” (XFT) algorithm [156]. The XFT was implemented on pro-
grammable logic devices (PLD) and used hit information from the COT to reconstruct the
two-dimensional trajectories in the r–φ plane of all particles with pT > 1.5 GeV/c. As de-
scribed above, the detection layers in the COT were organized into eight so-called super-layers.
Four of these super-layers had axial wires, oriented parallel to the beam axis, while the wires
in the other four super-layers were oriented at a small stereo angle. The four super-layers
with axial wires were used in the XFT. The first step of the algorithm was implemented in
so-called “finder” chips. Each finder chip received the data from a fixed group of wires in one
super-layer and compared the observed hit information with a stored set of valid patterns that
could have been caused by a particle with pT > 1.5 GeV/c. The sets of valid patterns for
each superlayer had been generated based on samples of simulated events. Each finder chip
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forwarded a complete list of all matching patterns to one of 288 so-called “linker” chips. Each
of these linker chips covered a 1.25◦ wide slice in the azimuthal angle φ. It compared the data
it received from the finder chips from the four super-layers to sets of pre-defined patterns,
selected the best matching pattern and returned the stored track coordinates corresponding
to this pattern. The complete algorithm took no more than 1.9 µs and had an efficiency of
96% for finding tracks with pT > 1.5 GeV/c. The obtained resolution in pT and φ was about
a factor of ten worse than that of the full offline track reconstruction algorithm. The obtained
track parameters were extrapolated to the electromagnetic calorimeter and the muon detectors
and matched with measurements in these detectors to identify electron and muon candidates.
The Level-1 trigger decision depended on the numbers of track candidates found above certain
pT thresholds and the associated particle types. Typical requirements were for example two
track candidates with pT > 2.5 GeV/c or a single muon candidate with pT > 4 GeV/c.

The second-level Silicon Vertex Trigger (SVT) algorithm [157] was implemented on Asso-
ciated Memory (AM) chips and Field-Programmable Gate Array (FPGA) chips. It used as
input the list of track parameters returned by the XFT and the raw digitized data from the
axial readout strips in the SVX-II. A cluster search was performed in the SVX-II data and for
each found cluster its position in φ was calculated. This was followed by a pattern recognition
to link the SVX-II clusters with the XFT track candidates, and finally a two-dimensional track
fit to determine the relevant track parameters in the r–φ plane. The pattern recognition step
was performed in parallel in twelve slices in φ, corresponding to the twelve-fold azimuthal sym-
metry of the SVX-II detector layout as shown in Figure 4.29. The XFT track parameters and
the cluster positions in four selected layers in the SVX-II were compared to a set of pre-defined
valid patterns to identify track candidates. The initial AM chips used for this pattern matching
allowed to store 32’000 patterns each. The sets of patterns for each chip were defined based on
samples of simulated events and provided a 95 % coverage for tracks with pT > 2 GeV/c. An
impact-parameter resolution of 50 µm in the r–φ plane could be achieved, including a contri-
bution of about 30 µm due to the finite size of the beam spot. As the instantaneous luminosity
provided by the Tevatron gradually increased during run II, leading to busier and more com-
plex events, a larger number of patterns was needed to provide finer granularity of the pattern
matching, reduce the number of track candidates, and maintain the speed of the subsequent
fitting algorithm. Therefore, the SVT was upgraded in 2007 with more powerful AM chips
that allowed to store 512’000 patterns each. The track fit used six measurements, namely the
four position measurements in the SVX-II and the position and curvature of the XFT track,
to determine three track parameters at the point of closest approach to the pp interaction
region — the pT of the track, its azimuthal angle and its transverse impact parameter. The χ2

of the fit was also calculated and was employed to remove poorly matched track candidates.
The fitting algorithm was implemented on the FPGA chips and used linear approximations
to calculate the constraints and estimate the track parameters. The overall execution time
of the complete SVT algorithm was around 20 µs, depending on the complexity of the event,
the algorithm had an efficiency of 90 % for tracks with hits in four layers of the SVX-II and
gave a transverse impact parameter resolution close to that of the offline tracking algorithm if
information from L00 was ignored. Data from L00 could not be used in the SVT.

Typical triggers used to collect samples of b-hadron decays were a “dimuon trigger” requir-
ing two muon candidates with pT > 1.5 GeV/c to collect decays involving a J/ψ meson, a
“displaced track + muon” trigger requiring one SVT track with significant transverse impact
parameter and a muon candidate with pT > 4 GeV/c to collect samples of semi-leptonic decays,
or a “two-track trigger” requiring two displaced tracks with pT > 2 GeV/c to collect samples
of two-body charmless B-meson decays or samples of B0

s→D−s π
+ decays for the measurement

of the B0
s−B0

s oscillation frequency. The importance of this trigger can be illustrated by a
comparison of event yields: in run I, without SVT, no significant B0

s→D−s π
+ signal could be

found in a data set corresponding to an integrated luminosity of 0.1 fb−1; in run II, using the
SVT, a sample of 2000 B0

s→D−s π
+ candidates was collected in an only ten times larger data
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Figure 4.35: Pictorial illustrations of (left) the CTT and (right) the STT algorithm in D0 (from [140]).

set.

A brief overview of the D0 triggers and their use in the b-physics programme is given in
Ref. [158]. The special strength of the D0 detector was its excellent muon identification system
and this was reflected in the physics programme and the triggers it was based on. The D0
trigger system consisted of three consecutive stages. The first-level trigger was implemented in
hardware, operated at the Tevatron bunch crossing rate of 1.7×106 per second, had a maximum
latency of 3.5 µs and a maximum output rate of 2 kHz. It was based on energy measurements
in the calorimeter and matching pre-coded patterns in the scintillating fibre tracker, pre-shower
and muon detectors. The second-level trigger ran on custom-made pre-processor elements, had
a typical processing time of 100 µs and a maximum output rate of 1 kHz. It refined the first
level trigger decisions, for example by making use of the timing information of hits in the
muon detectors. A Silicon Track Trigger algorithm using information from the silicon tracker
to calculate transverse impact parameters was added to the second-level trigger in 2004. The
third-level trigger ran on a farm of commercial processors and performed a simplified event
reconstruction. The output rate of the third-level trigger was 50 − 100 Hz, at which events
were saved for offline reconstruction.

A main component of the first-level trigger was the Central Track Trigger (CTT). The
primary goal of the CTT was to reconstruct the two-dimensional trajectories in the r–φ plane
of particles with pT > 1.5 GeV/c and to return a list of the track candidates above a certain
pT threshold. It also allowed to link the track candidates to hits in the pre-shower detectors
and to level-1 muon trigger objects to form high-pT electron and muon candidates. The track
reconstruction algorithm used hit information from the eight axial double layers of the CFT.
The pattern recognition algorithm was implemented on FPGA chips and was executed in
parallel in 80 sectors, each of which covered 4.5◦ in azimuthal angle φ. The data from a given
φ sector were compared with a set of 20’000 pre-defined valid patterns. For each φ sector, a
list of the up to six matched patterns with the highest associated values of pT were returned.
The algorithm was nearly 100% efficient for tracks with pT > 1.5 GeV/c that originated from
within 1 mm of the nominal pp interaction point in the r–φ plane.

The Silicon Track Trigger (STT) was commissioned and added to the D0 second level trigger
in 2004. The STT algorithm and its implementation are described in detail in Ref. [159]. The
STT received all track candidates from the CTT and the raw data from the axial readout strips
in the SMT barrel detectors. It performed a fast pattern recognition and a two-dimensional
track fit in the r–φ plane to estimate transverse impact parameters. Data from different
φ regions of the detector and from different events were processed in parallel in order to meet
the time constraints of the second-level trigger. The pattern recognition step was executed on
FPGA chips. A clustering algorithm was performed on the SMT raw data and the φ positions
of the clusters were calculated. The track information received from the CTT was used to
define a ±2 mm wide search road for each CTT candidate. All SMT clusters that fell into
this road were associated to the track candidate, where the same cluster could be assigned



4.3. THE TEVATRON: CDF II AND D0 91

Figure 4.36: Rates of the events selected for offline analysis by b physics triggers and by non-b physics
triggers as a function of the decaying instantaneous luminosity during a typical pp fill in the first years
of run II (from [158]).

to several track candidates. The efficiency for assigning the correct cluster was found to be
98 % for particles with pT > 1.5 GeV/c and transverse impact parameter less than 2 mm.
However, usually more one than one cluster per SMT layer was associated in this step to the
same CTT track candidate. The remaining steps of the algorithm were executed on Digital
Signal Processing (DSP) chips. First, a filtering was applied on the clusters assigned to a
track candidate to select the best matching cluster in each SMT layer. Clusters outside a
±1 mm road were discarded immediately; incompatible combinations of clusters were rejected
by demanding that only clusters from the same SMT barrel detector or at most two adjacent
barrels could be assigned to the same track candidate. Of the remaining clusters, that closest
to the track candidate was selected. The positions of the selected clusters, together with the
positions of the CTT track candidate at the innermost and outermost CFT layers were used to
perform a χ2 fit to a circular trajectory of the form φ(r) = d/r + kr + φ0. The fit parameters
were the transverse impact parameter d, the curvature k, and the azimuthal angle φ0. As
the fit function is linear in all three parameters, an analytical solution could be calculated
using simple linear algebra. Approximate solutions were used to speed up the calculation and
meet the limited computing resources of the FPGA chips. For example, a total of twelve
million coefficient matrices for different possible hit configurations were stored in memory.
The STT was successfully employed in the later part of run II to apply cuts on the transverse
impact parameter of muon candidates. However, due to bandwidth limitations, it was not
possible to use this trigger algorithm to form a pure displaced track trigger and collect samples
of hadronic b decays.

All D0 triggers for b-hadron physics relied on muon signatures. Dimuon triggers, requiring
two muon candidates above a certain pT threshold, were usually based on information from the
muon systems only, as these provided a significantly wider coverage in |η| than the COT-based
level-1 track trigger. Decay-time unbiased single muon triggers required a track-matched muon
candidate, typically with pT > 3 − 5 GeV/c. Finally, decay-time biased single muon triggers
demanded a track-matched muon candidate with significant transverse impact parameter with
respect to the interaction region. As illustrated in Figure 4.36, the triggers for b-hadron physics
were gradually activated during a Tevatron store, as the bandwidth required by high-pT triggers
decreased with decreasing beam currents and instantaneous luminosity.

4.3.4 Particle identification

As already discussed in the context of the B factories, the most challenging task in particle
identification is to distinguish between charged kaons and pions. The challenge is even bigger
in the environment of high-energy hadron collisions due to the large abundance of charged
pions produced in the underlying event. As described in the next section, good kaon identifi-



92 CHAPTER 4. EXPERIMENTAL FACILITIES

Figure 4.37: Illustration of the (left) expected and (right) measured performance of the time-of-flight
detector in CDF II. The left panel shows the expected kaon/pion separation for a time-of-flight resolution
of 100 ps, as a function of the particle momentum. The expected separation from dE/dx measurements
in the COT is shown for comparison. The right panel shows the distribution of the mass of the candidate
as calculated from the measured time-of-flight versus the momentum measured from the curvature of
its trajectory in the COT. The three horizontal lines correspond to the nominal masses of the proton
and the charged kaon and pion (from [160]).

cation at the lower end of the momentum spectrum can contribute important input to flavour
tagging algorithms. At higher momenta, good kaon/pion separation is for example important
to separate the different final states in charmless two-body decays B0→π+π−, B0→K+π−,
B0
s→K−π+ and B0

s→K+K−. Due to the relatively small mass difference between kaons and
pions, it is not possible to distinguish between these decays using kinematic variables alone.

In CDF II, kaon identification relied on dE/dx measurements in the COT drift chamber
and on a time-of-flight (ToF) detector that was installed in between the outer wall of the COT
and the cryostat of the supraconducting solenoid magnet, at a radial distance of about 138 cm
from the beam axis. The ToF consisted of 216 scintillator bars of 4×4 cm2 in cross section and
279 cm in length. Each bar was read out at both ends by photo-multiplier tubes operating in
the 1.4 T field of the CDF II solenoid magnet. To correct for signal-height dependent time-walk
in the readout electronics, not only the arrival time of the signal but also its signal height were
recorded. An average time-of-flight resolution of 110 ps could be achieved, close to the initial
design goal of 100 ps. The left panel in Figure 4.37 shows the expected kaon/pion separation
for a time-of-flight resolution of 100 ps with Gaussian distributed uncertainties. With these
assumptions, a two standard deviation separation between charged kaons and pions can be
achieved for momenta up to 1.6 GeV/c. The momentum p, the path length L, and the time
of flight, t, of a particle are related to its mass m as

m =
p

c
·

√(
c t

L

)2

− 1 .

A distribution of m calculated using measurements of t in the ToF and of p and L in the COT,
is shown as a function of p in Figure 4.37. Three bands corresponding to signals from pions,
kaons and protons are clearly visible at low momenta. As expected, the kaon and pion bands
merge at momenta above 1.5 GeV/c. A limiting factor for the ToF was its relatively coarse
granularity. As the instantaneous luminosities delivered by the Tevatron increased during the
course of run II, the per-track efficiency decreased by up to 60% due to too high occupancies.

As described in the previous section, the COT provided up to 96 independent dE/dx mea-
surements for a particle traversing the full detector. The observed energy deposit, dE/dxobs,
for a given track candidate was calculated as the 80% truncated mean of the associated
dE/dx measurements. The highest 20% of all measurements were discarded, as usual, to
reduce the effect of large energy deposits from the upper tail of the Landau distribution. The
most probable energy losses expected for the pion and kaon mass hypotheses, dE/dxπ and
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Figure 4.38: Illustration of kaon/pion separation in CDF II by means of dE/dx measurements in the
COT: (left, from [161]) distribution of the difference between the measured and the expected most
probable value of dE/dx for a pion with momentum corresponding to the measured curvature of the
track; the dE/dx is expressed here in units of time since the pulse height in a drift cell of the COT is
measured by the length (time above threshold) of the signal pulse; (middle, from [162]) distribution of
the measured kaonness κ as defined in the main text for the positive and the negative particle in samples
of B0→K+π− and B0→K−π+ candidates; (right, from [162]) distribution of the invariant-mass,
calculated assuming the pion mass for both final state particles, from a sample of charmless two-body
b hadron decays. The individual contributions from the overlapping final states were estimated using
kinematic variables as well as kaon/pion identification criteria and are indicated by different shadings
as described in the legend of the plot.

dE/dxK , were estimated using the momentum measured from the curvature of the track and
a parametrization of the Bethe-Bloch equation, with parameters that were determined from
control samples in collision data. The “kaonness” of the candidate was then defined as

κ ≡ dE/dxobs − dE/dxπ
dE/dxK − dE/dxπ

.

The performance of the particle identification based on the dE/dx measurements was cali-
brated on collision data, using high-purity samples of kaons and pions from 1.5 × 106 decays
D∗+→D0π+

sl with D0→K−π+ and D∗−→D0π−sl with D0→K+π−. The charge of the low-
momentum pion, π±sl , provides a clear signature allowing to select high-purity samples of such
decays and the sign of its charge unambiguously identifies the pion and the kaon from the
subsequent D0 and D0 decay.

Finally, the particle-identification information from time-of-flight and dE/dxmeasurements
was combined into a log-likelihood variable

CLL(K) ≡ log

(
PToF(K) · PdE/dx(K)

fp · PToF(p) · PdE/dx(p) + fπ · PToF(π) · PdE/dx(π)

)
,

where PToF(K,π, p) and PdE/dx(K,π, p) are the individual probability density distributions

obtained from the respective time-of-flight and dE/dx calibrations and the factors fp = 0.1
and fπ = 0.9 are a-priori probabilities reflecting the average particle composition in events at
CDF II. Using this combined log-likelihood, kaon/pion separation with a significance corre-
sponding to 1.5 Gaussian standard deviations was obtained for momenta up to 5 GeV/c.

As mentioned before, the D0 detector provided no means of separating kaons and pions
and the b physics programme in D0 concentrated on final states with muons. Flavour-tagging
algorithms had to rely on lepton tags and jet charge tags as described in the following section.

4.3.5 Flavour tagging

As discussed in Section 4.2, two classes of algorithms can be employed at hadron colliders
to infer the initial flavour of a reconstructed neutral or strange B meson candidate, Brec:
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opposite-side tagging algorithms seek to exploit flavour-specific signatures from the decay of
the second b hadron in the event, btag, while same-side tagging algorithms search for a charged
kaon or pion that was produced in the hadronization process leading to the creation of Brec

and is therefore close to Brec in phase-space.

Opposite-side tagging algorithms in CDF II and D0 search for a muon or electron from
semi-leptonic decays of the btag hadron, or calculate the inclusive charge of a displaced vertex
or a jet of particles from the hadronization and decay of btag. A same-side kaon tagging

algorithm was in addition employed in CDF II for studies in the B0
sB

0
s system. The algorithms

were refined over the years, for example by introducing multi-variate techniques, to improve
their performance and achieve higher tagging power. In the following, the latest measurements
of the B0

s−B0
s mixing phase φs in B0

s→ J/ψφ decays by CDF II [163, 164] and D0 [165] will
be used as examples to illustrate the approaches to flavour tagging in the two experiments.
Measurements of φs will be discussed in Section 6.1.

The opposite-side lepton tagging algorithm in CDF II employed a multi-variate technique
to select the best tagging candidate amongst all reconstructed tracks outside a cone around
Brec. Input variables were muon or electron identification criteria and, if the lepton was found
inside a jet of particles, its transverse momentum relative to the axis of this jet. In the case
of electron candidates, their signed impact parameter, defined as the impact parameter of the
reconstructed track with respect to the pp interaction point multiplied by the sign of the charge
of the candidate, was used as an additional variable to discriminate against photon conversions
in the material of the beam pipe or the vertex detector. Electrons and positrons from photon
conversions are produced with zero opening angle with respect to the photon direction, leading
to a signed impact parameter that is always positive, while electrons or positrons from B-meson
decays can have positive or negative impact parameters with similar probability. Opposite-side
jet charge algorithms exploit the observation of a correlation [166] between the flavour of a b or
b quark and the charge signs of the particles that are produced close to it in phase space. This
correlation is due to the charges of additional particles created in the hadronization process of
the b or b quark as well as the decay products of the created b or b hadron. Cone-clustering
algorithms2 were employed to combine reconstructed tracks into jets. Jets were selected for the
tagging algorithm if they contained a displaced vertex or at least one track with large impact
parameter with respect to the reconstructed pp interaction point. If no such jet was found in a
given event, the jet with the highest overall pT in the event was selected. To derive a tagging
decision, the weighted sum

Q ≡
∑ {

Qi · pTi · (1 + Pi)
}/∑ {

pTi · (1 + Pi)
}

was then formed over the charges Qi = ±1 assigned to all tracks in the selected jet, where pTi

is the transverse momentum assigned to the track, and Pi is the estimated probability of the
track to belong to the jet. An artificial neural network was employed to combine the results of
the three opposite-side tagging algorithms and derive a tagging decision as well as an event-
by-event estimate of the reliability of the decision. The reliability of the decision was exprssed
in terms of a predicted dilution factor D ≡ 1 − 2ω, where ω is the estimated probability for
the tagging decision to be wrong. The neural network was trained using samples of simulated
events. To correct for possible differences between simulation and collision data, the dilution
factor predicted by the algorithm was re-calibrated on collision data using a large sample of
B±→ J/ψK± decays. These decays have a similar signature as the signal decays of interest
and the charge of the final-state kaon unambiguously defines the true charge and flavour of
the B± meson at production. The opposite-side flavour-tagging algorithm was applied to the
reconstructed events and the events were binned in terms of the predicted dilution factor.
The actual average dilution factor for each of the bins was then measured by comparing the

2For a review of jet-clustering algorithms, see e.g. Ref [167].
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Figure 4.39: Illustration of the calibration of the flavour-tagging algorithms in CDF II: (left and middle)
calibration of the predicted dilution factor of the opposite-side tagging algorithsm using self-tagging de-
cays B±→ J/ψK±; (right) calibration of the same-side kaon tagging algorithm fitting the amplitude
of the B0

s−B0
s oscillation in samples of B0

s→D−s π
+ and B0

s→D−s π
+π+π− decays. For further expla-

nations, see the main text (all three plots from [163]).

tagging decisions with the true charge of the reconstructed B± candidates. In the ideal case of
a perfect initial calibration, the measured dilution factors should agree with those predicted,
i.e. the relation between the two should be described by a straight line with slope one and
offset zero. The actual results of the calibration are shown in Figure 4.39. The fit of a straight
line yields slopes of 0.93±0.09 for the sample of B+→ J/ψK+ decays and of 1.12±0.10 for the
sample of B−→ J/ψK− decays, both in good agreement with unity within their uncertainty.
The central values of the fit results are employed in the physics analysis to scale the predicted
dilution factors returned by the opposite-side tagging algorithm. Including this correction
factor, an average dilution DOST = 1− 2ωOST = (12.3± 0.6) % was measured. Combined with
the tagging efficiency of εOST = (92.8± 0.1) %, the tagging power of the opposite-side tagging
algorithm was found to be εOST ·D2

OST = (1.39± 0.05) %.

The same-side kaon tagging algorithm was developed in CDF II using large samples of
simulated B0

s→ J/ψφ and B0
s→D−s π

+ events. Time-of-flight and dE/dx information was em-
ployed to identify kaon candidates within a cone around the Brec candidate. Other parameters
that were used to select the tagging candidate included a small impact parameter with respect
to the pp interaction vertex and small transverse momentum relative to the Brec flight direc-
tion. Ag ain, the tagging algorithm returns a tagging decision as well as an estimate of its
reliablity. As the creation of the tagging kaon is related to the hadronization process leading
to a B0

s or B0
s, the calibration of the algorithm on collision data had to be based on samples of

B0
s and B0

s decays. This was achieved by measuring the amplitude of the B0
s−B0

s oscillation in
samples of B0

s→D−s π
+ and B0

s→D−s π
+π+π− decays. Measurements of the B0

s−B0
s oscilla-

tion frequency in these decay modes are discussed in Section 5.1. Figure 4.39 shows the result
of a fit for the amplitude A of the oscillation signal as a function of the assumed oscillation
frequency. The fitted value of A should be compatible with zero everywhere except at the true
value of the oscillation frequency, where it should be compatible with unity if dilution effects
due to finite decay-time resolution and wrong flavour tags are correctly taken into account.
The results of the fits show the expected behaviour, indicating a signal for B0

s−B0
s oscillations.

The fitted value of the amplitude in the maximum, A = 0.94 ± 0.15 (stat) ± 0.13 (syst), was
in good agreement with unity within its uncertainty. The central value of this result was used
in the physics analysis to scale the predicted dilution factors returned by the tagging algo-
rithm by 1/0.94. Including this correction factor, the average dilution DSSKT = (25.9± 5.4) %
was measured. Combined with the measured tagging efficiency of εSSKT = (52.2 ± 0.7) %,
this yielded a tagging power of εSSKT ·D2

SSKT = (3.5 ± 1.4) % for the same-side kaon tagging
algorithm.

Flavour tagging in D0 relied on opposite-side lepton, vertex and event charge algorithms.
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Opposite-side lepton tags searched for muon or electron candidates outside a cone around the
reconstructed momentum vector of the Brec candidate. Lepton candidates were selected ap-
plying the usual particle identification criteria. If a lepton candidate was found, the associated
lepton jet charge

Q` ≡
∑ (

qi · pTi

)∑
pTi

was calculated, summing over the lepton candidate itself and all tracks inside a cone around its
reconstructed momentum vector, but excluding tracks that were used in the reconstruction of
the Brec candidate or fell inside a cone around the momentum direction of the Brec candidate.

The secondary vertex charge algorithm searched for a displaced vertex amongst all tracks
that were not used in the reconstruction of the Brec candidate. The position of the vertex was
required to be significantly displaced with respect to the reconstructed pp interaction vertex
and at least two of the tracks assigned to the vertex had to have significant impact parameters
in the r–φ plane. A momentum direction was then assigned to the vertex by calculating
the vector sum of the measured momenta of all associated tracks. A minimum separation in
azimuthal angle between this momentum direction and the direction of the momentum of the
Brec candidate was required. For vertices that fulfilled all these requirements, the secondary
vertex charge was then calculated as

QSV ≡
∑

( qi · pLi)
k∑

(pLi)
k

where pL are the longitudinal components of the track momenta with respect to the momentum
direction of the vertex and the exponent k = 0.6 was determined empirically. Finally, the
opposite-side event charge was defined as

QEV ≡
∑ (

qi · pTi

)∑
pTi ,

summing over all reconstructed tracks with 0.5 < pT < 50 GeV/c that were not used in the
reconstruction of the Brec candidate or fell within a cone around the reconstructed momentum
vector of the Brec candidate.

Distributions for each of the four tagging variables as measured in calibration samples of
reconstructed B+→D0µ+νµ and B−→D0µ−νµ candidates are shown in Figure 4.40. These
measurements were employed to define probability density functions fi(b |Qi) for initial b quarks
and fi(b |Qi) for initial b quarks. To construct a combined tagging response, the product of
the likelihood-ratios

y ≡
∏

yi with yi ≡
fi(b |Qi)
fi(b |Qi)

and i ∈ (µ, e,EV, SV)

was calculated for the combination of Qµ and QSV if a muon tag was found, for the combination
of Qe and QSV if an electron tag but no muon tag was found, and finally for the combination
QEV and QSV if neither a muon nor an electron tag could be found in the event. Note that
this method of combining the likelihood ratios implicitly assumes that the two combined tag-
ging variables are uncorrelated. If no suitable secondary vertex was found, the corresponding
likelihood ratio was set to ySV = 1, equivalent to equal probability for the b and b hypotheses.
For mixing analyses it was found to be more convenient to express the tagging parameter as

d ≡ (1 − y)

(1 + y)

with −1 < d < 1. Values of d > 0 tag an initial b-quark and values of d < 0 tag an initial
b-quark. Larger values of |d| indicate a higher reliability of the tagging decision. Consid-
ering only tags with |d| > 0.3 as valid, the tagging efficiency and power were found to be
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Figure 4.40: Distributions of the (top left) muon jet charge, (top right) electron jet charge, (bottom left)
secondary vertex charge and (bottom right) opposite-side event charge as measured in D0 for calibration
samples of B−→D0µ−νµ candidates (“q(brec) < 0”) and B+→D0µ+νµ candidates (“q(brec) > 0”) (all
from [168]).

Figure 4.41: Combined flavour-tagging in D0: (left, from [168]) distributions of the combined tag-
ging variable d as measured in calibration samples of B−→D0µ−νµ candidates (“q(brec) < 0”) and
B+→D0µ+νµ candidates (“q(brec) > 0”); (right, from [165]) average tagging dilution |D| in bins of the

tagging parameter |d|, as derived from the measurement of the B0−B0 oscillation amplitude in semilep-
tonic decays B0→D∗±µ∓νµ. In the panel on the right, different colours indicated measurements from
different data-taking periods. The empirical fit function is described in the text.

ε = 19.95± 0.21% and εD2 = (2.48± 0.21)%, respectively. A further calibration of the tagging
parameter d on collision data was performed to derive an event-by-event tagging dilution |D|
for the measurement of the B0

s−B0
s mixing phase. This calibration was performed using a mea-

surement of B0−B0 oscillations in semileptonic decays B0→D∗−µ+νµ and B0→D∗+µ−νµ.
The amplitude of the oscillation signal and the corresponding average tagging dilution, |D|,
were determined in five bins of the tagging parameter |d| and the observed dependence of |D|
on |d| was fit with an empirical function

|D| =
p0

(1 + exp (p1 − |d| /p2))
− p0

(1 + exp (p1 − p1/p2))

This calibration was performed separately for four data taking periods corresponding to differ-
ent detector configurations and instantaneous luminosities. The results, shown in Figure 4.41,
are compatible with each other.
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4.4 The LHC and LHCb

The possibility of installing a Large Hadron Collider, operating at beam energies of up to
10 TeV, inside the tunnel of the planned Large Electron-Positron collider (LEP) was first
explored in a workshop organized by ECFA in Lausanne in 1984 [169], about one year before the
excavation of the LEP tunnel actually started. One of the contributions to this workshop [170]
already mentioned the possibility of exploiting the large bb production cross section at such
a collider for precision measurements. It was also pointed out that a dedicated experiment
would probably be needed to fully exploit this potential. At the second ECFA-LHC workshop,
organized in Aachen in 1990, an entire working group was dedicated to the exploration of a
possible B physics programme [171]. Three approaches were discussed: an external fixed-target
experiment using an extracted proton beam, an internal fixed-target experiment using a gas jet
target crossing one of the circulating proton beams, and a proton-proton collider experiment
covering the forward acceptance. Each of these approaches had its specific advantages and
disadvantages.

A major advantage of the collider approach is the much higher bb production cross section,
both in absolute terms and relative to the total inelastic cross section. For a beam energy of
7 TeV, the centre-of-mass energy of the proton-proton interaction in a fixed target experiment
is 118 GeV. The expected bb production cross section at this energy is 1 µb and only one in
40’000 inelastic collisions contains a bb quark pair. In collider mode, the centre of mass energy
is 14 TeV, the expected bb cross section is 500 µb and a bb quark pair is produced in one of
every 200 inelastic collisions.

A common advantage of fixed-target experiments is the large Lorentz boost of the collision
frame, which results in average B meson flight distances of several centimeters, significantly
longer than in a collider experiment. Longer decay lengths can present advantages for trig-
gering, event reconstruction and measurements of decay-time dependent asymmetries. In an
extracted beam experiment, it would be possible to place the vertex detector very close to the
production target, making it conceivable to directly observe b decay vertices or the trajectories
of charged B mesons inside the vertex detector. This could be particularly useful in studying
decays such as B+→ τντ . A technical challenge would have been the extraction of protons to
generate an external beam without causing disturbance to the beams circulating in the LHC. It
was proposed to achieve this by exploiting channeling in a bent crystal placed in the halo of the
beams. A similar technique was later used successfully in the NA48 experiment to generate the
secondary beam of protons directed to the K0

S target (see Section 2.11). However, there were
concerns regarding the feasibility of such a scheme at the LHC. An advantage of an internal
target would be the very small and well defined interaction region, providing precise a priori
knowledge of the position of the bb production vertex. This could be exploited in efficient and
robust trigger schemes making use of the impact parameter of charged particles from displaced
B decay vertices. Internal gas jet targets had been employed at other accelerators and the
possible disturbance of the LHC beams was expected to be negligible.

Three collaborations formed arond the three approaches and Letters of Intent were sub-
mitted to the CERN committees in 1993 for COBEX [172], a dedicated collider experiment for
B physics at the LHC, Gajet [173], a fixed target experiment using an internal gas jet target,
and LHB [174], a fixed target experiment at an extracted beam. Cross sections through the
proposed detector layouts are shown in Figures 4.42, 4.43 and 4.44. All three detectors were
forward spectrometers, equipped with a silicon micro-strip vertex detector very close to the in-
teraction region, one or several large-aperture magnets with a tracking system, a RICH-based
particle identification system providing π/K/p separation over the full necessary momentum
range, calorimeters and a muon system. The Letters of Intent were well received, but it was
realized that the available resources would allow for only one experiment to be realized. The
LHC experiments committee considered “that the collider mode experiment has the greater
potential in view of the very high rate of b production, the much better signal/background ratio
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Figure 4.42: Longitudinal cross section of the proposed COBEX detector (from [172]).

Figure 4.43: Longitudinal cross section of the proposed GAJET detector (from [173]).

Figure 4.44: Longitudinal cross section of the proposed LHB detector (from [174]).



100 CHAPTER 4. EXPERIMENTAL FACILITIES

and the possibility of exploring other physics in the forward region at 14 TeV” and encouraged
“all participants from the three proposals to join together to prepare a new letter of intent
for a new collider mode b experiment” [175]. The Letter of Intent for the LHC-B experiment
(spelled with a capital “B” at the time) was submitted and approved in 1995 [176], followed
by a Technical Proposal [177] in 1998.

The layout of the proposed detector is shown in Figure 4.45. It consisted of a silicon-
microstrip vertex detector (VELO), installed in a secondary vaccum inside the LHC vacuum
vessel and consisting of 17 planar detector stations arranged along the beam axis; a super-
conducting dipole spectrometer magnet providing an integrated field of 4 Tm; eleven pla-
nar tracking stations using a hybrid GEM/MSGC technology in the region of high particle
density close to the beam axis (Inner Tracker) and honeycomb drift chambers in the outer
regions (Outer Tracker); two RICH detectors (RICH-1, RICH-2) with three radiators to pro-
vide efficient kaon/pion separation from 1 − 150 GeV/c; a calorimeter system consisting of a
Scintillating-Pad Detector (SPD), a pre-shower (PS), an electromagnetic calorimeter (ECAL)
and a hadron calorimeter (HCAL); and a muon system (MUON 1-5). A four-level trigger was
foreseen, making use of the generic features of b hadron decays, namely long lifetimes and
high-pT decay products. A so-called Level-0 trigger, operating at the LHC bunch crossing
frequency of 40 MHz, was implemented in hardware and used partial information from the
muon system and calorimeters to search for high-pT muon, electron and hadron candidates.
The maximum output rate of this Level-0 trigger was 1 MHz, at which the full detector was
read out. A two-stage Level-1 trigger searched for displaced secondary vertices in a first stage
and for high-pT tracks confirming the Level-0 candidates in a second stage. A Level-2 trigger
refined the vertex information from Level-1 by assigning momentum information to the tracks
used in the reconstruction of the secondary vertices. Finally, a Level-3 trigger performed full
and partial event reconstructions to select event samples for specific b hadron decay modes.
The foreseen Level-3 accept rate was 200 Hz, at which data would be stored for offline analysis.

The experiment was designed to operate at an average instantaneous luminosity of 2 ×
1032 cm−2s−1 to maximize the number of LHC bunch crossings with a single proton-proton
interaction. Events with multiple proton-proton interactions (“pile-up”) were regarded as too
difficult to reconstruct since the presence of several proton-proton interaction vertices could
lead to ambiguities in the assignment of the b hadron decay vertex to the correct produc-
tion vertex and therefore in the reconstruction of the b hadron decay length. Moreover, high
particle multiplicities in the forward direction covered by the detector would make the recon-
struction of events with multiple interactions time-consuming and inefficient. A fast vertex
reconstruction algorithm based on information from two of the VELO stations was foreseen
to actively suppress events with multiple proton-proton interactions already at the Level-0
trigger. Concurrent operation of LHCb with the two general-purpose experiments, ATLAS
and CMS, running at much higher luminosities would be possible via appropriate tuning of
the LHC beam parameters in the respective interaction points.

The detector layout and the trigger strategy underwent several revisions from the Technical
Proposal to the experiment that was finally installed and operated successfully during run I of
the LHC. For cost reasons and to avoid potential mechanical risks associated with the operation
of superconducting coils, the spectrometer magnet was redesigned as a warm magnet providing
the same field integral [180]. Following the observation of severe problems in the operation of
MSGC/GEM detectors in the HERA-B experiment at DESY [181] and the decision by the CMS
collaboration to abandon MSGC technology for the CMS tracking system [182], the design of
the Inner Tracker was completely revised and a silicon micro-strip technology was adopted. The
overall layout of the tracking system was significantly revised to reduce the material budget
of the detector [183]. The tracking system described in the Technical Proposal had been
designed for a Kalman-Filter based track reconstruction algorithm similar to that pioneered
by the HERA-B experiment [184, 185]. The algorithm would start from track seeds in the
four tracking stations downstream of the spectrometer magnet and identify track candidates
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Figure 4.45: Longitudinal cross section of the LHC-B detector as foreseen in the Technical Proposal
(from [177]).

Figure 4.46: Cross section in the y–z plane of the LHCb detector. The envelop of the underground
cavern at the LHC interaction point 8, in which the detector is installed, is indicated in light grey
(from [178]).
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Figure 4.47: Motivation of the originally foreseen layout of the LHCb tracking system: (left) illustration
of the iterative track finding algorithm on which the layout was based. Using hits in stations T9-T6,
downstream of the spectrometer magnet and furthest from the pp interaction region, track parameters
and their uncertainties are estimated assuming the track candidate to originate from the nominal
pp interaction point. These track parameters are extrapolated to the nearest tracking station and a
search window is defined based on the calculated impact point and its uncertainties. If a hit is found
within this search window, it is added to the track candidate and the estimated track parameters and
their uncertainties are updated accordingly. The updated track parameters are then used to define a
search window in the next following tracking station and the procedure is repeated up till tracking station
T1 closest to the interaction region. A Kalman-Filter approach was foreseen to be employed for the
extrapolation and update steps, such that the final set of track parameters at station T1 corresponded
to those obtained from a full track fit. (right) Strength of the magnetic field components seen by a
particle travelling along the beam axis, together with the positions of the tracking stations. Tracking
stations are densely spaced in the downstream region, where a track candidate consists of only a few
hits, uncertainties on the track parameters are still large and extrapolation over long distances would
lead to large search windows in the following station. They are less densely spaced in the region of
highest magnetic field, where track parameters are estimated well enough to allow extrapolation over
longer distances and where hit occupancies would be large due to low-momentum particles curling in
the magnetic field and causing multiple hits in a single tracking station. Stations T1 and T2 sandwich
RICH-1 and were envisaged to provide precise track parameter estimates for photon ring searches in
the RICH detector (both from [179]).

by following them through the magnetic field towards the interaction region as illustrated in
Figure 4.47. The number and positions of the tracking stations had been optimized to keep
the search windows at each step of the algorithm reasonably small. The efficiency of this
track finding algorithm for particles that originated from B-meson decays and traversed the
full tracking system was well in excess of 90%. However, simulation studies demonstrated that
a significant fraction of charged particles would be lost due to hadronic interactions in the
material of the detector before they reached the tracking stations downstream of the magnet,
as illustrated in Figure 4.48. The revised tracking system consisted of the VELO and only
four tracking stations: one station (TT) in between RICH-1 and the dipole magnet and three
stations (T1-T3) downstream of the magnet in front of RICH-2. The design of the VELO and
RICH-1 were also improved to further reduce the material budget. After all modifications,
the average amount of material traversed by a particle up to the entrance window of RICH-2
was estimated to correspond to 30% of a radiation length and 12% of a nuclear interaction
length, about a factor of two smaller than the corresponding values estimated for the original
design. Track reconstruction algorithms were developed that yielded efficiencies close to those
estimated for the original layout. These algorithms will be briefly described in Section 4.4.2.

Another modification of the detector design was motivated by the realization that a Level-1
trigger algorithm based purely on the detection of displaced vertices in the VELO would not
provide sufficient rejection power. The performance of the algorithm suffered due to a signif-
icant contamination from low-momentum particles that scatter in the material of the beam
pipe and detector, leading to poorly reconstructed tracks with large impact parameters causing
fake displaced vertices. It was shown that this limitation could be overcome by exploiting the
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Figure 4.48: Estimated track reconstruction efficiencies including losses from interactions with the
detector material for minimum ionizing particles (mips) and for electrons (elec) as a function of the
assumed total amount of material of the LHCb spectrometer expressed in terms of radiation length,
X0, and nuclear interaction length, λI . The estimated material budget of the original LHCb tracking
system corresponded to about 60% of a radiation length (from [179]).

Figure 4.49: Magnitude of the vertical component of the magnetic field as seen by a particle travelling
along the beam axis, together with the positions of the tracking stations in the revised layout of the
LHCb tracking system. The two curves for the magnetic field strength correspond to the original layout
of the RICH-1 magnetic shielding (“classic”) and to the revised version (“light”), the latter leading
to higher magnetic field in between the VELO and TT as needed for the Level-1 trigger algorithm
described in the main text (from [179]).

stray field of the spectrometer magnet in between VELO and TT to assign a coarse momentum
estimate to large-impact parameter tracks by using measurements from these two detectors
alone [186]. The magnetic shielding of the RICH-1 photon detectors was re-designed to in-
crease the strength of the stray field inside the active region between the VELO and the TT.
The effect on the field strength is illustrated in Figure 4.49. In addition, to allow for a faster
and more efficient track finding algorithm at the trigger level, the TT detector station was
designed using silicon micro-strip detectors to cover the entire acceptance of the spectrome-
ter. The trigger scheme itself underwent several revisions, also after the re-optimisation of the
detector design. The trigger finally employed during LHC run I consisted of the Level-0 (L0)
implemented in custom-made hardware and a two-stage “High-Level Trigger” (HLT) imple-
mented in software and running on a large commercial CPU farm. The Level-1 algorithm for
momentum measurements using VELO and TT, described in the previous paragraph, was in
the end not implemented.
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The final layout of the LHCb detector is illustrated in Figure 4.46, which also defines
the LHCb coordinate system. LHCb uses a right-handed cartesian coordinate system with the
z axis pointing along the beam axis from the nominal pp interaction point towards the detector
and the y axis pointing vertically upwards, parallel to the field lines of the spectrometer magnet.
Charged particles are therefore bent in the horizontal plane, i.e. the x–z plane. The polarity
of the magnetic field is reversed every few weeks of operation in order to control and reduce
possible systematic effects from left-right asymmetries in the detector performance. The LHCb
detector is described in detail in Ref. [178]. In the following sections a brief description is given
of those aspects of the experiment that distinguish it most from the general purpose detectors
at the LHC: vertex and track reconstruction, triggering and kaon/pion identification.

4.4.1 Vertex reconstruction

As already discussed in the context of the B factories and the Tevatron experiments, excellent
track impact parameter resolution is an important prerequisite for the efficient selection of
b decay candidates. A precise reconstruction of the position of b decay vertices is required
for all measurements of time-dependent asymmetries in the B0B0 system and even more so
in the rapidly oscillating B0

sB
0
s system. Factors that limit the impact parameter and vertex

resolution are the spatial resolution of the vertex detector, the extrapolation distance from
the first measurement point to the interaction region and multiple scattering of particles in
dead material between the production vertex and the first measurement point. In order to
fully exploit the potential of the detector and obtain the best possible resolution, the vertex
detector has to approach the interaction region as closely as possible with minimal amount of
material in between the interaction region and the active detector elements.

These considerations led to a design of the VELO with silicon micro-strip detectors that
are installed inside the LHC vacuum chamber, approach the beam axis to 8 mm with their
active area and are separated from the pp interaction region only by a 300 µm thin corrugated
aluminium foil. The VELO is organized in two halves that can be retracted horizontally from
the beam axis to protect the sensors during beam injections. A photograph of one of these
detector halves during its assembly is shown in Figure 4.50. Each half consists of 21 detector
modules that are oriented perpendicular to the beam direction and arranged over a distance
of about 100 cm along the beam axis as illustrated in Figure 4.51. The number of modules
and their positions along the beam axis were chosen such that all particles produced within
the approximately 5 cm long pp interaction region and under polar angles between 15 mrad
and 300 mrad cross at least three modules. Each detector module consists of two half-disk
shaped silicon sensors that are glued back to back onto a thin support frame. The sensors
are 220 µm thin and have a small semi-circular cutout in the middle of the disk’s diameter,
which is where the beams pass through the detector. The geometry and strip layout of the
sensors are illustrated in Figure 4.52. One of the two sensors on each module has concentric
circular readout strips to measure the radial position, r, of particles, while the second sensor
has almost radial readout strips to measure the azimuthal coordinate, φ. This geometry was
chosen as it would allow for a fast two-dimensional vertex reconstruction in the r − z plane,
using information only from the r-measuring sensors. Such an algorithm was originally foreseen
to be employed in the Level-1 trigger but was finally not implemented. The readout strip pitch
varies across the surface of the sensors, decreasing from 100 µm at the outer rim of the sensors
down to 40 µm for the innermost strips close to the beam axis. The performance of the VELO
during physics data taking is described in Ref. [188]. As illustrated in Figure 4.53, the position
resolution in the innermost region of the sensors has been measured to be as good as 4 µm.
The figure also shows the track impact parameter resolution and vertex resolution measured
in collision data.
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Figure 4.50: Photograph of one half of the VELO detector during its assembly in the clean room [187].

Figure 4.51: Arrangement of VELO modules along the beam axis. The pp interaction region and the
polar angles defining the nominal acceptance of the LHCb spectrometer are indicated. Modules in the
two halves of the detector are slightly offset along z to allow a small overlap in x when the detector is
closed for data taking (from [188]).

Figure 4.52: Layout of the silicon sensors of the VELO: (left) illustration of the overlap between the
two halves in data taking position and (right) strip layout on the r- and φ-sensors, where black lines
indicate the readout strips and Green lines indicate routing strips that are implemented in a second
aluminium layer and serve to electrically connect the readout strips to the front-end electronics located
close to the outer rim of the sensors (from [188]).
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Figure 4.53: Illustration of the reconstruction precision achieved by the LHCb VELO: (left) spatial res-
olution as a function of readout strip pitch measured in collision data for different angles of incidence of
the particles, (middle) impact parameter resolution in the x–z plane as a function of 1/pT in simulation
and collision data and (right) vertex resolution in the z direction as a function of the number of tracks
used in the determination of the vertex as measured in collision data. The impact parameter resolution
is inversely proportional to the transverse momentum, due to the effects of multiple scattering in the
material of the thin aluminium foil separating the detectors from the interaction region (all from [188]).

4.4.2 Tracking of charged particles

As mentioned in the introductory paragraphs to this section, the reconstruction of charged
particle trajectories relies in LHCb on the VELO and the TT station in front of the spec-
trometer magnet and three tracking stations, T1–T3 downstream of the magnet. The TT is
a large silicon micro-strip detector while two detector technologies are employed to cover the
acceptance of the spectrometer in T1–T3: the region of highest particle density, close to the
beam pipe, is covered here by a silicon micro-strip detector, the Inner Tracker (IT), while the
remainder of each station is covered by a straw drift-tube detector, the Outer Tracker (OT).

The TT3 consists of four planar detection layers with an active area covering about 140 cm
in width and 130 cm in height. The layout is illustrated in Figure 4.54. Readout strips in the
first and fourth detection layers are oriented parallel to the y axis to precisely measure track
coordinates in the bending plane of the spectrometer magnet. The other two detection layers
have readout strips rotated by stereo angles of +5◦ and −5◦, respectively, to provide informa-
tion for pattern recognition along the y coordinate. For cost-saving reasons, the detector was
designed to make use of silicon sensors that had been developed for the outer barrel of the CMS
silicon tracker. The sensors have 10 cm long readout strips with a pitch of 183 µm, providing
adequate position resolution of about 60 µm. As the density of charged particles falls rapidly
with increasing polar angle in LHCb, several sensors were connected together in the outer
regions of the detection planes to save on the number of readout channels. To minimize the
amount of dead material, read-out electronics are located at the top and bottom ends of the
detector modules, outside of the acceptance of the spectrometer. Up to 56 cm long interconnect
cables made of straight copper lines on a thin Kapton substrate are employed to connect the
readout electronics to the silicon sensors in the inner parts of the detector. After the Level-1
trigger was abolished, the main purpose of the TT is to improve the measurement of particle
momenta by providing a precise position measurement at the entrance of the spectrometer
magnet. For example, adding information from TT improves the invariant mass resolution for
J/ψ→µ+µ− decays by about 20%. The TT also plays an important role in the reconstruction
of K0

S decays to two charged pions. A significant fraction of the K0
S mesons decay outside of

the acceptance of the VELO and the TT then provides the only measurements of the pion
trajectories close to the K0

S decay vertex and in front of the spectrometer magnet.

3The design of the TT was driven by its intended use in the Level-1 trigger [186]. For this reason, the
detector was initially referred to as “Trigger Tracker”, from which the abbreviation TT was derived. When
the Level-1 trigger was abandoned and the TT no longer invoked in the trigger decision, the abbreviation was
redefined to stand for “Tracker Turicensis” or “Zurich Tracker” for the fact that the detector had been designed
and built at the Physik-Institut at Universität Zürich.
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Figure 4.54: The TT detector in LHCb: (left) layout of the four detection layers and (right) photograph
of the detector during its installation in LHCb. In the photograph, one half of the detector box is still
open and the detector modules in one detection layer are visible. The LHC beam pipe can be seen
passing through the center of the detector.
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Figure 4.55: The IT detector in LHCb: (left) layout of one of the twelve detection layers and (right) pho-
tograph of one of the detector boxes during its assembly in the laboratory [189].

Figure 4.56: The OT detector in LHCb: (left) cross section of a detector module and (right) arrangement
of the detection layers and stations, where two of the detection layers are shown in maintenance position,
retracted from the beam pipe (from [190]).
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Figure 4.57: Illustration of track categories in LHCb(from [191]).

Each of the three IT and OT stations consists of four detection layers with the same
arrangement of readout strips and wires, as in the TT: readout strips and wires are arranged
parallel to the y axis in the first and last detection layers and at stereo angles of ±5◦ in the
second and third layers. The IT is made of silicon micro-strip sensors with a readout strip
pitch of 197 µm and a strip length of 11 cm and covers a cross-shaped area of about 40 cm in
height and 120 cm in width. The Outer Tracker covers an area of about 5 m in height and 6 m
in width, with a cross-shaped central hole that is covered by the IT. The OT detector modules
consist of two staggered layers of straw drift tubes that have a diameter of 10 mm and are
filled with an Ar/CO2 gas mixture. The measured spatial hit resolution, including possible
contributions from residual mis-alignment of detector modules, is about 60 µm in the IT and
better than 200 µm in the OT.

An ensemble of pattern recognition algorithms has been developed that permits for effi-
cient track reconstruction despite the small number of tracking stations. The relevant track
categories are illustrated in Figure 4.57:

• “Long” tracks cross the entire spectrometer, creating hits in the VELO and T1–T3.
These are the most useful tracks for the reconstruction of final-state particles for most
decays of interest.

• Downstream tracks create hits only in TT and the T1–T3. These tracks can be due to
the decays of K0

S mesons or Λ baryons that decay outside the VELO. They are also used
in searches for so far unknown long-lived exotic particles.

• Upstream tracks leave hits in the VELO and the TT, but are then bent out of the
acceptance of the spectrometer in the field of the spectrometer magnet. Although only a
coarse momentum measurement is possible for these tracks, they can be useful for flavour
tagging purposes or to tag low-momentum pions from decays D∗±→D0π±.

• VELO tracks are stubs reconstructed only in the VELO. They can be useful in the re-
construction of primary proton-proton interaction vertices. In particular, VELO tracks
at large polar angles, outside the acceptance of the spectrometer, can help in the deter-
mination of the z position of these vertices.

• T tracks are track stubs reconstructed solely in the T1–T3. They are mostly due to
secondary interactions in the material of the detectors or the LHC beampipe, but they
can be useful for photon ring searches in the downstream RICH detector.

A description of the different track reconstruction algorithms is given in Ref. [192], which also
provides further references. The reconstruction of long tracks begins with the searches for
track segments in the VELO. Here, the fringe field of the spectrometer is negligibly small and
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the trajectories of charged particles can be approximated by straight lines. Two algorithms
are then employed in parallel to search for combinations of VELO track segments with hits
in T1–T3. One of these algorithms starts by combining a given VELO track segment with a
hit in one of the detection layers of T1–T3. The combination of a track segment and a hit on
opposite sides of the spectrometer magnet allows to estimate the momentum of the potential
track candidate and its trajectory. If hits are found close to this estimated trajectory in a
sufficiently large number of the other detection layers of T1–T3, the VELO track segment
is promoted to a long track candidate. The second algorithm first searches for stand-alone
track segments in the T stations. The VELO track segments and the track segments from
T1–T3 are then extrapolated to pre-defined z positions inside the magnet and at the end of
the tracking system. If a pair of track segments is found for which the extrapolated positions
and angles at these two z positions are in sufficiently good agreement, this pair is promoted to
a long track candidate. Long-track candidates found by either algorithm are then interpolated
to the z position of the TT station and matching hits in TT are assigned to the candidate.
Finally, a so-called “clone killer” algorithm is applied to identify and remove duplicate track
candidates found by both algorithms. The clone killing is based on the hits assigned to the track
candidates. If two track candidates have a certain fraction of hits in common, the candidate
with the smaller number of hits is discarded. A Kalman Filter based track fit, taking into
account the expected multiple scattering and energy loss in the detector material [193], is then
applied to the remaining long-track candidates to precisely determine the track parameters
including the momentum. Track segments in the VELO and T1–T3 that were not used to
form long tracks are extrapolated to the z position of the TT and algorithms similar to that
employed in the forward tracking are employed to search for matching hits in the four detection
layers of TT. If at least three matching hits are found, the track segment is promoted to an
upstream or downstream track. All remaining track segments in the VELO and T1–T3 are
categorized as VELO tracks and T tracks, respectively.

The track reconstruction efficiency for long tracks has been determined from collision data
applying tag-and-probe methods to samples of J/ψ→µ+µ− decays. The concept of the method
is illustrated in Figure 4.58: one of the two muons (the tag) is fully reconstructed as a long track,
while the second muon (the probe) is reconstructed using information from parts of the detector
that are not invoked in the track reconstruction algorithm. For example, the probe muon can
be reconstructed using track segments from the muon system and hits in the TT, since hits in
TT are not required in the reconstruction algorithms for long tracks. Thanks to the narrow
mass of the J/ψ meson and the clean muon identification, a clear signal is obtained despite the
less precise reconstruction of the tag muon. The efficiency of the track reconstruction algorithm
can then be calculated as the fraction of reconstructed decays for which the probe muon can be
matched to a reconstructed long track. The momentum spectrum of muons from J/ψ→µ+µ−

decays covers the entire range interesting for most physics analyses and the large abundance of
the decay allows to study the track reconstruction efficiency as a function of relevant variables,
such as the particle momentum and its pseudo-rapidity or the track multiplicity of the event.
The average track reconstruction efficiency was found to be larger than 95% in the interesting
momentum region between 5 GeV/c and 200 GeV/c [191].

A downside of the small number of tracking stations is an increased risk of reconstructing
fake tracks, formed by combinations of hits that were not caused by the same particle. Such
fake tracks are mostly due to the matching of a correctly reconstructed VELO track segment
with the wrong hits or the wrong track segment in the T stations. The fraction of fake tracks
has been evaluated using samples of simulated events and was found to be about 6.5% on
average and up to 20% for events with high particle multiplicities. However, most fake tracks
have a low momentum assigned to them, since lower momenta correspond to larger deflections
in the field of the spectrometer magnet and therefore more difficult matching. Since particles
from b decays tend to have higher momenta, fake tracks do not pose a problem for most
analyses. If required, however, their fraction can be further reduced, at the expense of a small
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Figure 4.58: Illustration of one of the tag-and-probe methods employed to determine the reconstruction
efficiency for long tracks: (left) sketch of the spectrometer with the VELO on the left and the muon
stations on the right; the upper trajectory indicates the tag muon reconstucted as a long track, while
the lower trajectory with the red dots indicates the probe muon and the hit information that is used
for its reconstruction; (middle) invariant-mass distribution for J/ψ→µ+µ− candidates reconstructed
from the combination of a tag muon and a probe muon; (right) reconstruction efficiency for long tracks
as a function of the track multiplicity in the event, obtained by applying the tag-and-probe method to
samples of simulated events and to collision data (all from [191]).

Figure 4.59: Relative momentum resolution as a function of momentum as extracted from the width of
the J/ψ→µ+µ− signal in LHCb collision data (from [194]).

Figure 4.60: Dimuon invariant mass spectra in the region of the Υ(1S), Υ(2S) and Υ(3S) resonances
as measured by the (left, from [195]) LHCb, (middle, from [196]) CMS and (right, from [197]) ATLAS
experiments in pp collisions at a center of mass energy of 7 TeV. Better momentum resolution results
in a better separation of the three resonances.

reduction in efficiency, by applying tighter requirements on the quality of the track fit or on
the number of hits assigned to the track candidate.

On the other hand, the small number of detector stations results in a low material budget of
the tracking system, reduced multiple scattering and therefore improved momentum resolution
for correctly reconstructed tracks. The momentum resolution has been measured in collision
data using samples of J/ψ→µ+µ− decays, as described in Ref. [194]. Due to the narrow intrin-
sic width of the J/ψ resonance and the large difference between the mass of the J/ψ meson and
those of the final-state muons, the measured width of the J/ψ signal is completely dominated
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by the precision of the momentum measurement for the two muons. The measured relative
momentum resolution as a function of the momentum is shown in Figure 4.59 and ranges from
0.5% at 2 GeV/c to 0.8% at 100 GeV/c. Conversely, the excellent momentum resolution leads
to an excellent invariant mass resolution, which is an important advantage in many physics
analyses as it permits better background suppression and better separation of signals with
similar decay kinematics. A comparison between LHCb and the two general purpose detectors
at the LHC, ATLAS and CMS, is illustrated in Figure 4.60, using as an example the dimuon
invariant mass spectra in the mass region of the three lightest Υ(nS) resonances as measured
by the three experiments.

4.4.3 Triggering

As mentioned in the introduction to this section, the LHCb trigger concept underwent signifi-
cant revisions from the initial ideas layed out in the Letter of Intent. The implementation and
performance of the trigger that was in the end employed to collect data during run I of the
LHC have been described in Refs. [198], [199] and [194]. The trigger consists of a hardware
level (L0) that is implemented in custom-made electronics boards and a two-stage High Level
Triggger (HLT1 and HLT2) that is implemented in software running on a large commercial
CPU farm.

The L0 trigger operates at the 40 MHz bunch-crossing frequency of the LHC and has a
fixed latency of less than 4 µs. Its maximum accept rate is limited to 1 MHz by the rate at
which the LHCb detector can be read out. The trigger decision is based on input from the
calorimeter and muon systems. In the L0 calorimeter trigger, the “transverse energies”

ET ≡
4∑
i=1

Ei sin θi ,

are calculated for all groups of 2 × 2 calorimeter cells in the ECAL and the HCAL, where
Ei is the energy deposit measured in cell i and θi is the polar angle between the z axis and
the straight line from the nominal pp interaction point to the center of the cell. Three trigger
signatures are derived from this information: the cluster with highest ET in the ECAL with
matching hits in both the Pre-Shower detector (PS) and the Scintillating Pad Detector (SPD)
defines a L0 electron candidate; the cluster with the highest ET in the ECAL with matching
hits in the PS but not in the SPD defines a L0 photon candidate, and the cluster with the
highest ET found in the HCAL defines a L0 hadron candidate. A trigger is issued if a candidate
above pre-defined thresholds is found in at least one of these three categories. In the L0 muon
trigger, coincidences are formed of hits from the five muon stations that are compatible with
the trajectory of a particle of transverse momentum pT > 0.5 GeV/c. A single-muon trigger
is issued if at least one such candidate is found with a pT above a pre-defined threshold, a
dimuon trigger is issued if two candidates are found for which the scalar product of the two
pT values is larger than another pre-defined threshold. All threshold values employed in the L0
decisions have to be adjusted such that the total accept rate stays within the limit of 1 MHz.

Typical values of the trigger thresholds that were applied during run I of the LHC are
shown in Table 4.4. These thresholds resulted in accept rates of about 400 kHz for muon
triggers, 500 kHz for hadron triggers and 150 kHz for electron and photon triggers, including
an overlap of approximately 10 % from events that were selected by more than one of the
trigger signatures. The relatively low muon trigger thresholds reflect another advantage of the
layout of the LHCb detector as a forward spectrometer: only muons with sufficiently large
momentum are able to traverse a sufficient number of muon stations and create a valid trigger
signature without being stopped in the absorber material. For muons produced under small
angles with respect to the beam axis, this momentum requirement translates into a lower cutoff
on transverse momentum than for muons that are produced under the larger polar angles that
are typically covered by general purpose detectors.
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Table 4.4: Typical L0 trigger thresholds applied in LHCb during data taking in run I of the LHC.
Thresholds had to be increased for 2012 compared to 2011 to stay within the maximum allowed accept
rate of 1 MHz despite higher instantaneous luminosity. A loose upper cut on the number of hits in the
SPD counter was applied to veto events with very large event multiplicities that have poor reconstruction
efficiency but would take up a large amount of computing time in the HLT and offline reconstruction
(from [194]).

The HLT algorithms have access to the full detector information. Several sequences of
reconstruction and selection algorithms, called trigger lines, are executed on each event and
an event is accepted and stored for offline reconstruction if it is selected by at least one of
these trigger lines. Besides trigger lines for physics analyses, dedicated trigger lines have been
designed for luminosity measurements and for calibration and monitoring purposes. In total,
38 HLT1 trigger lines and 131 HLT2 trigger lines were in use in 2011.

The starting point of the HLT1 algorithm was the reconstruction of track segments in
the VELO. The offline VELO track reconstruction algorithm was applied for this purpose
as it is sufficiently fast to be executed at the input rate of the HLT1. For events that had
been selected by the L0 muon or dimuon hardware trigger, a search was then performed for
matching combinations of good-quality VELO track segments and hits in the muon stations.
To limit the execution time of the algorithm, search criteria were tuned to be sensitive to
candidates with momenta above 6 GeV/c. For events that had been selected by one of the other
L0 trigger algorithms, a vertex-finding algorithm was performed to determine the positions of
pp interaction vertices and track segments with significant impact parameter with respect
to all reconstructed vertices were then searched for. Candidate pp interaction vertices were
required to be formed by at least five track segments and have a position in the x − y plane
compatible with the position of the interaction region. As the position of the interaction region
varies slightly from LHC fill to LHC fill, it was determined at the beginning of each fill from
reconstructed VELO track segments. The position of the interaction region was then found
to be stable within a few micrometers over the duration of a fill. The next step of the HLT1
algorithm consisted in applying the forward track reconstruction algorithm to those VELO
track segments that had been selected by means of their impact parameter or matching hits in
the muon system. To reduce the execution time of the algorithm, search criteria were tightened
to be sensitive to track candidates with momenta above 3 − 6 GeV/c. If such candidates are
found, a simplified version of the Kalman filter fit is applied to determine a χ2 for the track
candidate as well as the track parameters and their covariance matrix at the point closest to
the interaction region. The resolution obtained with this simplified fit is only a few percent
worse than that achieved with the full algorithm applied in the offline reconstruction. Inclusive
HLT1 trigger lines require either a single track or muon candidate with good χ2 of the track
fit, significant transverse momentum and impact parameter with respect to the reconstructed
pp interaction vertices, or two muon candidates with either large invariant mass or significant
impact parameters. Additional trigger lines are defined to select events with specific signatures
such as high-pT electron candidates, dispaced vertices or high-ET jets. The combined accept
rate of the HLT1 trigger lines was about 40 kHz in 2011 and 80 kHz in 2012.

At HLT2, the forward track reconstruction algorithm could then be performed on the
full set of VELO track segments. Again, search criteria were tightened compared to those
applied in the offline algorithm. The effective momentum requirements were p > 5 GeV/c
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and pT > 0.5 GeV/c in 2011 and p > 3 GeV/c and pT > 0.3 GeV/c in 2012. Relaxing
the search criteria and lowering the effective thresholds were made possible be upgrades of
the HLT CPU farm and a more efficient use of its resources as described below. The offline
muon-identification algorithm was then performed for all reconstructed long tracks to identify
muon candidates and matching clusters in the ECAL were searched for to identify electron
candidates. Photons and neutral pion candidates were reconstructed based on seeds found by
the L0 calorimeter trigger algorithms. A combination of inclusive and exclusive trigger lines
was then applied to select events for offline reconstruction. Inclusive single-muon trigger lines
select events in which a muon candidate is found that has either a large transverse momentum
or a significant impact parameter with respect to reconstructed pp interaction vertices and at
least moderately high transverse momentum. Inclusive dimuon trigger lines require a pair of
oppositely charged muon candidates that either form a displaced vertex or have an invariant
mass that is loosely compatible with the mass of the J/ψ meson. In so-called topological
inclusive trigger lines, a partial event reconstruction was performed and selection cuts were
applied on quantities related to generic features of b hadron decays, such as displaced vertices
or tracks with large impact parameters and large transverse momenta. Trigger objects were
formed by combining two, three or four reconstructed tracks of good quality, significant impact
parameter with respect to reconstructed pp interaction vertices and small mutual distances of
closest approach. The trigger decision is based on a multi-variate classifier that uses as input
the distances of closest approach of the tracks; the scalar sum of their transverse momenta,
pT, and the smallest of these pT; the separation between the vertex formed by the trigger
object and the closest reconstructed pp interaction vertex; the impact parameter of the trigger
object with respect to this vertex; the invariant mass, m, of the trigger object and its so-called
corrected invariant mass

mcorr ≡
√
m2 + |pT,miss|2 + |pT,miss| .

Here, the quantity pT,miss is the momentum imbalance of the trigger object with respect to its
direction of flight, where the momentum of the trigger object is calculated by summing over
the momenta of all assigned tracks and its direction of flight is estimated by the line pointing
towards its decay vertex from the pp interaction vertex with respect to which it has the smallest
impact parameter. For perfectly reconstructed decays the reconstructed momentum vector
should be parallel to the direction of flight and pT,miss should vanish. Including pT,miss in the
definition of the invariant mass corrects for the fact that the trigger object might not contain
all final-state particles from the decay of the b hadron candidate.

Exclusive trigger lines are optimized to select dedicated event samples for specific decay
modes that are not covered by the topological lines. A large fraction of the exclusive trigger
lines are employed to select samples of so-called prompt charmed mesons that do not originate
from b hadron decays but are directly produced in the pp interaction. Another typical exam-
ple is an exclusive trigger line that selects samples of B0

s→K+K− decays without applying
requirements on quantities related to the decay time of the B0

s candidate. Such a sample of
events is required to perform an unbiased measurement of the effective B0

s lifetime in this decay
mode. Exclusive trigger lines require the reconstruction of all final-state particles of the decay
in question and tight cuts are applied on their invariant mass. Typically, a multi-variate classi-
fier based on kinematical constraints is employed to further reduce the rate, before the rather
time-consuming RICH particle identification algorithm is applied and its output is combined
with kinematical information in a second multi-variate classifier.

The efficiency of the trigger algorithms relative to the offline reconstruction for a given
physics analysis can be estimated from collision data, exploiting the fact that a given event
can have been selected at the trigger level not only by the final-state particles of the signal
decay under investigation, but also by decay products from the other b hadron in the event.
Events for which the decay products of the signal b hadron alone would have been sufficient
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Figure 4.61: Measured TOS efficiencies as a function of the transverse momentum for offline-selected
signal candidates at (top) Level-0, (middle) HLT-1 and (bottom) HLT-2 for (left) selected B-meson and
D-meson decays to fully hadronic final states and (right) B-meson decays including a J/ψ→µ+µ− decay
(from [194]).

to fire the trigger are classified as “Triggered on Signal” (TOS), while events for which the
remainder of the event alone would have been sufficient to fire the trigger are classified as
“Triggered Independent of Signal” (TIS). In LHCb, the same event can pass several trigger
lines and can therefore be both TOS and TIS if the decay products of the signal b hadron fired
one trigger line while particles from the remainder of the event fired another trigger line. Such
events are classified as TIS&TOS. Denoting the numbers of these types of events contained
in the final event sample as NTOS, NTIS and NTIS&TOS, respectively, TOS and TIS trigger
efficiencies can be estimated from data as

εTOS = NTIS&TOS/NTIS and NTIS&TOS/NTOS

On the other hand, these efficiencies are defined as

εTOS ≡ NTOS/N, and εTIS ≡ NTIS/N,

where N is the true number of signal events in the analyzed data sample. Reversing the
definition to express N = NTIS/εTIS, total trigger efficiency can then be estimated from the
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composition of the final event sample as

εtrig ≡ N trig/N = N trig · εTIS/NTIS.

Due to phase-space correlations in the production of bb pairs, the TIS requirement can cause
biases on the kinematic distribution of the signal events. To be able to correct for the effect of
such biases, trigger efficiencies are estimated in bins of the relevant kinematic variables, such
as pT or the decay time of the signal b hadron.

4.4.4 Particle identification

The challenges of charged-hadron identification, i.e. the separation of charged kaons from
pions and protons, and its importance for heavy flavour physics have already been stressed in
Sections 4.1.7 and 4.3.4. In LHCb, two Ring-Imaging Cherenkov (RICH) detectors with a total
of three radiators of different refractive indices provide efficient kaon-pion separation over a
wide range of momenta from 2 GeV/c up to above 100 GeV/c. The upper end of this range is
defined by the momentum spectrum of the kaons and pions from two-body charmless b decays
B0→π+π−, B0→K+π−, B0

s→K−π+ and B0
s→K+K−. At the low end of the momentum

spectrum, kaon identification is required in analyses of multi-body b decays and to select kaon
candidates for flavour tagging algorithms, as described in the next section. Charged particles
with momentum below 2 GeV/c tend to be bent outside the acceptance of the spectrometer
in the field of the dipole magnet and are therefore of limited use for most physics analyses.

The layout of the RICH detector system exploits the correlation between the momenta
and polar angles of final state particles in the forward region, as illustrated in Figure 4.62.
Particle identification at low and intermediate momenta is provided by RICH-1, which is
located right after the VELO and covers the full acceptance of the spectrometer, while particle
identification at high momenta is provided by RICH-2, which is located downstream of the
spectrometer magnet but covers only the forward region of the acceptance up to polar angles of
about 120 mrad. This layout permitted cost savings by minimizing the surface of the sensitive
areas that need to be covered by expensive photon detectors. Cross sections through the two
detectors are shown in Figure 4.63. RICH-1 makes use of two radiators: Aerogel foam with
a refractive index n ≈ 1.03 and C4F10 gas with n ≈ 1.0014, while RICH-2 employs gaseous
CF4 with refractive index n ≈ 1.0005 as radiator. In both cases, systems of tilted spherical
and planar mirrors are employed to focus the Cherenkov photons produced in the radiators
onto arrays of Hybrid Photo Diode (HPD) photon detectors that are located outside of the
acceptance of the spectrometer. Cherenkov photons are produced under a fixed angle θC with
respect to the flight direction of the particle and produce in the photon detection plane a ring
with radius rC centered around a position defined by the direction of flight of the particle.

A disadvantage of the chosen layout is that RICH-1 is located in front of the main tracking
system and that multiple scattering of charged particles in its material affects the momentum
resolution of the spectrometer. An important goal in the design of RICH-1 has therefore
been to minimize the material of the gas enclosure and the mirror system located inside the
spectrometer acceptance. The estimated material budget of RICH-1 corresponds to about
8% of a radiation length, roughly twice that of a tracking station. The effect of the multiple
scattering of charged particles in the material of RICH-1 is mitigated by precise position
measurements in TT and this is the main reason why adding TT hit information leads to a
significant improvement of the momentum resolution for long tracks.

The particle identification performance has been studied and calibrated on collision data
using large samples of protons, kaons and pions from Λ0→ pπ− decays and from D∗+→D0π+

decays followed by D0→K−π+. In the Λ0 decay, the proton and the pion are unambiguously
identified by the kinematic reconstruction, while the charge of the low-momentum pion from
the D∗+ decay fixes the identities of the final-state particles in the subsequent D0 decay.
Particle trajectories measured in the tracking system were extrapolated to the mid-point along
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Figure 4.62: Distribution of polar angle versus momentum for all charged particles in a sample of
simulated B0π+π− events. The regions covered by the two RICH detectors are indicated by the dashed
rectangles (from [200]).

Figure 4.63: Cross sections through (left) RICH-1 and (right) RICH-2 showing the Cherenkov radiator
volumes, the mirror system and the location of the photon detectors (both from [178]).

radiator volume and the angle of the track at this position is used to estimate the centre
of the Cherenkov ring in the photo-detector plane. Photon candidates are assigned and the
measured Cherenkov angle for each photon is compared to that expected for the known particle
hypothesis. The differences between measured and expected angles in the C4F10 radiator is
shown in Figure 4.64 as well as the distribution of the number of detected Cherenkov photons
for particles with momenta close to the saturation angle. On average, about 20 Cherenkov
photons per ring are detected from the C4F10 radiator, about 16 from the CF4 radiator, but
only about five from the Aerogel radiator. Due to this marginal performance, the Aerogel
radiator has been removed after the end of LHC run I.

The average Cherenkov angle as determined from reconstructed rings of photons in the
C4F10 radiator for samples of well isolated tracks is shown in Figure 4.65 as a function of the
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momentum of the corresponding track reconstructed in the tracking system. Separate bands
for the different particle species are clearly visible. As expected, the bands merge at higher
particle momenta, where particle identification is achievd by means of photons created in the
CF4 radiator.

In general, rings from different particles in the same event will overlap and it is not straight-
forward to unambiguously assign each measured photon to the correct track. Therefore, an
iterative procedure using an overall event-likelihood is employed to derive the particle species
for each track. Since pions are the by far most copiously produced particles, the algorithm
starts by assuming the pion hypothesis for all tracks and an initial event log-likelihood is cal-
culated for this hypothesis. For one track at a time, the particle hypothesis is then changed
to electron, muon, pion, kaon or proton and the event log-likelihood is re-calculated for each
of these hypotheses. This procedure is repeated for all reconstructed tracks to find the change
that leads to the biggest increase in the log-likelihood. The particle hypothesis for the cor-
responding track is then fixed to its preferred value and the procedure is repeated for the
remaining tracks. Some improvements to this basic recipee are implemented to speed up the
convergence on the best solution. For example, if the change of the particle hypothesis for a
given track results in a large improvement in the event log-likelihood, the hypothesis for this
track can be fixed and the track removed from further optimization steps. Once the procedure
has been completed and the particle hypotheses for all tracks have been assigned, particle
identification classifiers for each track are determined by calculating the change ∆ logL in the
overall event log-likelihood between the pion hypothesis for this track and each of the electron,
muon, kaon and proton hypotheses. Cuts on these log-likelihood differences are applied in
offline analyses to select particles of different species.

The performance of the kaon identification for a loose cut at ∆ logL(K − π) > 0 and for
a tight cut at ∆ logL(K − π) > 5 is shown in Figure 4.66 as a function of the momentum of
the associated track. Averaging over the full momentum range from 2 GeV/c to 100 GeV/c,
the loose cut results in a 95% efficiency for correctly identifying a true kaon as a kaon and
a 10% probability for misidentifying a true pion as a kaon. The tight cut results in a kaon
identification efficiency of about 85% and a pion misidentification probability of about 3%.
The kaon identification efficiency as a function of misidentification probability is also shown
in Figure 4.66 for different ranges of track multiplicities. As expected, the performance dete-
riorates with increasing track multiplicity as the correct assigment of Cherenkov photons to
tracks becomes increasingly difficult for busier events.

4.4.5 Flavour tagging

The approach to flavour tagging in LHCb is similar to that pursued at the Tevatron experiments
as described in Section 4.3.4. Opposite-side tagging algorithms exploit the fact that b and
b quarks are produced in particle-antiparticle pairs and look for flavour-specific signatures
from the decay of the second b hadron in the event,btag. The signatures employed in LHCb
are the charge of a lepton from semileptonic decays of btag, the charge of a kaon from the
decay chain btag→ c→ s and the weighted sum of the charges of all tracks that are assigned
to an inclusively reconstructed secondary vertex. In analyses of B0

s decays, same-side kaon
tagging algorithms search for a charged kaon from the fragmentation chain leading to the
signal B0

s meson. In a similar fashion, LHCb also uses a same-side pion tagging algorithm in
analyses of B0 decays.

The opposite-side tagging algorithms that have been employed in LHCb are described in
Ref. [202]. Lepton and kaon tagging candidates are selected by requirements on the quality
of the reconstructed track, such as the χ2 returned by the track fit and the number of hits
assigned to the track, and on its momentum and transverse momentum. To reject tracks from
possible other pp interaction vertices in the same event, a large impact parameter with respect
to any vertex other than that associated to the Brec candidate is required. Tracks employed
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Figure 4.64: Measured distributions for Cherenkov photons from the C4F10 radiator for a sample of
kaons and pions from the decay D∗+→D0π+ decays followed by D0→K−π+: (left) difference between
the expected and the measured emission angle and (right) number of observed photons for a sample of
tracks with momentum close to that corresponding to the Cherenkov saturation angle (both from [201]).

Figure 4.65: Cherenkov angle as a function of particle momentum for different particle species, (left,
from [178]) calculated using the refractive indices of the different radiators and (right, from [201])
measured in the C4F10 radiator.

Figure 4.66: Performance of the kaon–pion separation as measured in a sample of D∗+→D0π+ decays
followed by D0→K−π+: (left) kaon identification efficiency and pion misidentification probability
as a function of particle momentum for a loose and a tight cut on the kaon identification classifier
∆L(K − π); (right) pion misidentification probability as a function of kaon identification efficiency for
different ranges of the overall event track multiplicity (both from [201]).
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in the reconstruction of the Brec candidate are excluded as are any tracks that fall within a
narrow cone around the direction of the reconstructed momentum vector of the Brec candidate
or any of its decay products. Finally, the usual selection criteria for b decay products are
applied, including requirements on the transverse momentum and on the impact parameter
with respect to the associated pp interaction vertex. Particle identification criteria based on
information from the RICH detectors are applied. For muon candidates,associated hits in the
muon system are required in addition, while cuts on the energy deposited in the ECAL and
on the dE/dx measured in the VELO are applied for electron candidates. The latter cut is
applied to reject electrons from photon conversions in the material of the beam pipe or the
VELO. If multiple candidates pass these requirements, that with the highest pT is selected.
For the vertex charge algorithm, an initial secondary vertex candidate is formed by combining
two tracks that have a high transverse momentum and a significant impact parameter with
respect to the pp interaction vertex and that form a good fit to a common vertex. Other
tracks compatible with this vertex are added and cuts are applied on the scalar sum of the
momenta of all assigned tracks, on the sum of their transverse momenta, on their combined
invariant mass and on the sum of their impact paramters with respect to the primary vertex.
For selected vertices, the vertex charge is calculated as

Qvtx ≡
∑
{Qi pTi

κ}∑
pT

κ
,

where pT is the transverse momentum of track i and the exponent κ = 0.4 was determined
empirically to maximize the tagging power. A vertex charge tag is assigned if |Qvtx| > 0.275.

As at the B factories and the Tevatron experiments, tagging algorithms do not only return
a tagging decision for a given event but also an estimate of the probability for this decision
to be wrong. This event-by-event estimate of the mistag probability, η, is derived in LHCb
by an artificial neural network algorithm that uses as input kinematic, topological and parti-
cle identification properties of the tagging candidate as well as general event properties. The
neural network was trained on samples of simulated events and to correct for possible dif-
ferences between simulation and collision data, the estimated mistag probability returned by
the algorithm is re-calibrated on collision data using self-tagging control modes B+→ J/ψK+,
B+→D0π+, B0→D∗−µ+νµ and B0→ J/ψK∗0. In the decays of charged B mesons, the true
charge of the B candidate is given by the charges of the final-state particles and the actual
fraction of wrongly tagged events can be determined by comparing the tagging decision with
this true charge. In the samples of B0 decays, the actual mistag fraction can be extracted from
a fit for the B0−B0 oscillation amplitude. Neglecting the dilution due to finite decay-time res-
olution, which is negligibly small for B0−B0 oscillations in LHCb, the decay-time dependent
mixing asymmetry is given by

A(t) = (1− 2ω) · cos (∆md t) ,

where ω is the true fraction of wrong tagging decisions. The calibration uses in all cases a
simple linear relation

ω(η) = p0 + p1 · ( η − 〈η〉 ) ,

where 〈η〉 is the mean of the η distribution for the given flavour-tagging algorithm. The
calibration parameters p0 and p1 can be determined from a fit to the actual mistag fraction
in bins of η. The specific form of the linear parametrization was chosen as it minimizes the
correlation between the two calibration parameters. If the initial estimates η are accurate, the
fit should yield p0 = 〈η〉 and p1 = 1. The actual results of the calibration are close to these
values, indicating that the training of the artificial neural network on simulated events leads
to reasonable estimates.

Different calibration modes are employed since it can be important to calibrate the tagging
performance on control samples that passed similar trigger and selection criteria as the sample
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of signal decays for which the calibration is intended. The reason for this is that the trigger
and selection criteria bias properties of the accompanying event in the selected sample and
can therefore affect the performance of the tagging algorithm. For example, samples of decays
to hadronic final states contain a significant fraction of events that were actually triggered
by decay products of the accompanying b hadron. Since tracks that make a good tagging
candidate also make a good trigger signature, selected event samples tend to be enriched in
events with good tagging candidates. The calibration modes B+→ J/ψK+ and B0→ J/ψK∗0

pass similar trigger and selection criteria as the decay modes B0
s→ J/ψφ, B0

s→ J/ψπ+π−,
B0→ J/ψK0

S and B0→ J/ψK∗0, that are employed in measurements of CP phases in the
B0
sB

0
s and B0B0 systems, while the decay B+→D0π+ passes a similar trigger selection as the

decay B0
s→D+π−, which is employed for the measurement of the B0

s−B0
s oscillation frequency,

∆ms.

If several opposite-side tagging algorithms yield a decision for a given event, these are
combined by calculating the probabilities

P (b) ≡ p(b)

p(b) + p(b)
and P (b) ≡ p(b)

p(b) + p(b)

with

p(b) ≡
∏
i

{
1 + qi

2
− qi (1− ηi)

}
and p(b) ≡

∏
i

{
1− qi

2
+ qi (1− ηi)

}
,

where qi are the tagging decisions of the individual flavour-tagging algorithms and ηi are the
estimated mistag probabilities. The combined tagging decision is then defined as the flavour
assignment that yields the higher probability and the combined mistag probability is corre-
spondingly set to either ηOST ≡ 1−P (b) or ηOST ≡ 1−P (b). This simple recipe for combining
the different tagging algorithms does not take into account possible correlations, which can for
example arise when a single-particle tagging candidate is included in the reconstruction of the
inclusive vertex used in the vertex charge algorithm. To correct for possible biases from such
correlations, another linear re-calibration, ω(ηOST) = p0 +p1 · (ηOST−〈ηOST〉), is performed on
collision data, following the same recipe as that employed in the calibration of the individual
tagging algorithms.

The same-side kaon tagging algorithm employed in LHCb has been described first in
Ref. [203]. To identify potential tagging candidates, similar selection requirements are appplied
as in the opposite-side lepton and kaon tagging algorithm. These include requirements on the
track reconstruction quality, on the momentum and transverse momentum of the candidate
and its impact parameters with respect to other reconstructed pp interaction vertices. Tracks
employed in the reconstruction of the Brec candidate are excluded. Particle identification in-
formation from the RICH detectors is employed to select kaon candidates. To select particles
produced close in phase space to the signal B0

s candidate, requirements are applied on the dis-
tance between the Brec candidate and the tagging candidate in terms of pseudo-rapidity, ∆η,
and azimuthal angle, ∆φ, on the difference of the invariant masses δQ ≡ m(BrecK)−m(Brec),
and on the impact parameter of the tagging candidate with respect to the production vertex
of the Brec candidate. If more than one candidate passes these selection criteria, that with
the highest transverse momentum is selected. Again, the algorithm returns besides a tagging
decision also an estimate of the mistag probability, which is derived from an artificial neural
network algorithm. The neural network is calibrated on samples on simulated events and uses
as input the transverse momenta of the Brec candidate and the tagging candidate, ∆η and ∆φ,
δQ, the number of reconstructed pp interaction vertices in the event and the number of tagging
candidates that pass the selection. The estimated mistag probability returned by the neural
network, ηSSK, is re-calibrated on collision data by fitting for the amplitude of the decay-time
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Figure 4.67: Illustration of the performance of the opposite-side tagging algorithm in LHCb: mixing
asymmetry as a function of the reconstructed decay time as measured in samples of B0→D∗−µ+νµ
candidates, for events in bins of increasing value of the estimated mistag probability, ηc, as indicated
in the plot legends and (bottom right) for the combined sample (all from [202]).

dependent mixing asymmetry,

A(t) = (1− 2ω(ηSSK)) ·Dt ·
cos(∆ms t)

cosh(∆Γs t / 2)
,

in samples of B0
s→D−s π

+ candidates. Here, the factor Dt describes the additional dilution of
the observed amplitude due to the finite decay-time resolution, which cannot be neglected in
the case of the rapid B0

s−B0
s oscillations. Knowledge of Dt is therefore required in order to

extract ω(ηSSK) and perform the calibration of the mistag probability.

An event-by-event estimate of the decay-time uncertainty is returned by the kinematic fit
of the decay. However, the kinematic fit does not take into account all sources of uncertainties.
A constant scale factor is therefore applied to thes estimate returned by the fit such that the
average decay time resolution of the experiment is correctly reproduced. This scale factor is
determined from collision data using samples of “fake” B0

s candidates that are formed by com-
bining a prompt D− meson produced in the pp collision vertex with a random pion produced
in the same pp collision. The true decay time of these fake B0

s candidates is zero and the
deviation of the measured decay-time from zero is a good measure for the true uncertainty on
the decay-time measurement for the given candidate. The “pull” for each candidate is defined
as the reconstructed decay time divided by the estimated decay-time uncertainty returned by
the kinematic fit. If the estimates returned by the fit accurately reproduce the true recon-
struction uncertainty, these pulls should be Gaussian distributed with mean zero and standard
deviation one. The measured standard deviation of the pull distribution therefore gives the
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desired scale factor that has to be applied to the fit estimates in order to correctly reproduce
the true average decay-time resolution of the experiment.

The calibration of the estimated mistag probability, ηSSK, uses the same linear relation,
ω(ηSSK) = p0 + p1 · (ηSSK − 〈ηSSK〉), as is employed in the calibration of opposite-side tagging
algorithms. The calibration parameters, p0 and p1 can be determined in a similar manner as
in the calibration of the opposite-side tagging algorithms, namely by subdividing the sample
of B0

s→D−s π
+ candidates into bins of ηSSK, fitting A(t) to each of these subsamples and

then fitting a straight line to the obtained values of ω as a function of ηSSK. A more precise
determination can be obtained by including p0 and p1 as parameters in the fit for A(t), i.e. by
fitting the function

A(t) ∝ { 1 − 2 [ p0 + p1 · (ηSSK − 〈ηSSK〉) ] } ·Dt ·
cos (∆mst)

cosh (∆Γs/2) .

The two methods give compatible results. The tagging power of the same-side kaon tagging
algorithm is quoted as 1.5% in Ref. [203].

If for a given event both the opposite-side tagging algorithms and the same-side kaon
tagging algorithm yield a tag, the two tagging decisions are combined and the combined mistag
probability is calculated following the algorithm described above for the combination of the
different opposite-side tagging algorithms.

The combined opposite-side tagging and same-side kaon tagging algorithms were first em-
ployed in the LHCb measurement of the CP violating phase φs from a combined analysis of
B0
s→ J/ψφ and B0

s→ J/ψπ+π− using the 2011 data sample [204]. The tagging power was
found to be (2.3 ± 0.06)% for the opposite-side tagging algorithm, (0.89 ± 0.17)% for the
same-side kaon tagging algorithm and 3.13% for the combination.

Several improvements have been implemented since the publication of Ref. [204], such as the
use of an artificial neural network algorithm to select the tagging candidates for the same-side
kaon tagging algorithm. Recent measurements of φs using samples of B0

s→ J/ψπ+π− de-
cays [205] and B0

s→ J/ψK+K− decays [206] from the full run I data set found significantly
improved values of the combined tagging power of (3.89± 0.25)% and (3.73± 0.15)%, respec-
tively. The measurements of φs will be described in Section 6.1.

As discussed above, a better performance of the opposite-side tagging algorithm is found in
analyses that use hadronic B-meson decays, since a larger fraction of the selected events were
triggered on decay products of the opposite-side b hadron, enriching the sample in good tagging
candidates. Typical values for the combined tagging power found in analyses of hadronic
B0
s decays are between 5.1% and 5.4% [207–209]

For analyses of time-dependent asymmetries in B0 decays, a same-side pion tagging al-
gorithm is being employed that follows a similar algorithm as the same-side kaon tagging
algorithm described above, The tagging algorithm is slightly less performant since pions are
significantly more abundant in the underlying event than are kaons and the selection of the
correct tagging candidate is therefore less clean. In a measurement of the CP phase β from a
sample of B0→ J/ψπ+π− decays [210], a combined tagging power of (3.26±0.17)% was found
using a combination of opposite-side tagging and same-side pion tagging algorithms.
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The Plot Unfolds: Mapping The
Unitarity Triangle

My husband and I, we both agreed the Unitary Triangle [...] is the prettiest plot
of contemporary physics. Unfortunately, it turns out neither of us knows very
much about the actual experiments that constrain the parameter space.

— http://backreaction.blogspot.ch/2007/12/unitary-triangle.html

One of the main goals of experiments in b physics today is to probe the CKM picture of
flavour-changing weak interactions. by searching for possible inconsistencies in overconstraint
determinations of the sides and angles of the Unitarity Triangle introduced in Section 1.3. For
three quark families, the CKM quark mixing matrix

VCKM =


Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb


is fully described by three rotation angles and one complex phase. A standard parametrization
of the CKM matrix is obtained by decomposing it into a product of three consecutive Euler
rotations for each pair of families, and assigning the complex phase δ to the rotation between
the first and the third family,

VCKM =


c12 s12 0

−s12 c12 0

0 0 1

 ×


c13 0 s13e
−iδ

0 1 0

−s13e
−iδ 0 c13

 ×


1 0 0

0 c23 s23

0 −s23 c23



=


c13c12 c13s12 s13e

−iδ

−c23s12 − s23c12s13e
−iδ c23c12 − s23s12s13e

−iδ c13s23

s23s12 − c23c12s13e
−iδ −s23c12 − c23s12s13e

−iδ c13c23

 ,

where sij = sin θij , cij = cos θij and θij is the rotation angle between the ith and the jth family.

The experimentally observed hierarchy in the magnitudes of the CKM matrix elements is
reflected in the popular Wolfenstein parametrization,

VCKM =


1− λ2/2 λ Aλ3(ρ− iη)

−λ 1− λ2/2 Aλ2

Aλ3(1− ρ− iη) −Aλ2 1

 + O
(
λ5
)
,
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Figure 5.1: Sketch of the normalized Unitarity Triangle, indicating some of the processes that can be
employed to measure the angles α, β and γ and the lengths of the sides, |Ru| and |Rt|.

with

λ ≡ s12 = |Vus| /
√
|Vud|

2 + |Vus|
2

Aλ2 ≡ s23 = λ |Vcb| / |Vus|

Aλ3 (ρ− iη) ≡ s13e
iδ = V ∗ub .

Keeping terms up to the order of λ5, the Wolfenstein parametrization becomes

VCKM =


1− λ2

2 −
λ4

8 λ Aλ3(ρ− iη)

−λ+A2 λ5

2 (1− 2(ρ+ iη)) 1− λ2

2 −
λ4

8 · (1 + 4A2) Aλ2

Aλ3(1− (1− λ2

2 )(ρ+ iη)) −Aλ2 +A2 λ4

2 (1− 2(ρ+ iη)) 1−A2 λ4

2

 .

A sketch of the normalized Unitarity Triangle in the complex plane was shown in Figure 1.2
and is repeated here in Figure 5.1 for convenience. It reflects one of the unitarity conditions
of the CKM matrix,

VudV
∗
ub + VcdV

∗
cb + VtdV

∗
tb = 0 ,

after division by VcdV
∗
cb. In the Wolfenstein approximation up to order λ3, the three terms of

the sum are given by

VudV
∗
ub =

(
1− λ2/2

)
Aλ3

(
ρ− iη

)
,

VcdV
∗
cb = −λ

(
Aλ2

)
,

VtdV
∗
tb = Aλ3

(
1−

(
1− λ2/2

) (
ρ+ iη

) )
.

The base of the normalized triangle stretches by definition from (0, 0) to (1, 0) along the real
axis. Its right side, opposite the origin of the complex plane, is given by

Rt =
VtdV

∗
tb

VcdV
∗
cb

= 1 − ρ + iη

with

ρ ≡
(
1− λ2/2

)
ρ

η ≡
(
1− λ2/2

)
η

and the length of this side

|Rt| =
|Vtd||Vtb|
|Vcd||Vcb|

=
√

(1− ρ)2 + η2
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can be determined from measurements of the B0−B0 and B0
s−B0

s oscillation frequencies as
discussed in Section 5.1 below. Measurements of the B0−B0 oscillation frequency have been
performed at the B factories, while the first measurement of the B0

s−B0
s oscillation frequency

was one of the highlights of the b-physics programme at the Tevatron. Both measurements
have been repeated with improved precison at LHCb, where they serve as an important bench-
mark to demonstrate the understanding of the detector performance. The precision in the
determination of |Rt| is limited by theoretical uncertainties.

The left side of the Unitarity Triangle is given by

Ru =
VudV

∗
ub

VcdV
∗
cb

= ρ+ iη

and the magnitudes of two of the CKM elements determining the length of this side,

|Ru| =
|Vud||Vub|
|Vcd||Vcb|

=
√
ρ2 + η2 ,

are known with good precision: |Vud| = 1 − λ2/2 and |Vcd| = λ, where λ = sin θC and θC
is the well-known Cabibbo angle. The magnitudes of the other two CKM elements can be
determined from measurements of the branching fractions of exclusive semileptonic decays

BF (B→π`+ν`) ∝ |Vub|
2

and

BF (B→D(∗)`+ν`) ∝ |Vcb|
2

or from measurements of inclusive semileptonic branching fractions

BF (B→Xu`
+ν`) ∝ |Vub|

2

and

BF (B→Xc`
+ν`) ∝ |Vcb|

2 ,

where Xu and Xc indicate final states containing a u quark or a c quark, respectively. Finally,
also the branching fraction of the leptonic decay B+→ τ+ντ is proportional to |Vub| in the
Standard Model. The main interest in measuring this branching fraction, however, lies in the
fact that it is sensitive to possible contributions from physics beyond the Standard Model,
in particular in models with an extended Higgs sector. Measurements of all five branching
fractions have been performed at the B factories, BaBar and Belle, and are described in Sec-
tion 5.2. The extraction of the CKM matrix elements from the measured branching fractions
requires the calculation of non-perturbative hadronic form factors, which introduces theory
uncertainties. The current situation regarding the determination of |Ru| is not entirely satis-
factory since for both |Vcb| and |Vub| a significant tension exists between the values extracted
from exclusive measurements and those from inclusive measurements.

The angles of the Unitarity Triangle are related to the complex phase of the CKM matrix
and can therefore be determined through measurements of CP violating observables. The angle

β = arg

(
−VtdV

∗
tb

VcdV
∗
cb

)

can be determined with small theoretical uncertainty through the measurement of the time-
dependent CP asymmetry in the golden decay channel B0→ J/ψK0

S and is currently the most
precisely known parameter of the Unitarity Triangle. The measurement, which was the flagship
analysis of the B factories, is described in Section 5.3.
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The determination of the angle

α = arg

(
− VtdV

∗
tb

VudV
∗
ub

)

from the time-dependent CP asymmetry in the decay B0→π+π− is complicated by a priori
unknown contributions from Penguin diagrams with different complex phase from the dominant
tree decay amplitude. An extraction of the angle α is possible by combining measurements of
CP asymmetries in several decay modes of charged and neutral B mesons to two pions. These
measurements have been performed at the B factories and are described in Section 5.4. As
they require the reconstruction of decays to neutral pions, which is less efficient and clean than
that for decays to charged final state particles, the angle α is less precisely known than the
angle β. For the same reason, a precise measurement of α at hadron colliders does not seem
feasible at the moment.

The third CKM angle,

γ = arg

(
−VudV

∗
ub

VcdV
∗
cb

)
is currently the least well measured parameter of the Unitarity Triangle. Several methods have
been conceived that allow a theoretically clean determination of γ from CP asymmetries in
tree-level decays B±→ [f ]DK

±, where [f ]D denotes a final state that can be reached via an
intermediate D0 meson as well as an intermediate D0 meson. In practice, the precision of these
measurements is limited by statistical uncertainties due to the small branching fractions of some
of the involved decays, combined with a limited sensitivity of the experimental observables to
the angle γ. Measurements of γ have been performed at the B factories, but the precision of the
results is being surpassed now by measurements at LHCb. A theoretically clean determination
of the angle γ can also be obtained from measurements of the time-dependent CP asymmetry
in the decay B0

s→DsK. This measurement is being pursued at LHCb. Measurements of the
angle γ are discussed in Section 5.5.

Global CKM analyses combine perform fits to the measurements of various observables re-
lated to the sides and angles of the Unitarity Triangle to test the consistency of the CKM picture
of flavour-changing quark interactions. Such analyses are performed by the CKMfitter [3] and
UTfit [211] collaborations. The result from the latest of these fits, performed by the CKMfitter
group and using measurements presented up to the CKM2014 conference in the beginning of
September 2014, is illustrated in Figure 5.2. No significant discrepancies between the different
observables or deviations from Standard Model expectations are observed. The precision of the
measurements constrain subdominant contributions from physics to the Standard Model to a
level of about 10-20 %. The impressive progress in experimental precision, mostly driven by
measurements at the B factories and LHCb, is demonstrated by a comparison with Figure 5.3,
which shows the constraints derived from measurements available twenty years ago, in 1995.

5.1 The length of the Rt side: B0−B0 and B0
s−B0

s oscillation
frequencies

As discussed in Section 3.1, B0−B0 and B0
s−B0

s transitions are mediated via box diagrams
as those shown in Figure 5.4. The magnitudes of the transition amplitudes of these box dia-
grams scale with the square of the masses of the intermediate quarks, transitions are therefore
dominated by diagrams with two intermediate top quarks, the magnitude of the transition
amplitude is proportional to |Vtd||Vtb| and therefore related to the length of the side Rt of the
Unitarity Triangle,

|Rt| =
|Vtd| |Vtb|
|Vcd| |Vcb|

=
√

(1− ρ)2 + η2 .
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Figure 5.2: “The most beautiful plot of contemporary physics”: constraints in the (ρ, η) plane from
measurements of Unitarity Triangle parameters as compiled by the CKMfitter group [3] using mea-
surements presented up to the beginning of September 2014. Shaded areas indicate 95 % confidence
intervals fir the sides and angles of the Unitarity Triangle. The red dashed area indicates the 68 %
confidence region for the position of the apex of the triangle.

Figure 5.3: Constraints in the (ρ, η) plane from measurements of Unitarity Triangle parameters as
compiled by the CKMfitter group [3] using measurements available in 1995.
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Figure 5.4: Examples of the box diagrams leading to (left) B0−B0 and (right) B0
s−B0

s mixing. The
CKM matrix elements for the dominating transition amplitudes with internal top quarks are indicated.

The second equality uses the Wolfenstein parameters ρ = (1− λ2

2 )ρ and η = (1− λ2

2 )η defined
in the introduction to this chapter.

More specifically, the B0−B0 oscillation frequency is given by

∆md =
GF
6π2

m2
W ηb S0(m2

t /m
2
W )mB0 f2

Bd
Bd |Vtd|

2|Vtb|
2 ,

where GF is the Fermi constant, mW , mt and mB0 are the masses of the W boson, the top quark
and the B0 meson, respectively, the Inami-Lim function S0(m2

t /m
2
W ) describes the underlying

electroweak contribution of the loop diagrams, ηb incorporates short-distance strong interaction
effects that can be calculated in perturbative QCD, and the form factor fBd and bag parameter
Bd describe long-distance QCD effects that cannot be treated perturbatively. The most precise
determination of these non-perturbative parameters stems from Lattice-QCD calculations. It
has an uncertainty of about 10% and limits the precision with which the magnitudes of the
CKM matrix elements can be extracted from the measurement of the oscillation frequency.

Better precision in the determination of |Rt| can be achieved by measuring the ratio of the
B0−B0 and B0

s−B0
s oscillation frequencies,

∆md

∆ms

=
mB0

mB0
s

·
f2
Bd
Bd

f2
Bs
Bs
· |Vtd|

2

|Vts|
2 ,

where f2
Bs

and Bs are the QCD form factor and bag parameter for the B0
s meson and

|Vtd|
2

|Vts|
2 =

|Aλ3(1− ρ− iη)|2

|Aλ2|2
= λ2

(
(1− ρ)2 + η2

)
∝ |Rt|

2

in the Wolfenstein approximation. Uncertainties from Lattice QCD calcuations on the ratio

ξ ≡
f2
Bd
Bd

f2
Bs
Bs

are of the order of 3%.
Experimental determinations of ∆md and ∆ms proceed via measurements of the time-

dependent mixing asymmetries

amix(t) ≡ Nunmixed(t) − Nmixed(t)

Nunmixed(t) + Nmixed(t)
∝

cos (∆m(d,s) t)

cosh (∆Γ(d,s) t)
,

where Nunmixed(t) denotes the number of events in which the flavour of the B0 or B0
s meson

at the time t of its decay was the same as at t = 0 and Nmixed(t) denotes the number of events
in which the B0 or B0

s meson decayed with flavour opposite to that at t = 0. The decay width
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difference ∆Γd between the two mass eigenstates in the B0B0 system is negligibly small, while
∆Γs ≈ 10% in the B0

sB
0
s system. Furthermore, ∆md and the average decay constant, Γd, of

the two mass eigenstates in the B0B0 system are of similar size such that ∆md can also be
extracted from the time-integrated mixing asymmetry,

χd ≡
∫ ∞

0
amix(t) dt =

∆md
2

2 Γd
2

+ ∆md
2 .

In the case of the B0
sB

0
s system, the oscillation frequency ∆ms is much larger than the mean

decay constant, Γs, implying that B0
s and B0

s mesons typically change flavour several times be-
fore they decay. The time-integrated mixing probability, χs, is close to 50% and has essentially
no sensitivity to the value of ∆ms.

The first observation of B0−B0 mixing by the Argus collaboration in 1987 has been de-
scribed in Section 2.10. Later measurements of the time-integrated mixing probability were
performed at Argus [212] and CLEO [213]. Both Argus and CLEO were experiments at sym-
metric e−e+ colliders operating at the Υ(4S) resonance and, as explained in Section 4.1, this
precluded measurements of decay-time dependent mixing asymmetries due to the inability to
measure the decay lengths of the two B mesons. First measurements of the decay-time de-
pendent B0−B0 mixing asymmetry were performed using B0 and B0 mesons from Z boson
decays at the four LEP experiments [214–220] and at the SLD experiment at the Stanford
Linear Collider [221, 222], as well as B0 and B0 mesons produced in high-energy pp collisions
at CDF during run I of the Tevatron [223–226]. These experiments also performed searches
for B0

sB
0
s oscillations [227–235] but were not able to resolve a signal and could therefore only

set lower limits on ∆ms.

Significantly more precise measurements of ∆md were performed at BaBar [236–239] and
Belle [240–242] and more recently at LHCb [243, 244]. The first observation of B0

s−B0
s os-

cillations and the determination of ∆ms at CDF II [245, 246] was one of the highlights of
the b-physics programme at run II of the Tevatron. The precision of the CDF II result has
now been surpassed by measurements at LHCb [244, 247, 248]. The measurements of ∆md

at BaBar, Belle and LHCb and those of ∆ms at CDF II and LHCb will be described in the
remainder of this section.

5.1.1 Measurements of the B0B0oscillation frequency ∆md

The basic strategy for measurements of time-dependent asymmetries at the asymmetric B fac-
tories has been described in Section 4.1. Such measurements rely on the fact that pairs of
B0 and B0 mesons from Υ(4S) decays are produced in a quantum-entangled state and oscil-
late in phase until the first of them decays. The information that needs to be extracted from
each selected event in order to perform a measurement of the B0−B0 oscillation frequency is
the flavour of each of the two neutral B mesons at the time of its decay and the proper-time
difference between their two decays.

Pure samples of events can be selected and a clean reconstruction of the selected events
performed if one of the two B mesons, Brec, is fully reconstructed in a flavour-specific hadronic
final state such as the decay B0→D∗+π− followed by D∗+→D0π+ and D0→K−π+ that
was used as an illustration in Figure 4.2. Reconstructing all particles from the decay of the
Brec candidate allows for a precise determination of its momentum and of the position of
its decay vertex. The flavour of the Brec candidate at the moment of its decay is revealed
by the charges of the final-state particles. As the Brec candidate is fully reconstructed, all
remaining tracks in the event must be due to the decay of the second B meson in the event,
Btag. The decay vertex of the Btag candidate can be reconstructed from an inclusive fit to these
remaining tracks. Its flavour at the time of its decay can be inferred by applying flavour-tagging
algorithms to these remaining tracks as discussed in Section 4.1.10. The measured distance
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between the two decay vertices can be translated into the decay-time difference in the rest frame
of the Brec candidate using the measured momentum of the Brec candidate. Measurements
using fully reconstructed hadronic decays have been performed at both BaBar and Belle. The
disadvantage of this approach is the relatively small size of the event samples that can be
attained. Branching fractions for B0 and B0 decays into specific hadronic final states are
small and the need to reconstruct a relatively large number of final-state particles reduces the
selection and reconstruction efficiency. Larger event yields can be obtained in semileptonic
decay modes, which have larger branching fraction. The clean signature of a muon or electron
of high momentum allows to collect relatively clean samples of events. However, semileptonic
decays involve a final-state neutrino that escapes undetected and the momentum and invariant
mass of the Brec candidate cannot be measured precisely. The decay-time difference ∆t has
to be approximated in this case from the distance between the two decay vertices along the
beam axis and the Lorentz boost of the Υ(4S) rest frame in the laboratory system. The
loss in precision due to this approximation is in fact small compared to the uncertainty on
the decay length itself, since the momenta of the two B mesons in the Υ(4S) rest frame are
small. A third approach that has been pursued at both BaBar and Belle is to search for events
with two charged high-momentum leptons, without reconstructing the remainider of the event.
Assuming that each of the two leptons was created in the semileptonic decay of one of the two
neutral B mesons in the event, their charges tag the flavours of the two B mesons at the time of
their decay. The positions of the two decay vertices were estimated by the positions of closest
approach of the reconstructed lepton trajectories to the e−e+ beam axis. Event samples are
significantly less pure and the decay length resolution worse than for the other two methods,
but a high reconstruction efficiency allows to collect large samples of events. Finally, the BaBar
collaboration published an analysis, in which Brec candidates were partially reconstructed in a
semileptonic decay and the flavour of the Btag candidate and the position of its decay vertex
of were implied by a second charged lepton in the same event.

Measurements at the B factories using fully reconstructed hadronic decays

Both the BaBar and the Belle collaboration published measurements of ∆md in fully recon-
structed hadronic final states [236,242] that were based on early event samples corresponding
to about 30 million BB pairs produced at the Υ(4S) resonance1. The early Belle result was
superseded by a later measurement [132] that employed a combination of decays to hadronic
final states as well as semileptonic decays and was based on a larger data sample corresponding
to about 152 million produced BB pairs. In all these analyses, Brec candidates were recon-
structed in the flavour-specific decay modes B0→D−π+ followed by D−→K+π−π− as well
as B0→D∗−π+ and B0→D∗−ρ+ followed by D∗−→D0π− and D0→K+π−, K+π−π0 or
K+π−π+π−. In the BaBar measurement, the decay modes B0→D(∗)−a+

1 with a+
1 →π+π−π+

were considered in addition, as well as D meson decays to a K0
S meson and one or two pions.

The BaBar analysis and the second Belle analysis also included the decay mode B0→ J/ψK∗0

with K∗0→K+π− and J/ψ→µ+µ− or e+e−.

In all analyses, cuts on event-shape variables as discussed in Section 4.1.9 were applied to
reduce background from non-BB events. The extraction of the signal component from the
selected sample of Brec candidates was based on the energy imbalance, ∆E, and the beam-
energy substituted invariant mass, mES, introduced in Section 4.1.9. Measured distributions of
mES are shown in Figure 5.5 and demonstrate the low levels of background in the event samples.

1In BaBar and Belle publications, the integrated luminosity collected at the Υ(4S) resonance is often
expressed in terms of the number of produced BB pairs, where this number includes both B+B− and B0B0 pairs.
The methods that were employed to extract these numbers from the collected data are described in Ref. [112].
The total integrated luminosity collected at the Υ(4S) resonance by the Belle experiment is quoted as 711 fb−1

or 772 × 106 produced BB pairs [112], while that collected at the BaBar experiment is quoted as 424 fb−1 or
465× 106 produced BB pairs in Ref. [249] and as 424 fb−1 or 471× 106 produced BB pairs in Ref. [112].
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Figure 5.5: Distribution of the beam-energy substituted invariant mass for B0 and B0 candidates
reconstructed in hadronic final states from the measurements of ∆md in (left, from [236]) BaBar using
fully reconstructed decays to hadronic final states and (right, from [132]) Belle employing a combination
of fully reconstructed decays to hadronic final states and semileptonic decays.

In a signal region defined by 5.27 < mES < 5.29 GeV/c2, a total of about 35’500 candidates in
fully reconstructed hadronic final states were found in the combined Belle analysis [132], with
purities of about 90 % in the decays to D−π+ and D∗−π+ and 95 % in the decay to J/ψK∗0.
For comparison, the sample of semileptonic decays obtained in the same analysis contained
about 85’000 candidates with a purity of about 78 %.

The Btag decay vertex was reconstructed from tracks that were not used in the recon-
struction of the Brec candidate. To reduce possible biases on the reconstructed position of the
vertex, tracks were excluded in the BaBar analysis if they passed kaon identification criteria,
since it was found that kaons mostly originate from secondary decay vertices of D mesons. For
the same reason, tracks were excluded in the Belle analysis if they were compatible with origi-
nating from the decay of a K0

S meson. In the Belle analysis, the vertex fit included a constraint
on the e−e+ interaction region. The technique is described in Ref. [250] and was employed in
many of the later Belle analyses. It allowed to estimate the position of the Btag decay vertex
even in the case that only one track was found in the event that could be assigned to its decay.
This was found to be the case in about 22 % of the events selected for the analysis discussed
here. The mean position and the profile of the interaction region was determined in regular
intervals during data taking using reconstructed tracks from hadronic e−e+ interactions.

Flavour tagging was in both analyses based on the signatures discussed in Section 4.1.10:
high-momentum leptons from b→ c`+ν` transitions, lower-momentum leptons from subsequent
c→ s`−ν` transitions, charged kaons and Λ baryons from b→ ccs transitions, low-momentum
pions from D∗−→D0π− decays from the Btag decay chain and high-momentum pions from

decays of the type B0→D(∗)−π+. As described in Section 4.1.10, each event was assigned to
one of seven tagging categories according to the response of the tagging algorithm.

Decay-time distributions for events tagged as mixed and unmixed and the resulting time-
dependent mixing asymmetry from the BaBar analysis are shown in Figure 5.6, the mixing
asymmetry measured in the combined Belle analysis is shown in Figure 5.7. The value of ∆md

was extracted from unbinned maximum likelihood fits to the data. The signal component in
the fit function was parametrized as

Pmix(∆t) =
1

4 τB0

{
e−|∆t|/τB0 ( 1 ± ∆ωk + q (1− 2ωk) cos (∆md ∆t) )

}
⊗ R(∆t) ,

where q = +1 for events tagged as unmixed and q = −1 for events tagged as mixed, ωk is the
average mistag fraction for tagging category k and ±∆ωk describes the difference in mistag
fractions for B0 and B0 candidates. Finally, the convolution with the empirical function
R(∆t) takes into account the dilution of the oscillation amplitude due to the finite decay-
time resolution. The decay-time resolution was parametrized in the BaBar analysis by a sum
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Figure 5.6: Distributions of (left) ∆t for event candidates tagged as unmixed and mixed and (right)
the resulting mixing asymmetry as a function of |∆t| from the BaBar measurement of ∆md using fully
reconstructed decays to hadronic final states. Solid lines indicate the projections of the maximum like-
lihood fits to the data, while dashed lines indicate the component assigned to background contributions
(from [236]).

Figure 5.7: Mixing asymmetry as a function of |∆t| as observed in the Belle measurement of ∆md using
a combination of semileptonic decays and fully reconstructed decays to hadronic final states. The solid
line indicates the projection of the maximum likelihood fit to the data (from [132]).

of three Gaussian functions with different means and widths, while the resolution function
employed in the Belle measurement is described in Ref. [250]. In total, the fit functions
employed in the BaBar and Belle analyses contained 44 and 32 fit parameters, respectively.
Besides ∆md, these included the values of ωk and ∆ωk, the parameters describing the decay-
time resolution function, R(∆t), and a number of parameters describing the fractions and
decay-time distributions of background components in the selected sample.

The results of the measurements in terms of ∆md are shown in Figure 5.13 under the
labels “BABAR B0

d(full)/L,K,NN ” and “BELLE B0
d(full)+D`ν/comb”, respectively. In the

case of the BaBar analysis, the precision of the result was limited by its statistical uncertainty,
while in the case of the Belle analysis, which was based on a larger data sample and included
semileptonic decays in addition to the decays to hadronic final states, the statistical and sys-
tematic uncertainty were similar in size. Systematic uncertainties were found to be dominated
in the BaBar analysis by the uncertainty on the B0 meson lifetime, which was fixed in the fit
to its world-average value, and by the understanding and modeling of the ∆t resolution for
signal candidates. In the Belle analysis, systematic uncertainties were found to be dominated
by the understanding of background contributions in the semileptonic sample, and from effects
related to the vertex reconstruction. The latter included the understanding of possible biases
from the constraint on the interaction-region discussed above, from track selection criteria,
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from the range in ∆t over which the fit is performed and from possible misalignment of the
vertex detector.

Measurements at the B factories using semileptonic decays

The BaBar collaboration published a measurement of ∆md using semileptonic decays [238]
that was based on an early data sample corresponding to 23 million produced BB pairs. The
Belle collaboration published an early measurement using only semileptonic decays [241] that
was based on a data sample corresponding to about 31 million produced BB pairs. The result
of this first Belle analysis was superseded by their combined analysis [132] of semileptonic and
hadronic decays that was already discussed in the previous paragraphs. All analyses employed
the semileptonic decay mode B0→D∗−`+ν`, where ` could be an electron or a muon and
D∗ candidates were reconstructed in the same decay modes that were employed in the hadronic
analysis described in the previous paragraphs, namely D∗−→D0π− followed by D0→K−π+,
K−→π+π0 or K−→K+π−π+π−. Again, the BaBar analysis also considered final states with
a K0

S meson and one or two pions.

The selection of signal candidates exploited the presence of a high-momentum charged
lepton and the distinct signature of the decay D∗−→D0π−. Initial selection cuts were placed
on global event-shape variables and on the magnitudes of the momenta of the final-state
particles and the D∗ candidate. The opening angle between the momentum vector of the
D∗− candidate and that of the charged lepton was required to be larger than 90◦ in the rest
frame of the e−e+ collision. Two discriminating variables were then employed to extract the
signal component from the selected samples of candidates. One of these was the difference
between the reconstructed invariant masses of the D∗− candidate and the D0 candidate, which
can be reconstructed with excellent resolution due to the low momentum of the pion that is
emitted in the decay D∗−→D0π−. The second discriminating variable exploited energy and
momentum conservation in the decay B→D∗`ν`, which yields for the squared invariant mass
of the neutrino

m2
ν = (EB − ED∗`)2 − (~pB + ~pD∗`)

2

= m2
B + m2

D∗` − 2EBED∗` + 2 |~pB| |~pD∗`| cos θB,D∗` ,

where mB, EB and ~pB are the invariant mass, energy and momentum of the decaying B meson
and mD∗`, ED∗` and ~pD∗` are the same quantities for the D∗` system produced in the decay.
Setting m2

ν = 0, the cosine of the opening angle between the momenta of the B meson and the
emitted D∗` system is given by

cos θB,D∗` =
2EBED∗` −m2

B −m2
D∗`

2|~pB| |~pD∗`|
.

The value of cos θB,D∗` in the rest frame of the e−e+ collision was calculated setting mB to

the nominal mass of the B0 meson, taking EB as half the known centre-of-mass energy of the

e−e+ collision and setting |~pB| =
√
E2
B −m2

B. The invariant mass, energy and momentum of
the D∗` system were determined from the reconstruction of the events. For signal candidates,
cos θB,D∗` has a physical meaning and, baring resolution effects, has to assume values between
−1 and +1. For background, no such constraints apply and a broad distribution is observed
that extends far beyond the physically meaningful boundaries. Measured distributions of
the two discriminating variables are shown in Figure 5.8 together with the estimated signal
and background components in the sample of selected candidates. Considered background
components included non-BB continuum events, wrongly reconstructed D∗ candidates, true
D∗ candidates combind with a wrong or misidentified lepton, and partially reconstructed decays
of the type B→D∗π`ν`, where B can be a neutral or charged B meson and the extra pion
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Figure 5.8: Distributions of the discriminating variables employed in measurements of ∆md in semilep-
tonic decays: (left, from [238]) the difference between the reconstructed D∗+ and D0 invariant masses
for selected D∗+µ+ candidates in the BaBar analysis and (right, from [132]) the variable cos θB,D∗`

from the combined Belle analysis using semileptonic and hadronic decays. In the left panel, the solid
red line indicates the result of the fit to the data and shaded areas indicate the different background
components as described in the plot legend. In the right panel, the shaded area indicates the compo-
nent attributed to partially reconstructed background from B→D∗π`ν` decays, while the dashed line
indicates the total background component.

failed to be reconstructed. Backgrounds from non-BB continuum events were estimated from
data collected below Υ(4S) resonance. Wrongly reconstructed D∗ candidates from sidebands
in the distribution of mD∗−mD0 distribution or from combinations of D candidates with a low-
momentum pion of the wrong charge. Combinations of a true D∗ candidate with the wrong
lepton were estimated from a control sample in which the D∗0 candidate and the charged
lepton were emitted into the same hemisphere in the Υ(4S) rest frame and for which the
reconstructed momentum vector of the lepton candidate was artificially reversed. Finally,
backgrounds from partially reconstructed decays were estimated from the measured cos θB,D∗`
distribution, where the expected shapes of this distribution for signal events and partially
reconstructed events were estimated from samples of simulated events. As already mentioned,
a total of 85’000 semileptonic candidates were found in the combined Belle analysis [132],
out of which the fit assigned about 78 % to the signal component. For comparison, the fully
reconstructed hadronic sample contained about 35’500 candidates with purities between (90−
95) %.

The position of the Brec decay vertex was determined from a fit to the trajectory of the
charged lepton and the reconstructed momentum vector of the D0 candidate, while the position
of the Btag decay vertex was reconstructed from a fit the remaining tracks in the event in the
same manner as in the hadronic analysis discussed in the previous paragraphs. Flavour tagging
also relied on the same algorithms as in the hadronic analyses described above.

The result of the combined Belle measurement has already been discussed. The decay-
time distributions and the decay-time dependent mixing asymmetry as measured in the BaBar
analysis are shown in Figure 5.9. The value of ∆md was extracted from an unbinned maximum
likelihood fit to the data, where the decay-time distribution of the signal component was
described by the same function form as in the hadronic analysis discussed above. The decay-
time resolution function was described in this case by the sum of two Gaussian functions and
a third Gaussian convolved with an exponential function. This exponential term was included
in the resolution function to take into account possible biases in the fitted position of the
Btag decay vertex due to the inclusion of tracks from secondary D decays.

The fit function employed in this BaBar analysis contained a total of 72 free parameters, out
of which 21 described the decay-time model, decay-time resolution function and tagging per-
formance for the signal component and the remaining 51 described the fractions of the different
background components and the modelling of their decay-time distributions. The result of the
analysis in terms of ∆md is listed in Figure 5.13 under the label “BABAR D∗`ν/LK,NN ”.
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Figure 5.9: Results of the BaBar measurement of ∆md using semileptonic decays: (left) distributions
of ∆t for event candidates tagged as unmixed and mixed and (right) the resulting mixing asymmetries
as a function of ∆t. The solid lines show the projections of the the maximum likelihood fits to the data.
The shaded areas in the ∆t distributions indicate the component assigned to background contributions
(from [238]).

The precision of the measurement was limited by the statistical uncertainty. The systematic
uncertainty was dominated by the limited size of the samples of simulated events that were
employed to investigate possible biases of the fit procedure, in particular of effects from the
modeling of background contributions. Other sources of systematic uncertainties were the
internal alignment of the vertex detector and the overall length-scale of the detector.

Measurements at the B factories using inclusive dilepton pairs

Measurements of ∆md using inclusive dilepton pairs at BaBar [237] and Belle [240] were based
on data samples corresponding to 23 and 32 million produced BB pairs, respectively.

To suppress non-BB backgrounds, candidate events in both analyses were required to
contain five or more than five reconstructed tracks pointing back to the e−e+ interaction
region and fulfill requirements on event shape variables as well as on the squared invariant
mass of all reconstructed particles, or the total reconstructed energy and the sum momentum
of the reconstructed momenta.

Selected events were then required to contain at least two charged leptons with well recon-
structed tracks pointing back to the interaction region, neither of which was compatible with
being due to a J/ψ decay or, in the case of an electron, with a photon conversion if combined
with another reconstructed particle fulfilling loose lepton identification criteria. If more than
two charged leptons were reconstructed in a given event, the two candidates with the highest
momenta in the Υ(4S) rest frame were retained. The opening angle between the two lepton
candidates was used as a discriminating variable to suppress events in which both leptons orig-
inated from a cascade decay of the same B meson. About 99’000 dilepton candidates passed
the selection requirements in the BaBar analysis, while about 50’000 same-sign and 23’000
opposite-sign lepton pairs were retained in the Belle analysis.

Different procedures were applied in the two analyses to estimate the z positions of the
decay vertices of the two B mesons along the beam axis. In the BaBar analysis, the position of
the primary e−e+ interaction in the r–φ plane orthogonal to the beam axis was estimated on
an event-by-event basis by performing a vertex fit using the two lepton tracks and a constraint
on the beam spot. The points of closest approach of the two lepton tracks to this vertex
position in the r–φ plane were then determined and the corresponding z positions were used
as estimates for the positions of the B meson decay vertices. In the Belle analysis, samples
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Figure 5.10: Distributions of ∆t, ∆z or |∆z|, for (top) opposite-sign and (middle) same-sign dilepton
pairs and (bottom) the resulting mixing asymmetries from (left, from [237]) the BaBar and (right,
from [240]) the Belle measurements of ∆md using inclusive dilepton pairs. The solid lines show the
projections of the maximum likelihood fits to the data. In the ∆z distributions from Belle, different
background components are indicated as well, where “BkgCT” refers to the sum of all “correct-tag”
background components due to opposite-sign lepton pairs from B+B− events and unmixed B0B0 events
and same-sign lepton pairs from mixed B0B0 events, while “BkgWT” refers to the sum of all “wrong-
tag” background components, due to opposite-sign lepton pairs from mixed B0B0 events and same-sign
lepton pairs from B+B− events.

of e−e+ interactions to charged particles were employed to estimate on a run-by-run basis the
position and profile of the e−e+ interaction region in the r–φ plane and the intersections of
the two lepton tracks with this interaction region was employed to estimate the z positions of
the two B meson decay vertices.

The measured distributions for opposite-sign and same-sign lepton pairs and the corre-
sponding time-dependent asymmetries are shown in Figure 5.10 together with the results of
binned maximum likelihood fits to extract the value of ∆md. The fit was performed in terms
of ∆z in the Belle analysis and in terms of the decay-time difference, ∆t, in the BaBar anal-
ysis. In both cases, the known Lorentz boost of the Υ(4S) frame in the laboratory system
was used to translate between the two quantities. In both analyses a signed difference was
calculated, where in the BaBar analysis, the z position corresponding to the lower-momentum
lepton was subtracted from that corresponding tp the higher-momentum lepton, while in the
Belle analysis the z position corresponding to the negative lepton was subtracted from that
corresponding to the positive lepton.

The fit functions contained terms for the signal component and various sources of back-
grounds. The signal component was in both cases described by a term proportional to
cos(∆md ∆t), convolved with an empirical function to model the decay time resolution. In
the BaBar analysis, this resolution function was modelled by the sum of three Gaussian func-
tions with different width, where the fractions and widths of the three Gaussians were free
parameters in the fit to the data. Samples of J/ψ candidates were employed to verify that
this parametrization provides a good description of the resolution. For J/ψ decays, the true
∆z between the two leptons is zero and the measured ∆z distribution therefore reflects resolu-
tion effects. In the Belle analysis, the histogrammed ∆z distribution as measured in a control
sample of J/ψ decays was employed as a lookup table to describe the resolution function.

Sources of backgrounds are B+B− events in which both the B+ and the B− decayed
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semileptonically, opposite-side B0B0 and B+B− cascade events in which only one B meson
decayed semileptonically and the second lepton was created in a b→ c→ ` cascade of the other
B meson, same-side cascade events in which both leptons were created in the decay chain of the
same B meson and, finally, leptons from non-BB events. The background component from non-
BB events was estimated in both analyses from data collected at a e−e+ collision energy below
the Υ(4S) resonance. In the BaBar analysis, the components from semileptonic B+B− events
and from same-side cascade events were each described in the fit by the convolution of an
exponential function and the same resolution function that was used for the signal component.
The component from opposite-side B0B0 cascade events was described by a cos(∆md ∆t)
term convolved with a modified resolution function to take into account the finite lifetime of
intermediate charm mesons. The component from opposite-side B+B− cascade events was
described by the convolution of an exponential function with the same modified resolution
function. In the Belle analysis, the different sources of backgrounds were grouped together
according to their topology into same-sign and opposite-sign dilepton pairs from decays of
charged B meson pairs and mixed and unmixed neutral B meson pairs. The decay-time
distributions for each of these categories was derived from samples of simulated events, where
an additional Gaussian smearing was applied to the reconstructed values of ∆z to correct for
a small difference in resolution that was found in the J/ψ control samples in simulated data
and collision data.

The results of these two analyses are listed in Figure 5.13 under the labels “BABAR
`/`” and “BELLE `/`”, respectively. Due to the larger analysed data sample, the statistical
uncertainty on the Belle measurement is slightly smaller than that on the BaBar measurement.
Systematic uncertainties are of similar size and were found to be dominated by the knowledge of
the lifetimes of charged and neutral B mesons, which were in both analyses fixed to their world
average values at the time of the measurement, and by effects related to the understanding of
the resolution functions.

BaBar measurement using partially reconstructed semileptonic decays

The BaBar collaboration also published an analysis [239] that was based on a data sample
corresponding to 88 million produced BB pairs and searched for combinations of a high-
momentum charged lepton and a low-momentum pion of opposite charge to tag semileptonic
decays B0→D∗−`+ν` with D∗−→D0π−. The D0 candidate was not reconstructed, allowing
large selection and reconstruction efficiencies. The decay vertex of the Brec candidate was
reconstructed from a fit to the tracks of the lepton and pion candidates, with a constraint on
the beam spot position in the plane transverse to the beam axis. The position of the beam
spot was determined on a run-by-run basis using samples of e−e+ interactions in which two
charged particles were created. The χ2 probability of this vertex fit was combined with the
reconstructed momenta of the two particles in a likelihood variable to discriminate between
signal and background. As a further discriminating variable, the squared invariant mass of the
undetected neutrino was then estimated as

m2
ν ≡ (EB0 − ED∗+ − E`)

2 − (~pD∗+ − ~p`)
2 ,

where the energy EB0 of the decaying B meson was substituted by half the e−e+ collision
energy, the direction of flight of the D∗− meson was approximated by that of the pion and
the absolute momentum, |~pD∗+ |, and energy, ED∗+ , of the D∗− meson were estimated from
the measured momentum of the pion using a calibration derived from simulated samples of
events. Within the precision of the approximations, m2

ν should yield values close to zero for
signal decays, while a wide distribution extending to negative values is expected for random
combinations of charged leptons and pions.

The composition of the sample of selected candidates was determined from a fit to the
measured distribution of m2

ν as shown in Figure 5.11. The contribution from combinatorial
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Figure 5.11: Distributions of (top) the missing invariant mass and (bottom) the cosine of the angle be-
tween the slow pion candidate and the tagging lepton candidate for events tagged as (left) unmixed and
(right) mixed in the BaBar ∆md analysis using partially reconstructed semileptonic decays. Different
background contributions are indicated by the shaded areas according to the legends shown in the plots
(from [239]).

background from non-BB events was determined from collision data collected at e−e+ collision
energies below the Υ(4S) resonance. The shape of the distribution for combinatorial back-
ground from BB events was determined from simulated samples of events and cross-checked
on collision data using combinations of high-momentum leptons and low-momentum pions
of equal charge sign. The shapes of the signal component and of background contributions
peaking in m2

ν were determined from simulated samples of events. Besides the decay mode
B0D∗−`+ν`, the signal component included contributions from the decay mode B0D∗−π0`+ν`,
from hadronic decays B0→D∗−h− with the hadron h− being misidentified as a lepton, and
from decay modes B0→D∗−τ+ντ , B0→D∗−D+

s and B0→D∗−DX with the τ+, D+
s or D me-

son decaying into a final state including a charged lepton. Background contributions peaking
in the m2

ν distribution were dominated by the decay mode B+→D∗−π+`+ν` and decays of
the type B+→D∗−π+X in which the pion was misidentified as a charged lepton. The par-
tial reconstruction of the candidates does not allow to distinguish between B0D∗−π0`+ν` and
B+→D∗−π+`+ν`. The relative ratio between these two contributions was therefore con-
strained to 1 : 2 assuming isospin conservation. Out of a total of 77’000 reconstructed and
flavour-tagged candidates with m2

ν > −2.5, the fit assigned about 20’000 candidates to the
various background components.

Flavour tagging relied on the charge of a second high-momentum lepton in the remainder
of the event, no other flavour tagging algorithms were invoked. The position of the Btag decay
vertex along the beam axis was approximated by the point of closest approach of the tagging
lepton to the position of the beam spot in the r–φ plane. The decay time difference, ∆t,
was estimated from the distance of the two decay vertex positions along the beam axis and
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Figure 5.12: Distributions of (left) ∆t for events tagged as (top) unmixed and (bottom) mixed and
(right) the resulting mixing asymmetries from the BaBar ∆md measurement using partially recon-
structed semileptonic decays. The solid lines show the projection of the maximum likelihood fit to the
data. In the ∆t distributions, different background components are indicated by shaded areas, where
the legend is the same as in the lower plots in Figure 5.11 above (from [239]).

the boost of the Υ(4S) rest frame in the laboratory system. In addition, an estimate of the
decay-time uncertainty, σ∆t, was derived from the estimated uncertainties on the positions of
the two vertices.

The value of ∆md was extracted from the data by a maximum-likelihood fit in bins of ∆t
and σ∆t. The signal component was described in the fit by a term proportional cos(∆m∆t),
convolved with the sum of three Gaussian distributions to model the decay-time resolution. A
second term was included in the fit function to describe combinations of `π signal candidates
with a wrongly identified tagging lepton from the decay chain of the Btag meson. Such leptons
are mostly due to cascade decays b→ c→ ` and tend to have the opposite charge to the lepton
from the semileptonic decay of the b quark. This contribution was therefore described in
the fit by a term proportional to − cos(∆m∆t), convolved with a sum of three Gaussian
functions. The widths and fractions of these Gaussians were fixed to be the same as for the
signal component but their offsets were allowed to float independently to take into account
the finite lifetime of the intermediate charm meson. A third term was included to take into
account combinations of `π signal candidates with wrongly identified tagging leptons from
the decay chain of the D∗ signal candidate. Such leptons tend to be emitted at a small
angle with respect to the flight direction of the D∗ meson and their fraction in the sample of
selected candidates was estimated from a fit to the measured distribution of cos θπ` as shown in
Figure 5.11, where θπ` is the opening angle between the low-momentum pion and the tagging
lepton candidates. In the fit to the decay-time distribution, this component was described by
an exponential function convolved with a sum of three Gaussian functions. The component
of the peaking background was similarly split into three terms according to the source of
the tagging lepton. All three terms were described by exponential functions convolved with
sum of three Gaussian functions, where the parameters of these Gaussian functions were fixed
to be the same as those of the corresponding components describing the signal contribution.
Combinatorial background contributions from B+B− and B0B0 events were taken into account
by another set of terms of the same functional form as those for the peaking background, but
with independent fit parameters. Finally, background from non-BB events was parametrized
by anothr exponential function convolved with a sum of three Gaussian functions.

The measured ∆t distributions for mixed and unmixed events and the mixing asymmetry
as a function of ∆t are shown in Figure 5.12 together with the results of the fit. The result of
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this analysis in terms of ∆md is listed in Figure 5.13 under the label “BABAR D∗`ν(part)/`”.
Systematic and statistic uncertainties were found to contribute equally to the uncertainty on
the measurement. Systematic uncertainties were found to be dominated by the understanding
of the length scale and alignment of the detector, the statistical uncertainty on the determina-
tion of possible fit biases from simulated samples of events, observed variations in the result of
the fit when varying the fit ranges in ∆t and σ∆t, the description of outliers in the decay-time
resolution, and the description of the contamination due to wrong tagging leptons from cascade
decays of Btag.

Measurements at LHCb

In the meantime, the most precise measurement of ∆md stems from an LHCb analysis based
on the 2011 data sample, corresponding to an integrated luminosiy of 1 fb−1 collected in
proton-proton collisions at a centre-of-mass energy of 7 TeV. The analysis strategy was sim-
ilar to that of ∆ms measurements in LHCb, which will be described in the next section.
Brec candidates were reconstructed in the flavour-specific hadronic decay modes B0→D−π+

with D−→K+π−π− and B0→ J/ψK∗0 with J/ψ→µ+µ− and K∗0→K+π−. To suppress
backgrounds from misidentified decays B0

s→ J/ψφ, K+π− candidates were rejected if their
invariant mass was compatible with the nominal φ mass when the kaon mass hypothesis was
applied to the pion candidate. The selection of D−π+ candidates was based on the response
of a multi-variate classifier that combined discriminating variables related to the quality of the
B0 and D− vertex reconstructions, the displacement of the B0 decay vertex from the primary
pp interaction vertex and the consistency between the directions of the reconstructed B0 and
D− momentum vectors and the B0 and D− flight directions as determined from the lines con-
necting their respective production and decay vertices. This multivariate classifier was trained
on collision data using a sample of B0

s→D−s π
+ candidates with D−s →K−K+π−. Potential

backgrounds from misidentified D−s →K−K+π− decays in the B0→D−π+ signal sample were
suppressed by vetoing all reconstructed candidates for which one of the final-state pions passed
loose kaon identification requirements and which yielded an invariant mass compatible with
the nominal D−s mass when the kaon mass hypothesis was applied for this pion. Finally, the
reconstructed decay time of the Brec candidate was required to be larger than 0.3 ps. This
cut significantly reduces backgrounds from random combinations of particles from the primary
proton-proton interaction at only a small loss in sensitivity. Events at short decay times carry
little information on the flavour oscillation since the mixing asymmetry, proportional to the
cosine of the decay time, changes only slowly at small decay times.

The initial flavour of the Brec candidate was derived from a combination of opposite-side
flavour tagging algorithms and a same-side pion tagging algorithm as described in Section 4.4.5.

The value of ∆md was extracted from a simultaneous maximum-likelihood fit to the in-
variant mass distribution and the measured mixing asymmetry as a function of the recon-
structed decay time of the Brec candidates. The fit procedure was similar to that employed
in the ∆ms anlyses described below. The fit yielded about 88’000 signal candidates in the
B0→D−π+ decay mode and 40’000 signal candidates in the B0→ J/ψK∗0 decay mode. The
values of ∆md obtained in the D−π+ and J/ψK∗0 samples were found to be compatible within
their statistical uncertainties. The assigned systematic uncertainties were dominated by the
modeling of the fit function and by the knowledge of the length scale of the detector. Sys-
tematic effects related to the decay time resolution were small due to the resolution of 0.05 ps
which to the B0−B0 oscillation period of 12 ps. The combined result of the measurement is
quoted in Figure 5.13 as “LHCb B0

d(full)/OST,SST”.

As shown in Figure 5.13, the results from different experiments and from different final
states are in good agreement with each other. The Heavy Flavour Averaging Group determine
a world average of

∆md = 0.510 ± 0.003 ps−1 ,
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Figure 5.13: List of ∆md measurements and their average as compiled by the Heavy Flavour Averaging
Group [2] in autumn 2014.

which has a relative uncertainty of less than 0.65%.

5.1.2 Measurements of ∆ms

The basic approach for measurements of time-dependent asymmetries at hadron colliders has
been described in Section 4.2. In hadron-hadron interactions, bb quark pairs are not produced
in an entangled state. They evolve independently from each other and hadronize into any
combination of a b hadron and a b hadron. Measurements of the B0

s−B0
s oscillation frequency
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Figure 5.14: Invariant mass distributions for Brec candidates from the measurement of ∆ms in CDF II,
reconstructed in (left) semileptonic and (right) hadronic final states with D−s →φπ−. The different
signal and background contributions are described in the plot legends (from [245]).

are performed in samples of events in which a B0
s or B0

s meson was created, which could then
be reconstructed in a decay to a flavour-specific final state. The reconstructed B0

s or B0
s meson

will again be referred to as Brec in the following.

The mixing asymmetry is measured as a function of the reconstructed decay time of the
Brec candidate with respect to its production in the hadron-hadron collision. This requires the
reconstruction of the momentum of the Brec candidate, of the position of its decay vertex and
of the position of the hadron-hadron interaction vertex in which it was produced. The position
of the production vertex can be reconstructed with good precision using the tracks of other
charged particles produced in the same hadronic interaction as the Brec candidate. To achieve
the excellent decay time resolution that is required to resolve the rapid B0

s−B0
s oscillations,

Brec candidates are best reconstructed in exclusive hadronic final states in which all decay
products are measured, permitting a precise determination of the Brec momentum.

The flavour-tagging algorithms that are employed to infer the initial flavour of the Brec can-
didate, i.e. its quark content at the time of its production in the hadron-hadron collision, have
been discussed in Sections 4.3.5 and 4.4.5. Opposite-side tagging algorithms rely on flavour-
specific signatures from the decay of the opposite-side b hadron, btag, while same-side kaon
tagging algorithms search for a charged kaon produced in the hadronization process leading to
the reconstructed B0

s or B0
s candidate.

The first two-sided bound on the value of ∆ms was obtained by the D0 collaboration [251]
at run II of the Tevatron. The first observation of a significant oscillation signal and the first
measurement of ∆ms were reported by the CDF II collaboration soon after. Measurements of
∆ms at CDF II and at LHCb will be described in the remainder of this section.

Measurements at CDF II

The analyses that lead to the first observation of B0
s−B0

s oscillations and the first measurement
of ∆ms at the CDF II experiment [245,246] were based on a data set corresponding to an in-
tegrated luminosity of 1 fb−1, collected in pp collisions at a centre-of-mass energy of 1.96 TeV.
They employed a combination of fully reconstructed hadronic decay modes B0

s→D−s π
+ and

B0
s→D−s π

+π−π+ and semileptonic decay modes B0
s→D−s `

+ν`, in each case followed by
D−s →φπ−, D−s →K∗0K− and D−s →π−π+π−, with φ→K+K− and K∗0→K+π−. In the
second of the two analyses, described in Ref. [245], also partially reconstructed hadronic de-
cays B0

s→D∗−s π+ and B0
s→D−s ρ

+ were considered, where the neutral pion or photon from the
subsequent decays D∗−s →D−s π

0, D∗−s →D−s γ or ρ+→π+π0 was not reconstructed. In all these
decay modes, the charges of the final-state particles identify the flavour of the Brec candidate
at the time of its decay.
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At the L1 trigger level, candidates were selected by the requirement of two oppositely
charged tracks with transverse momenta above a certain threshold and the scalar sum of their
transverse momenta above a second threshold. The L2 trigger decision relied on the SVT
described in Section 4.3.3 and required two tracks that had a relative opening angle between
2◦ and 90◦, significant impact parameter with respect to the beam axis and formed a vertex in
the r–φ plane that was significantly displaced from the beam axis. At the L3 trigger level, the
decisions from the L1 and L2 levels were confirmed from a complete event reconstruction. The
offline selection of Brec candidates was then based on the invariant masses of the D−s , φ and
K∗0 candidates, the reconstructed transverse momenta of the Brec candidate and its decay
products, the quality of the reconstructed Brec and D−s decay vertices and their displace-
ment from the reconstructed position of the pp interaction vertex. In the second of the two
analyses, also kaon identification information was employed, which allowed to relax kinematic
selection requirements and significantly increase the selection efficiencies. In the case of the
hadronic decay modes, the selection criteria were combined in a multivariate classifier, which
was trained on samples of simulated signal events and background from the upper sidebands
in the distribution of the reconstructed invariant mass of Brec candidates.

As an example, the measured invariant-mass distributions for Brec candidates reconstructed
in the decay mode D−s →φπ− are shown in Figure 5.14. The effect of the not reconstructed
missing final-state particles is clearly visible in the invariant mass distributions for the semilep-
tonic and partially reconstructed hadronic decays modes and is significantly more pronounced
in the former sample than in the latter. The decay time of the Brec candidates was calculated
from its measured decay length and momentum. In the case of partially reconstructed hadronic
and semileptonic decay modes, the decay time calculated in this manner is biased since the
momentum of the Brec candidate is not fully measured. As this bias cannot be corrected on
an event-by-event basis, the calculated decay time was convolved in the fit for the oscillation
signal with the distribution of a correction factor derived from simulated samples of events.

The search for a B0
s−B0

s oscillation signal and the measurement of ∆ms made use of
simultaneous unbinned maximum-likelihood fits to the reconstructed invariant mass and the
decay time of the selected Brec candidates. Combining all D−s decay modes, the fit assigned
to the signal component 5’600 fully reconstructed and 3’100 partially reconstructed hadronic
decays and 61’500 candidates in the semileptonic decays. The decay-time distribution of the
signal component was parametrized in this fit as

Psig(t) = ε(t) ×
{

Γs
2
e−Γst

[
1 + A · qtag (1− 2ωtag) · cos (∆mst)

]}
⊗ G(t | 0, σt)

where qtag = +1 for events tagged as unmixed and qtag = −1 for events tagged as mixed,
A is the fitted amplitude of the oscillation, ε(t) describes the decay-time dependence of the
reconstruction efficiency, ωtag is an event-by-event estimate of the mistag probability, σt is
an event-by-event estimate of the decay-time resolution, and G(t | 0, σt) denotes a Gaussian
probability density function with mean 0 and event-dependent standard deviation σt.

The decay-time dependence of the reconstruction efficiency was determined from simulated
samples of events. The initial flavour of the Brec candidate at the time of its production was
derived from a combination of opposite-side flavour tagging algorithms and a same-side kaon
tagging algorithm as described in Section 4.3. The estimated mistag probability returned by
the opposite-side tagging algorithms was calibrated using samples of B± decays and flavour-
specific decays of B0 and B0 mesons, assuming that the performance of the tagging algorithms
is independent on the hadronization and decay of Brec. This assumption could not be made
for the same-side kaon tagging algorithm and the estimated mistag probability returned by
this algorithm was therefore derived from simulated samples of events.

An event-by-event estimate of the uncertainty on the decay time measurement was derived
from the parameters returned by the track fit. A constant correction factor was applied to
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Figure 5.15: Estimated decay-time resolution as a function of the value of the decay time for Brec candi-
dates in fully reconstructed hadronic decay modes B0

s→D−s π
+, in partially reconstructed decay modes

B0
s→D∗−s π+/D−s ρ

+ and in semileptonic decay modes B0
s→D−s `

+ν`. The latter sample is further sub-
divided into different ranges of the reconstructed invariant mass, mDs`

, of the D−`+ system. A small
value of mDs`

indicates that the unreconstructed particles carried away a large fraction of the Brec mo-
mentum, while a value of mDs`

close to the mass of the B0
s meson implies that only small fraction of

the Brec momentum could have been carried away by the unreconstructed particles (from [245]).

this estimate to compensate for the fact that the track fit cannot perfectly model effects
from the interactions of particles with the material of the detector or from possible residual
misalignments. This correction factor was derived from collision data using a large sample of
fake signal candidates that were formed by combining one or three charged tracks and a prompt
D− candidate from the primary pp interaction vertex. The true decay time for these fake signal
candidates is zero and the distribution of the measured decay times gives a good estimate for the
true decay-time resolution. Including the correction factor, the average decay-time resolution
for fully reconstructed hadronic decays was estimated to be 87 ps. The decay-time resolution
for partially reconstructed hadronic and semileptonic decays was worse and deteriorated with
increasing value of the decay time due to the spread in the missing momentum from not
reconstructed particles. The estimated decay-time resolution as a function of the decay time
is shown in Figure 5.15.

The search for an oscillation pattern followed an approach that had initially been developed
for flavour-oscillation searches at LEP [252] and consisted in a modified Fourier analysis of
the decay-time spectrum. The value of the oscillation amplitude, A, was determined from
a series of maximum likelihood fits to the measured decay time distribution as a function
of the assumed value of ∆ms. Provided that dilution effects due to the finite decay time
resolution and non zero mistag fraction are correctly calibrated, the fit should yield a value
consistent with A = 1 at the true value of the oscillation frequency and values close to A = 0
otherwise. The result of the measurement at CDF II is shown in Figure 5.16. A clear signal
was observed at a value of ∆ms = 17.77 ps−1, where the fitted value of the amplitude, A =
1.21 ± 0.20 (stat), is compatible with A = 1 and deviates from A = 0 with A/σA = 1.21/0.20 =
6.05 standard deviations. Systematic uncertainties on A and σA were dominated by effects
related the understanding of the decay-time resolution and the mistag fraction. They cancel
to first order in the ratio A/σA and therefore have negligible impact on the significance of the
signal. The lower right panel in Figure 5.16 shows the logarithm of the ratio of the likelihoods
calculated for fixed values of A = 0 and of A = 1 for the full event sample and separately for
the samples of hadronic final states and semileptonic final states. It demonstrates that the
significance of the signal at ∆ms = 17.77 ps−1 is essentially entirely due to the hadronic final
states. The statistical uncertainty on the measured value of ∆ms was determined by fixing
the value of the amplitude to A ≡ 1 and repeating the fit with ∆ms as free fit parameter.
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Figure 5.16: Results of the amplitude fit employed in the CDF II measurement of ∆ms. The panels
on the left and the top right show the fitted value of the oscillation amplitude and its uncertainty as
a function of the assumed value of ∆ms in the hadronic, semileptonic and combined event samples,
respectively. Error bars indicate the statistical uncertainty σA returned by the fit. The lower right
panel shows the logarithm, Λ, of the ratio of the likelihoods for A = 0 and for A = 1 as a function
of the assumed value of ∆ms, for the full data sample and for the hadronic and semileptonic samples
separately. The dashed horizontal line at Λ = −15 corresponds to a probability of 5.7 × 10−7 or five
Gaussian standard deviations of observing a signal of this amplitude or larger in a sample of randomly
tagged candidates (from [245]).

Figure 5.17: Values of the mixing amplitude obtained from fits to the fully reconstructed hadronic
sample in five bins of the reconstructed decay time modulo the measured oscillation period from the
CDF II analysis of ∆ms. The superposed cosine curve uses parameters from the full ∆ms fit to the
fully hadronic sample (from [245]).

Systematic uncertainties on ∆ms due to the knowledge of the absolute scale of the decay time
measurement were investigated, including possible biases on the reconstruction of the primary
pp interaction vertex due to the possible inclusion in the vertex fit of decay products from the
opposite-side b hadron, uncertainties in the alignment of the silicon vertex detector, and biases
in track fitting. The final result of the measurement was quoted as

∆ms = 17.77 ± 0.10 (stat) ± 0.07 (syst) ps−1 .

The central value of this result corresponds to an oscillation period of 363 fs, about four times
the average decay time uncertainty for fully reconstructed hadronic decays.

Measurements at LHCb

The first measurement of the B0
s−B0

s oscillation frequency published by the LHCb collabo-
ration [247] was based on the data set collected in the year 2010, corresponding to an inte-
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grated luminosity of only 0.036 fb−1. A total of 1380 fully reconstructed B0
s→D−s π

+ and
B0
s→D−s π

+π−π+ candidates was extracted and, despite the small analyzed data set, the
precision of the ∆ms measurement was already superior to that of the CDF II result. The
comparison serves to underline the importance of the decay-time resolution for measurements
of time-dependent asymmetries in the B0

sB
0
s system. In the LHCb analysis, the average decay

time resolution for fully reconstructed B0
s→D−s π

+ decays was found to be 44 fs, a factor of
two better than that achieved in the analysis at CDF II. The superior decay time resolution
is partially due to the larger Lorentz boost with which the B0

s mesons are produced in LHCb
(see Figure 4.22) and partially due to the excellent vertex resolution resulting from the layout
and design of the LHCb vertex detector described in Section 4.4.

A second measurement of ∆ms using fully reconstructed hadronic decays [248] was per-
formed using the 2011 data set, corresponding to an integrated luminosity of 1 fb−1 collected
at a pp collision energy of 7 TeV. The analysis was based on the decay modes B0

s→D−s π
+

followed by D−s →φπ−, D−s →K∗0π−, D−s →K−K+π−, D−s →K−π+π− and D−s →π−π+π−,
with φ→K+K− and K∗0→K+π−. Candidates were selected at the software trigger level
by requiring a good-quality secondary vertex that was significantly displaced from the recon-
structed pp interaction vertex and was formed by two, three or four reconstructed tracks which
fulfilled requirements on their transverse momenta. The selection of signal candidates in the
offline reconstruction made use of a multivariate classifier that combined information on the sig-
nificance of the impact parameters of the final-state particles with respect to the reconstructed
pp interaction vertex, the displacement of the decay vertices of the Brec and D−s candidates
in the plane transverse to the beam axis, and the angle between the reconstructed momen-
tum vector of the Brec candidate and the line connecting the pp interaction vertex with the
reconstructed decay vertex of the Brec candidate. Additional requirements were placed on the
reconstruction quality of tracks and vertices, on particle identification criteria, on the sum of
the transverse momenta of the final state particles and on the reconstructed invariant masses of
intermediate particles. The measured invariant-mass distributions of Brec candidates in each of
the five decay modes are shown in Figure 5.18. A total of about 34’000 candidates was selected
in the five decay modes. The background contamination in the signal region was found to be
small and to consist of combinatorial background from random combinations of particles and of
B0 and Λb decays with a misidentified final-state particle. The combinatorial background was
estimated by extrapolation from the upper sidebands in the invariant-mass distribution of the
Brec candidates, while the contributions from misidentified B0 and Λb decays were estimated
from samples of simulated events.

The value of ∆ms was extracted from a simultaneous fit to the measured invariant-mass and
decay-time distributions of Brec candidates in the five considered decay modes. The decay-time
distribution of the signal component was described in the fit as

Psig(t) =

{
Γs
4
e−Γst

[
cosh

(
∆Γs

2
t

)
+ qtag(1− 2ωtag) · cos (∆mst)

]}
⊗ G(t | 0, σt) × ε(t) ,

where ∆Γs is the decay-width difference between the two mass eigenstates in the B0
sB

0
s system,

qtag = +1 for events tagged as unmixed and qtag = −1 for events tagged as mixed, ωtag is the
calibrated estimate of the mistag probability, σt is the calibrated estimate of the decay-time
resolution and G(t | 0, σt) describes a Gaussian probability density function with mean zero and
standard deviation σt. Finally, ε(t) describes the decay-time dependence of the reconstruction
efficiency.

The value of ∆Γs was fixed in the fit to that found in an LHCb measurement of CP violating
asymmetries in the B0

sB
0
s system, which will be described in Section 6.1. Flavour tagging relied

on a combination of opposite-side tagging algorithms and a same-side kaon tagging algorithm as
described in Section 4.4. The event-by-event estimate of the mistag probability, ηtag, returned
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Figure 5.18: Distributions of the D−s π
+ invariant mass for selected candidates in the five D−s decay

modes utilized in the LHCb measurement of the B0
s−B0

s oscillation frequency, ∆ms, in the decay
B0
s→D−s π

+. The respective D−s decay modes are listed in each of the five panels. Different shadings
indicate the signal component and different background components as described in the plot legends,
where “misid. bkg.” refers to background from B0 and Λb decays with a misidentified final-state particle
and “comb. bkg.” refers to combinatorial background from random combinations of final-state particles
(from [248]).

Figure 5.19: Decay-time distributions for signal candidates tagged as mixed and signal candidates
tagged as unmixed, from the LHCb messurement of the B0

s−B0
s oscillation frequency, ∆ms in the

decay B0
s→D−s π

+. The expected oscillation pattern is clearly visible over several oscillation periods.
The plotted lines show the projection of the fit result (from [248]).
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by each of the two algorithms was calibrated by parametrizing it in the fit for ∆ms as

ωtag ≡ p0 + p1(ηtag − 〈ηtag〉) ,

where p0 and p1 were free fit parameters. Finally, the event-by-event estimate of the decay-
time resolution, σt, was derived from the output of the track and vertex fitting algorithms
and was calibrated on collision data in a similar manner as in the measurement at CDF II
described in the previous paragraphs: fake Brec candidates were formed by combining a prompt
D−s candidate with a random track from the same pp interaction vertex and the measured
decay times for these candidates were used as an estimate for the true decay-time resolution.
Including this calibration, the average decay time resolution was found to be 44 fs, as in the
first LHCb measurement. The decay-time acceptance, ε(t), was described by a functional form
derived from samples of simulated events.

The result of the fit for ∆ms is shown in Figure 5.19. A clear oscillation signal is visible
over a total of ten oscillation periods. Systematic uncertainties on ∆ms were found to be
dominated by the knowledge of the absolute length scale of the vertex detector and the mo-
mentum scale of the spectrometer. The first contribution was estimated from comparisons of
survey data with the results of a track-based alignment and by studies of track distributions in
the vertex detector, the second was estimated from a dedicated study that compared the re-
constructed invariant-mass spectra for various narrow resonances with well established known
masses to calibrate the momentum scale of the LHCb spectrometer. A smaller contribution
to the systematic uncertainty was found to be possible biases on the reconstructed decay time
due to selection criteria and reconstruction algorithms. Other possible sources of systematic
uncertainties were investigated but were found to be negligible. The result of the measurement,

∆ms = 17.768 ± 0.023 (stat) ± 0.006 (syst) ps−1 .

dominates the current knowledge on the value of ∆ms.

As another proof of the detector performance, the LHCb collaboration also published a
measurement of ∆ms based on a sample of semileptonic decays B0

s→D−s µ
+X that was ex-

tracted from the data collected in 2011 [244]. The analysis searched for D−s µ
+ candidates

originating from a common decay vertex, where D−s candidates were reconstructed in the de-
cay D−s →K−K+π−. Selection criteria were applied on the quality of the track and vertex
reconstruction, on particle-identification information and on the momenta of the reconstructed
particles, on invariant masses, and on the displacements of the reconstructed decay vertices.
The distribution of the reconstructed K+K−π+ invariant-mass for selected K−K+π−µ+ can-
didates is shown in Figure 5.20. Clean signals are observd at the known D− and D−s masses,
over a flat combinatorial background formed by random K−K+π− combinations. The sample
was split into two by placing a cut at an invariant mass in between the D− and D−s sig-
nals. Candidates in the upper part of the invariant-mass spectrum were used to search for the
B0
s−B0

s oscillation signal and measure its frequency, while candidates in the lower part of the
spectrum were employed for a simultaneous measurement of the B0−B0 oscillation frequency,
∆md. Figure 5.20 also shows the distribution of the normalized K−K+π−µ+ invariant-mass,
defined as

n ≡ m(K−K+π−µ+)−mD −mµ

mB −mD −mµ

where mB, mD and mµ are the nominal masses of the B0
(s) and D−(s) meson and the muon,

respectively. Fully reconstructed candidates should be distributed around n = 1, while in fact
a broad distribution is observed as not all final-state particles are reconstructed. A correc-
tion factor was applied to the reconstructed Brec candidate momentum to reduce the effect of
the missing particles on the decay-time resolution. This correction factor was parametrized
as a function of the observed K−K+π−µ+ invariant mass and was determined from samples
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Figure 5.20: Distributions of (left) the K−K+π− invariant mass and (right) the normalized
K−K+π−µ± invariant mass defined in the text, for K−K+π−µ± candidates from the LHCb analysis
using semileptonic decays. “Neutral” refers to signal candidates in which the K−K+π− combination
and the muon have opposite charge, “double-charged” refers to a background sample of candidates
formed by a K−K+π− combination and a muon with same charge (from [244]).

Figure 5.21: Decay time resolution as a function of the decay time for simulated samples of semilep-
tonic decays of B mesons in LHCb. The decay time resolution is estimated from Gaussian fits to the
distribution of the reconstructed decay times in bins of either the generated (“simulated”) or the recon-
structed (“measured”) decay time. The small difference in the results is taken into account as a source
of systematic uncertainty in the ∆ms measurement (from [244]).

Figure 5.22: Decay-time dependent mixing asymmetry for K−K+π−µ+ signal candidates measured in
LHCb. The upper panel shows the measured asymmetry in bins of the calibrated decay time together
with the projection of the fit function. The lower panel shows the difference between the value of
the fitted function and the observed asymmetry in each bin, divided by the uncertainty on the ob-
served asymmetry. For a good fit, these values should be spread around zero according to a Gaussian
distribution with standard deviation one (from [244]).
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of simulated events. The resulting decay-time resolution as estimated from samples of simu-
lated events is shown as a function of the decay time in Figure 5.21. Flavour tagging relied
on the usual combination of opposite side tagging algorithms and the same-side kaon tagging
algorithm. A multi-dimensional binned maximum likelihood fit to the messured K+K−π+ in-
variant mass, the normalized K−K+π−µ+ invariant mass, n, the measured decay time, and
the response of the flavour tagging algorithms was performed to extract the oscillation signal
and measure ∆ms. The fit took into account a signal component and three categories of back-
ground, characterized by their reconstructed decay time and K−K+π− invariant mass: prompt
D−s background with a K−K+π− invariant mass compatible with the D−s mass but small decay
time compatible with D−s and muons from the primary pp interaction, prompt combinatorial
background with small decay time and K−K+π− invariant mass outside a D−s signal region,
and long-lived cominatorial background with K−K+π− invariant mass outside a D−s signal
region but long decay time. The fitted decay time asymmetry for the signal component, char-
acterized by long decay time and K−K+π− invariant mass compatible with the D−s mass is
shown in Figure 5.22. A clear oscillation signal is visible, which is gradually washed out by the
deteriorating decay-time resolution at increasing decay time. The statistical significance of the
signal was found to correspond to 5.8 Gaussian standard deviations. Systematic uncertainties
were found to be dominated by a small bias in the fitted value observed in samples of simulated
events, by the parametrization of the decay-time resolution as a function of the decay time, and
by possible biases on the decay-time correction factor due to differences between simulation
and collision data. While the precision of the final result,

∆ms = 17.93 ± 0.22 (stat) ± 0.15 (syst) ps−1 ,

cannot compete with the more precise measurements using fully reconstructed hadronic de-
cays, the measurement demonstrated the ability of the LHCb detector to resolve the rapid
B0
s−B0

s oscillations also in semileptonic decay modes.

5.2 The length of the Ru side: branching fractions of
semileptonic b decays

The length of the side Ru, connecting the origin of the complex plane to the apex of the
normalized Unitarity Triangle, is given by

|Ru| =

∣∣∣∣∣ VudV ∗ubVcdV
∗
cb

∣∣∣∣∣ =
√
ρ2 + η2 ,

where the second equality uses the Wolfenstein parameters ρ = (1 − λ2

2 )ρ and η = (1 − λ2

2 )η
defined in the introduction to this chapter.

The CKM elements Vcd = sin θC and Vud =
√

1− sin2 θC are related to the well Cabibbo
angle, θC , and their magnitudes are therefore known to good precision. The magnitudes of the
other two CKM matrix elements can be determined by measuring the branching fractions of
semileptonic b decays to charmed final states, BF (b→ c `+ν`) ∝ |Vcb|

2, and to charmless final
states, BF (b→u `+ν`) ∝ |Vub|

2, respectively. The precision with which the magnitudes of the
CKM matrix elements can be extracted from the measurements of the branching fractions
is limited by theoretical uncertainties due to low-energy QCD effects that cannot be treated
perturbatively.

From the point of view of experiments, the preferred approach is to measure branching
fractions of exclusive decays, such as B+→D(∗)0`+ν` or B0→D(∗)−`+ν` and B+→π0`+ν` or
B0→π−`+ν`. The tree-level Feynman diagrams for these decays are shown in Figure 5.23.
Precise measurements of the exclusive branching fractions can be performed at the B factories,
where the integrated luminosity is well known and the kinematic properties of the undetected
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Figure 5.23: Feynman diagrams illustrating exclusive semileptonic B0 and B+ decays sensitive to
(left) the CKM matrix element Vcb and (right) the CKM matrix element Vub.
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Figure 5.24: Feynman diagrams illustrating inclusive semileptonic b decays sensitive to (left) the
CKM matrix element Vcb and (right) the CKM matrix element Vub.

neutrino can be derived from the topology and kinematics of the remainder of the event.
However, theoretical calculations of exclusive branching fractions suffer from significant un-
certainties due to QCD effects related to the hadronization process in which the final-state
hadrons are created.

Theoretical uncertainties are smaller in the calculation of the inclusive branching fractions
B→Xc `

+ν` and B→Xu `
+ν`, where B denotes a charged or neutral B meson and Xc and

Xu denote a charmed or charmless hadronic final state, respectively. Generic Feynman di-
agrams illustrating such inclusive decays are shown in Figure 5.24. However, measurements
of inclusive branching fractions are experimentally more challenging than those of the exclu-
sive branching fractions. The most challenging measurement is that of BF (B→Xu `

+ν`), due
to large backgrounds from the more abundant process b→Xc `

+ν`. Using the Wolfenstein
parametrization, |Vub| = Aλ3, |Vub| = Aλ2 and

BF (b →u`+ν`)

BF (b → c`+ν`)
≈ |Vub|

2

|Vcb|
2 = λ2 ≈ 0.05 .

Cuts on the kinematics and topology of the final state particles allow to isolate clean samples
of B→Xu`

+ν` decays in regions of phase space that are not accessible to B→Xc`
+ν` due to

the larger mass of the c quark. However, the extrapolation of the measured partial branching
fraction from these small regions in phase space to the full inclusive branching fraction then
has to rely on theoretical assumptions that introduce new uncertainties. Larger fractions of
the full phase space can be explored in so-called “tagged” analyses, in which the opposite-side
B meson in the event, Btag, is reconstructed in exclusive final states. Additional kinematical
constraints on the properties of the event can then be derived, which permit a more efficient
suppression of backgrounds from decays B→Xc`

+ν`. This gain comes, however, at the expense
of significantly reduced statistics due to the small branching fractions to specific Btag final
states.

Finally, as illustrated in Figure 5.25, the Standard Model amplitude for leptonic decays
of charged B mesons is proportional to |Vub|. The amplitudes are helicity suppressed due to
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Figure 5.25: Feynman diagrams for the decay B+→ τ+ντ in (left) the Standard Model and (right) pos-
sible extentions to the Standard Model with charged Higgs bosons.

the V − A character of the weak interaction. The decays B+→ e+νe and B+→µ+νµ have
not yet been observed with the most stringent upper limits on their branching fractions being
at the level of 1 × 10−6 at 90 % confidence level [253, 254]. Because of the larger mass of the
τ lepton, the helicity suppression is less strong in the decay B+→ τ+ντ and measurements of
the branching fraction for this decay have been employed to measure |Vub|

2. The main interest
in this measurement is in the sensitivity of the branching fraction to possible contributions
from physics beyond the Standard Model. In particular, the branching fraction can be signifi-
cantly enhanced in models with charged scalar particles such as possible charged Higgs bosons
as illustrated in Figure 5.25. Early measurements of BF (B+→ τ+ντ ) seemed to indicate a
possible deviation from the value of |Vub| extracted from semileptonic decays, but the tension
has been significantly reduced by recent results published by the Belle collaboration are in goo.

In the remainder of this section, the five types of analyses are described in turn, beginning
with measurements of |Vcb| and |Vub| in exclusive decay modes, followed by measurements using
inclusive decays, and finally the measurement of BF (B+→ τ+ντ ). The section concludes with
a brief comparison of the results obtained from the different approaches. Both for |Vcb| and for
|Vub|, the results from exclusive and inclusive measurements are not in good agreement with
each other.

5.2.1 Determination of |Vcb| from exclusive semileptonic decays

Measurements of |Vcb| have been performed in exclusive semileptonic decays of neutral and
charged B mesons to D∗`±ν` and D`±ν`, where ` can be an electron or muon and charged or
neutral D∗ or D mesons are fully reconstructed in a variety of hadronic decay modes. In all
cases, analyses rely on the measurement of the differential branching fraction as a function of
the velocity transfer to the D∗ or D meson,

ω ≡
P
B
· P

D(∗)

m
B
m
D(∗)

=
m2
B

+m2
D(∗) − q2

2m
B
m
D(∗)

,

where mB and mD(∗) are the known masses of the decaying B meson and the D or D∗ meson,
PB · PD(∗) is the scalar product of their measured four-momenta and q2 is the squared mo-
mentum transfer to the `+ν` pair. In the rest frame of the decaying B meson, ω corresponds
to the Lorentz boost of the D∗ or D meson. The relationship between ω and q2 is illustrated
in Figure 5.26: the minimum velocity transfer to the D∗ or D meson, ωmin = 1, corresponds
to the maximal momentum transfer to the leptonic system, q2

max ≈ 10.69 GeV2, while the
minimum momentum transfer to the leptonic system, qmin = 0, corresponds to the maximum
velocity transfer to the D or D∗ meson, ωmax ≈ 1.5.

Following the nomenclature of the Review of Particle Physics [1], the differential branching
fractions as a function of ω can be parametrized as

dΓ

dω
(B→D∗`ν`) =

G2
F

48π2
|Vcb|

2m5
B (ω2 − 1)1/2 P (ω) η2

ew F
2(ω)
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Figure 5.26: Illustration of the relationship between the velocity transfer to the D(∗) meson, ω, and
the squared momentum transfer to the lepton pair, q2, in the the rest frame of the B meson decaying
to D`ν` or D∗`ν`. In the case of (left) minimum ω and maximum q2, the D orD∗ meson is created at
rest in the B rest frame, while the ` and the ν` are produced back-to-back with respect to each other;
in the case of (right) maximum ω and minimum q2, the D(∗) meson and the `ν` pair are produced
back-to-back with respect to each other.

Figure 5.27: Definition of the helicity an-
gles employed in the measurement of F (1)|Vcb|
from the differential cross section of exclusive
decays B→D(∗)`+ν` (from [255]).

Figure 5.28: Illustration of the angle
cos θB,D(∗)` employed analyses of the semilep-

tonic decays B→D(∗)`+ν` (from [255]).

and
dΓ

dω
(B→D`ν`) =

G2
F

48π2
|Vcb|

2 (mB +mD)2m3
D (ω2 − 1)3/2 η2

ew G
2(ω)

respectively, where GF denotes the Fermi constant, P (ω) is a phase-space factor, ηew is an
electroweak correction factor and F (ω) respectively G(ω) are the hadronic form factors that
dominate the theory uncertainty.

A discussion of the theoretical treatment of these form factors can be found in the dedicated
review in the Review of Particle Physics [1] and the references therein. In the limit of infinite
quark masses, F (1) = 1 and G(1) = 1. Corrections to these approximations can be estimated
from Heavy-Quark Effective Theory (HQET) or calculated in Lattice QCD approaches. The
current precision of Lattice-QCD calculations is quoted as ≈ 2% on the value of F 2(1) and as
≈ 5% on the value of G2(1). The D∗ meson being a vector particle, F (ω) receives contributions
from two axial form factors and one vector form factor, which in HQET are related to each
other by Heavy Quark Symmetry (HQS). Models based on HQET are employed to parametrize
the form factors as a function of ω in the case of the G(ω) and as functions of ω and the
helicity angles of the final-state particles, defined in Figure 5.27, in the case of F (ω). The
parametrization of G(ω) depends on one free parameter, which is usually taken as the slope,
ρ2
D, of G(ω) as a function of ω at ω = 1. The parametrization of F (ω) depends on three

unknown parameters, which are taken as the values at ω = 1 of the slope, ρ2
D∗ , of F (ω) and

the ratios, R1 and R2, of the two axial form factors with respect to the vector form factor.
Early measurements of |Vcb| in exclusive decay modes were performed at Argus [256], at

the LEP experiments [257–262] and at CLEO [263, 264], but the most precise results stem
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from measurements at the B factories. Analyses using the decay modes B0→D∗−`+ν` were
published by the BaBar [265, 266] and Belle [255, 267] collaborations. The BaBar collabora-
tion published in addition an analysis [268] in decays of B+→D∗0e+νe. Measurements in
B0→D−`+ν` were again published by the Belle [269] and BaBar [270] collaborations. Finally,
the BaBar collaboration published [271] a global analysis of semileptonic decays fo neutral and
charged B mesons to final states involving a D∗ or D meson. The latest of these analyses will
be described in the next paragraphs.

Measurements in decay modes B→D∗`+ν`

The BaBar collaboration published [266] a combined measurement of F (1)|Vcb|, ρ2
D∗ , R1(1)

and R2(1) in the decay B0→D∗−`+ν` that was based on 52’800 reconstructed signal can-
didates extracted from a data sample corresponding to 79 fb−1 collected at the Υ(4S) res-
onance. The Belle collaboration published an analysis [255] that made use of a sample of
120’000 reconstructed signal candidates extracted from their full data sample collected at the
Υ(4S) resonance.

In both analyses, D∗− candidates were identified by their decay to a D0 meson and a low-
momentum charged pion, where the D0 meson was reconstructed in its decay to K+π−. In
the BaBar analysis, the decay modes D0→K+π−π+π− and D0→K+π−π0 were considered
in addition. Selection criteria were applied on the invariant mass of the D0 candidate, on the
quality of the D0 and D∗− vertex fits and on the momenta of theD∗ candidate and the charged
lepton.

Two discriminating variables were employed in both analyses to determine the signal com-
ponent in the selected sample of candidates: the distribution of the difference between invariant
masses of the D∗ candidate and the D candidate, ∆m = mD∗ −mD, and the distribution of
the variable cos θB,D∗` that was already introduced in Section 5.1.1 in the context of mea-
surements of the B0−B0 oscillation frequency in semileptonic decays. Momentum and energy
conservation in the decay B0→D∗−`+ν` imply that

cos θB,D∗` =
2EBED∗` −m2

B −m2
D∗`

2 |~pB|
∣∣~pD∗`∣∣ ,

where θB,D∗` is the angle between the momentum vectors of the decaying B0 meson and the
D∗` system. Setting mB to the nominal mass of the B0 meson, EB to half the known centre-

of-mass energy of the e−e+ collision and |~pB| ≡
√
E2
B −m2

B, the calculated value of cos θB,D∗`
must lie for signal events in the range [−1,+1] within the precision of the reconstruction.
For background events, no such restriction applies and the distribution of cos θB,D∗` extends
far beyond the range of physically meaningful values. In the Belle analysis, the measured
transverse momentum of the charged lepton was employed as a third discriminating variable
besides ∆m and cos θB,D∗`.

Examples of the distributions of ∆m and cos θB,D∗` as obtained in the BaBar and Belle
analyses are shown in Figures 5.29 and 5.30 together with the estimated composition of the
samples of candidates. Six sources of background were considered in the analyses: combinato-
rial background from a charged lepton and random combinations of kaons and pions; contin-
uum background from charged leptons and correctly reconstructed D∗ candidates produced in
e−e+→ cc processes; fake lepton background from combinations of a correctly reconstructed
D∗ candidate with a misidentified charged hadron; uncorrelated D∗` background, in which a
correctly reconstructed D∗ candidate was combined with a correctly identified charged lep-
ton from the decay of the other B meson in the event; and correlated D∗X`ν` background
from decays B→D∗π`ν`, B

0→D∗−τντ with τ→ `+ν`, or B0→D∗Xc followed by a semilep-
tonic decay of the charmed hadron, Xc. In the BaBar analysis, the fraction of combinatorial
background was estimated from the measured distribution of ∆m. The fraction of continuum
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Figure 5.29: Distributions of the discriminating variables (left) ∆m and (right) cos θB,D∗` as obtained
in the BaBar measurement of F (1)|Vcb| in the decay B0→D∗−`+ν`. The distributions of ∆m are
shown for (top) D∗` candidates collected at the Υ(4S) resonance, (middle) candidates collected at a
e−e+ collision energy below the Υ(4S) resonance and (bottom) combinations of a D∗ candidate and
a hadron in events in which no particle passed lepton identification criteria. The distributions for
cos θB,D∗` are shown for D∗e candidates reconstructed in the D∗ final states indicated in the plots.
Different colours indicate signal and background components as explained in the legend and the main
text (from [266]).

Figure 5.30: Distributions of the discriminating variables (left) ∆m and (right) cos θB,D∗` as obtained
in the Belle measurement of F (1)|Vcb| in the decay B0→D∗−`+ν`. Different colours indicate signal
and background contributions as explained in the legend and the main text (from [255]).

background was estimated from the signal component in the ∆m distribution for data collected
at e−e+ collision energies below the Υ(4S) resonance. The fraction of fake-lepton background
was estimated from the signal component in the ∆m distribution for events in which no particle
fulfilled lepton identification criteria. The fraction of uncorrelated and correlated backgrounds
were determined from a χ2 fit to the cos θB,D∗` distribution, where the shapes of the signal
component and the different background components were determined from samples of simu-
lated events. In the Belle analysis, the component from continuum background was estimated
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Figure 5.31: Distributions of ω and the three angular variables cos θ`, cos θV and χ as obtained in
the BaBar measurement of F (1)|Vcb| in the decay B→D∗`ν`. The results of the fit to the data
are superimposed, where different colours indicate signal and background components as defined in
Figure 5.29 above (from [266]).

from data collected at beam energies below the Υ(4S) resonance and the remaining background
components were estimated from a simultaneous three-dimensional fit to the distributions in
the discriminating variables. The shapes of the signal and background components in these
variables were modelled from samples of simulated events.

The value of F (1)|Vcb| was then extracted simultaneously with those of ρ2
D∗ , R1(1) and

R2(1) from one-dimensional fits to the measured distributions in ω and the three helicity
angles defined in Figure 5.27.

The calculation of ω requires knowledge of the momentum of the decaying B meson. How-
ever, the reconstruction of the signal candidate only allows to constrain its direction of flight
onto the cone defined by cos θB,D∗`. In the BaBar analysis, four possible values of ω, corre-
sponding to four values of the azimuthal angle around this cone, were calculated and their
arithmetic average was employed in the further analysis. In the Belle analysis, the direction
of flight of the decaying B meson was estimated as illustrated in Figure 5.28: the momentum
vector ~pincl of the second B meson in the event was estimated by summing over all tracks and
neutral clusters that were not employed in the reconstruction of the signal candidate. Exploit-
ing the fact that the two B mesons are produced back-to-back in the centre-of-mass system of
the e−e+ collision, the vector defined by −~pincl was then projected onto the cone defined by
cos θB,D∗`.

The measured distributions of ω and the three helicity angles are shown together with the
results of the fits in Figures 5.31 and 5.32. The fit result in terms of F (ω)|Vcb| is shown in Fig-
ure 5.33. The measurement of F (1)|Vcb| was found in both analyses to be limited by systematic
uncertainties, dominated by the knowledge of particle identification and track reconstruction
efficiencies and, in the case of the BaBar analysis, by the knowledge of D0 branching fractions.

The BaBar collaboration also published a similar analysis in the decay B+→D∗0e+νe [268].
The values of F (1)|Vcb| and ρ2

D∗ were determined from a fit to the measured distributions in
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Figure 5.32: Distributions of ω and the three angular variables cos θ`, cos θV and χ as obtained in
the Belle measurement of F (1)|Vcb| in the decay B→D∗`ν`. The results of the fit to the data are
superimposed, where different colours indicate signal and background contributions as defined in the
legends shown in Figure 5.30 above (from [255]).

Figure 5.33: Illustration of the results of the BaBar and Belle measurements of F (1)|Vcb| in the decay
B0→D∗−`+ν`: (left, from [266]) projection of the fit result for F (ω)|Vcb| as a function of ω as obtained in
the BaBar analysis; (right, from [255]) one-standard-deviation confidence contours in the F (1)|Vcb|−ρ2

D∗

plane as obtained in the Belle analysis. Here, dashed lines indicate the results for different subsamples
of the data, while the red marker and the full red line indicates the combined result for the full data
sample.

ω and the decay angles, while the values of R1 and R2 were fixed to those obtained in the
analysis described in the previous paragraphs.

Measurements in decay modes B→D`+ν`

The D meson being a pseudo-scalar particle, the measurement of G(1)|Vcb| in decays B→D`ν`
does not require an angular analysis. However, the precision of the measurement suffers from
the suppression of the decay rate near ω = 1, by substantial backgrounds from partially recon-
structed decays B→D∗`ν`, and by a larger contamination from combinatorial backgrounds
due to the lack of the clear signature of a slow pion from the decay D∗→Dπ.

The Belle collaboration published a measurement ofG(1)|Vcb| in the decay modeB0→D−`+ν`
with D−→K+π−π− [269] based on an early data set corresponding to 10.8 million produced
BB pairs. An inclusive reconstruction of all remaining tracks and all neutral clusters in the
event was performed to estimate the missing energy and momentum due to the undetected
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neutrino as
Emiss ≡ 2Ebeam −

∑
Ei

and
~pmiss ≡ −

∑
~pi ,

where the sums run over all reconstructed tracks and neutral energy clusters in the event and
mass hypotheses for charged particles were assigned based on particle identification criteria.
The invariant mass

m2
miss ≡ E2

miss − |~pmiss|2

was required to be close to zero. Events were rejected if they contained an additional lepton
candidate since this would imply the presence of an additional undetected neutrino. To sup-
press events with other undetected particles, selection criteria were applied on the sum of the
charges of all reconstructed particles and on the angle between the missing momentum of the
event with respect to the beam axis.

The same sources of backgrounds were considered as in the analyses of B0→D∗`ν dis-
cussed in the previous paragraphs: combinatorial background from random combinations of
final-state particles, continuum background from non-BB events, fake-lepton background from
misidentified hadrons, uncorrelated background from combinations of a D meson from the de-
cay of one B meson and a charged lepton from the decay of the second B meson in the event,
and correlated background from B→DX`ν` in which the particle of particles X were missed
in the reconstruction. The following discriminating variables were employed to determine the
composition of the sample of selected candidates and to extract the signal component: the
invariant mass of the Kππ system, the variable

cos θB,D` ≡ =
2EBED` −m2

B −m2
D`

2 |~pB|
∣∣~pD`∣∣

defined in the same manner as cos θB,D∗` discussed previously, the energy imbalance

∆E ≡ (ED + E` + |~pmiss|) − Ebeam ,

where the energy of the neutrino was estimated by |~pmiss| since the missing momentum of the
event could be reconstructed with better precision than the missing energy, and the beam-
energy substituted invariant mass

mbc ≡
√
E2

beam − |~pD + ~p` + α ~pmiss|2 ,

where the momentum of the neutrino was estimated by the missing momentum of the event
and the factor α ≡ 1 + ∆E/|~pmiss| was introduced to effectively set ∆E = 0 for the calculation
of mbc.

The measured ω distribution before background subtraction is shown in Figure 5.34 as well
as the result of a fit to the binned ω distribution to extract the values of G(1)|Vcb| and ρ2

D.
The uncertainty on G(1) · |Vcb| was found to be dominated by the systematic uncertainty on
the reconstruction of the neutrino properties.

Based on their full data set collected at the Υ(4S) resonance, the BaBar collaboration per-
formed a combined “tagged” analysis of the decay modesB0→D−`+ν` andB+→D0`+ν` [270],
in which the opposite-side B meson in the event was fully reconstructed in hadronic decay
modes Btag→DX±tag, where X±tag denotes a combination with total charge ±1 of up to five
charged pions or kaons, up to two K0

S candidates and up to two neutral pions and D denotes
a D0 candidate reconstructed in decays to K−π+, K−π+π0, K0

Sπ
+π−, K0

Sπ
+π−π0, K0

Sπ
0,

K+K−, π+π− or K0
SK

0
S , a D+ candidate reconstructed in decays to K−π+π+, K−π+π+π0,

K0
Sπ

+, K0
Sπ

+π0, K+K−π+, K0
SK

+ or K0
Sπ

+π+π−, a D∗+ candidate reconstructed in decays
to D0π+ or D+π0, or a D∗0 candidate reconstructed in decays to D0π0 or D0γ. In total, about
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Figure 5.34: Distribution of ω (called ỹ in the Belle analysis) and the results of binned fit for G(1)|Vcb|
and ρ2

D as obtained in the (left, from [269]) the Belle analysis and (right, from [270]) the tagged BaBar
analysis using the decay B→D`ν`. The ω distribution from the Belle analysis is shown before, that
from the BaBar analysis after background subtraction.

1000 exclusive final states were considered in the reconstruction of Btag candidates. The selec-
tion of these candidates relied on the reconstructed beam-energy substituted invariant mass.
The same combination of final states was employed in various other hadronic tagged analyses
in BaBar, some of which will be discussed later in this section.

Having performed a full reconstruction of the opposite-side B meson, the missing invariant
mass of the event as well as the value of ω could then be determined with good precision.
An extended maximum likelihood fit to the distribution of the squared missing mass of the
events was performed to determine the B→D`+ν` signal yields in ten bins of ω, considering
background contributions from combinatorial and continuum background, from misidentified
leptons and from other semileptonic decays of B mesons. The extracted signal yields and the
result of the fit for G(ω)|Vcb| are shown in Figure 5.34.

Combined BaBar analysis of B→D∗`+ν` and B→D`+ν`

Finally, the BaBar collaboration published a combined analysis of B→D∗`+ν` and B→D`+ν`
decays [271] based on a data set corresponding to 230 million produced BB pairs. The analysis
made use of inclusive samples of D0`+ and D−`+ candidates, where D0 and D− candidates
were reconstructed in the final states K+π− and K+π−π−, respectively. Combinatorial back-
ground from random combinations of kaons and pions was estimated and subtracted from
sidebands in the invariant-mass distribution of D meson candidates, and continuum back-
ground from non-BB events was determined from data collected at e−e+ collision energies
below the Υ(4S) resonance and The remaining sample of candidates then contains contribu-
tions from B→D`+ν` and B→D∗`+ν` signal decays and backgrounds from fake leptons and
from correlated and uncorrelated D` combinations as defined in the previous paragraphs.

Three discriminating variables were employed to separate these components: the variable
cos θB,D`, and the momenta of the D candidate and the `+ candidate in the centre-of-mass
frame of the e−e+ collision. The shapes of the distributions in these variables for the different
decay modes were modelled from samples of simulated events. As an example, expected and
observed distributions in the two momenta are shown in Figure 5.35. The values of R1 and R2
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were fixed to those obtained in Ref. [266]. The results of the fit, including the full covariance
matrix for the fit parameters, were then employed to calculate F (1)|Vcb| and G(1)|Vcb|. The
measurement uncertainty was found to be dominated by systematic uncertainties related to the
track reconstruction, the knowledge of the branching fractions for the various B andD decays
employed in generating samples of simulated events, radiative corrections, and lepton particle-
identification efficiencies.

Summary of results

The different BaBar and Belle results are in good agreement with each other and with earlier
measurements from the LEP experiments and CLEO. A compilation of the results, prepared by
the Heavy Flavour Averaging Group, is shown in Figure 5.36. The BaBar and Belle analyses
extract values for |Vcb| ranging between 37.5 × 10−3 and 39.9 × 10−3, quoting statistical and
experimental systematic uncertainties of a couple of percent and uncertainties of about (2.5−
3.5)% due to hadronic form factors. Using recent Lattice-QCD calculations of F (1) and G(1),
the Heavy Flavour Averaging Group [2] quote averages of

|Vcb| = ( 38.94 ± 0.49 (exp) ± 0.58 (theo) )× 10−3

for the determination from decays B→D∗`+ν` and

|Vcb| = ( 39.45 ± 1.42 (exp) ± 0.88 (theo) )× 10−3

for the determination from decays B→D`+ν`. The 2014 edition of the Review of Particle
Physics [1] quotes a world average of

|Vcb| = ( 39.5 ± 0.8 )× 10−3

from measurements of exclusive decays.

5.2.2 Determination of |Vub| from exclusive semileptonic decays

Determinations of |Vub| from the exclusive decays B0→π−`+ν` or B+→π0`+ν` rely on the
measurement of their differential cross section as a function of the squared momentum transfer
to the lepton system,

q2 ≡ (PB − Pπ)2 = (P` + Pν)2 ,

where PB, Pπ, P` and Pν are the four-vectors of the decaying B meson and the three final-
state particles, respectively. Following the notation of the Review of Particle Physics [1], the
differential cross section as a function of q2 can be parametrized as

dΓ (B→π`ν`)

dq2
=

G2
F

24π2
|Vub| |pπ|

3 |f+(q2)|2 ,

if the mass of the charged lepton is neglected. Here, |pπ| is the momentum of the pion in the rest
frame of the decaying B meson and f+(q2) is the relevant hadronic form factor incorporating
non-perturbative QCD effects. A discussion of the theoretical treatment of this form factor can
be found in the dedicated review in Ref. [1] and the references therein. Calculations of f+(q2)
rely on lattice QCD [272, 273] and light-cone sum rules [274]. Light-cone sum rules provide
information near q2 = 0, while lattice-QCD calculations are restricted to large values of q2. Low
values of q2 correspond to a large momentum and a small wavelength of the pion. Calculations
on the lattice would require a fine lattice spacing that is currently still out of reach. The
interpolation between the two regimes is possible using analyticity and unitarity bounds, in
particular making use of the heavy-quark limit. Such interpolations yield a smooth transition
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Figure 5.35: Distribution of the momenta of D and electron candidates for selected De+ pairs in samples
of (top left) simulated B→De+νe decays, (top right) simulated B→D∗e+νe decays, (bottom left) cor-
related and uncorrelated background in samples of simulated events and (bottom right) collision data
after subtraction of combinatorial and continuum backgrounds, as obtained in the BaBar measurement
of F (1)|Vcb| and G(1)|Vcb| using inclusive D(∗)` pairs (from [271]).

Figure 5.36: Compilation of results for (left) ηEWF (1)|Vcb| vs ρ2
D∗ and (right) ηEWG(1)|Vcb| vs ρ2

D,
as prepared by the Heavy Flavour Averaging Group [2] for the 2014 edition of the Review of Particle
Physics.
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between the two regimes, giving some confidence in the approach. Current uncertainties on
calculations from lattice-QCD and light-cone sum rules are quoted as about 10%.

Recent measurements of the differential cross section have been performed at CLEO [275–
277], BaBar [278–284] and Belle [285–287]. Three approaches have been pursued: untagged
analyses [275–278,280,282–284,286], in which the kinematic properties of the undetected neu-
trino are inferred from an inclusive reconstruction of the remainder of the event; hadronic
tagged analyses [279, 287], in which the second B meson in the event, Btag, is fully recon-
structed in a number of hadronic decay modes; and semileptonic tagged analyses [279,281,285],
in which Btag candidates are reconstructed in semileptonic decay modes. Untagged measure-
ments give the highest event yields but suffer from worse resolution and larger backgrounds
than tagged measurements. In tagged measurements, the flight direction of the signal B meson
can be constrained by the reconstruction of the Btag candidate, resulting in a more precise re-
construction of the neutrino properties and better suppression of backgrounds. However, this
comes at the expense of significantly reduced event yields due to the small branching fractions
to specific Btag final states and the finite efficiencies in reconstructing of Btag candidates. In
the following, the three types of measurements at the B factories will be briefly described.

Untagged analyses

The BaBar collaboration published an untagged analysis [284] that was based on the full data
set corresponding to 462 million produced BB pairs. The latest untagged analysis published
by the Belle collaboration was based on a data set corresponding to 657 million produced
BB pairs. The two analyses followed similar patterns, except that the BaBar measurement
included the decays B0→π−`+ν` as well as B+→π0`+ν`, while the Belle analysis considerd
only decays of neutral B mesons. Candidates were formed by combining a high-momentum
muon or electron candidate with a pion candidate of opposite charge or, in the case of the
decay B+→π0`+ν`, with a π0 candidate formed from two photon clusters. Muon candidates
were rejected if they formed an invariant mass compatible with the mass of the J/ψ meson
when combined with another track. Further selection criteria were applied on event-shape
variables, on kinematic properties of the lepton and pion candidates and on the helicity angle
of the charged lepton, the latter being defined as the angle between the momentum of the
lepton and the direction opposite to the momentum of the decaying B meson in the rest frame
of the `ν` system. The energy imbalance, Emiss ≡ 2Ebeam −

∑
Ei, and momentum imbalance,

~pmiss ≡ −
∑
~pi, of the event were calculated by summing over all reconstructed tracks and

neutral clusters and the squared missing mass of the event,

m2
miss ≡ E2

miss − |~pmiss|2 ,

was required to be compatible with zero within the precision of the measurement. Furthermore,
the variable

cos θB,π` ≡
2EBEπ` −m2

B −m2
π`

2 |~pB|
∣∣~pπ`∣∣

was defined in analogy to the variables cos θB,D∗` and cos θB,D` employed in measurements of
|Vcb| from exclusive semileptonic decays and its value was required to assume a value within
the physically meaningful range.

The extraction of the signal component from the sample of selected candidates relied on the
energy imbalance, ∆E, and beam-energy substituted invariant mass, mES, of the B candidate
as defined in Section 4.1. The momentum and energy of the undetected final-state neutrino
were estimated in the calculation of ∆E and mES by the missing momentum, ~pmiss, of the
event and its magnitude, respectively.

To avoid the rather large uncertainty due to this estimation of the neutrino momentum and
energy, the the squared momentum transfer to the `ν` system was calculated from the four-
vectors of the decaying B meson and the final-state pion as q2 = (PB−Pπ)2. The reconstruction
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Figure 5.37: Measured distributions of the beam-energy substituted invariant mass, mES or Mbc, and
the energy imbalance, ∆E, of (left, from [284]) B0→π−`+ν` and (middle, from [284]) B+→π0`+ν`
candidates from the BaBar analysis and (right, from [286]) B0→π+`+ν` candidates from the Belle
analysis of |Vub| in these decay modes. In all cases, distributions are shown summed over all q2 bins
from 0 to 16 GeV2/c2. The results of the fit to the data are superimposed, where different shadings
indicate the signal and background components as defined by the respective plot legends.

of the signal candidate only allows to constrain the momentum of the decaying B meson to lie
on the cone defined by cos θB,π`. Therefore, four possible values of q2, corresponding to four
equidistant values of the azimuthal angle around this cone, were calculated and their average
was used for the further analysis. In forming the average, each of the four value was weighted
with sin2 θB, where θB is the angle between the beam direction and the assumed flight direction
of the B candidate in the rest frame of the e−e+ collision. This weighting was motivated by the
fact that B mesons are pseudoscalar particles and their differential production cross section
follows a sin2 θB distribution.

Signal yields in bins of q2 were determined from two-dimensional maximum-likelihood fits
to the measured distributions in ∆E and mES. Thirteen q2 bins were employed in the BaBar
analysis and twelve in the Belle analysis. Examples for the measured distributions are shown
in Figure 5.37 together with projections of the fit results. Besides the signal component,
the fit functions included components for backgrounds from B→Xu`

+ν` decays other than
B→π`+ν`, from other BB decays and from non-BB continuum events. In the BaBar analysis,
the background components from B→Xu`

+ν` and other BB decays were further subdivided
into a component from events in which the charged lepton and the pion were produced in the
decay of the same B meson and a component in which one of them was produced in the decay
of one B meson and the other in the decay of the second B meson in the event. In both
analyses, the background from other BB decays was found to be dominated by semileptonic
decays B→Xc`

+ν`. The expected shapes of the ∆E and mES distributions for the signal and
background components were obtained from samples of simulated events. Unfolding procedures
based on samples of simulated events were applied to correct the binned q2 distribution for
bin-to-bin migrations due to detector and reconstruction effects. Simulated samples of events
were also employed to determine selection and reconstruction efficiencies.

Systematic uncertainties on the measurements of the differential branching fractions were
found to be dominated on the one hand by the understanding of detector and reconstruction
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effects and on the other hand by the understanding of backgrounds from non-BB continuum
events in the case of the Belle analysis and backgrounds from other b→u`+ν` decays in the
case of the BaBar analysis.

Hadronic tagged measurements

The BaBar collaboration published a hadronic tagged analysis [279] based on a data set cor-
responding 232 million produced BB pairs, the Belle collaboration published such an analy-
sis [287] based on their full data set, corresponding to 772 million produced BB pairs. In the
BaBar analysis, the opposite-side B meson, Btag, was fully reconstructed in the same combi-
nation of about 1000 exclusive final states that was employed in in their measurements of |Vcb|
from hadronic tagged samples of B→D(∗)`+ν` decays described in Section 5.2.1 above. In the
Belle analysis, a multivariate algorithm based on an artificial neural network was employed
to select Btag candidates in about 1100 fully reconstructed hadronic decay modes. The per-
formance of this algorithm was evaluated on collision data employing samples of B→Xc`

+ν`
candidates as a proxy for the signal decays.

Both analyses considered the signal decay modes B+→π0`+ν` and B0→π−`+ν`. In addi-
tion to the particles employed in the reconstruction of the Btag candidate, events were required
to contain a charged lepton candidate and a π0 candidate or an oppositely charged track that
did not fulfill lepton or a kaon identification criteria. Events were rejected if they contained
additional tracks or significant residual energy deposits in calorimeter. Muon candidates were
rejected if they formed an invariant mass compatible with the known J/ψ mass when combined
with the second charged track. Electron candidates were vetoed if they were compatible with
being due to a photon conversion.

For correctly reconstructed events, the only missing particle should be the neutrino from the
semileptonic decay of the signal candidate. The squared momentum transfer to the `ν` system
could be determined to good precision as q2 = (P` + Pmiss)

2, where Pmiss = PΥ(4s) − PBtag
−

Pπ − P` is the missing four-momentum of the event. Moreover, the missing mass of the event,
m2

miss ≡ |Pmiss|2, should be close to zero.

Signal yields in bins of q2 were determined from fits to the measured mES distribution of
the Btag candidates to extract the fraction of correctly tagged events and fits to the m2

miss dis-
tribution to extract the fraction of signal candidates. The binning in q2 was determined by the
signal yields. Only three bins were employed in the BaBar analysis, while seven and thirteen
bins were employed in the Belle analysis of the decays B+→π0`+ν` and B0→π+`+ν`, respec-
tively. Measured distributions of m2

miss from the BaBar and Belle analyses, summed over all
bins in q2, are shown together with the results of the fits in Figure 5.38.

The precision on the measurement of the differential branching fractions was in both analy-
ses limited by statistical uncertainties. The largest contributions to the systematic uncertainty
were found to be due to the knowledge of reconstruction efficiencies and the understanding
of background contributions from other B→Xu`

+ν` decays in the case of the BaBar analysis
and by the understanding of the Btag reconstruction efficiency in the case of the Belle analysis.

Semileptonic tagged measurements

The latest semileptonic tagged analysis published by the BaBar collaboration [281] was based
on a data set corresponding to 383 million produced BB pairs. The Belle collaboration pub-
lished a semileptonic tagged analysis [285] that was based on a data set corresponding to about
275 million produced BB pairs. In both analyses, Btag candidates were reconstructed in the
decays of charged and neutral B mesons to D∗`+ν` and D`+ν`, where D∗ candidates were
reconstructed in their decays D∗+→D0π+, D∗+→D+π0, D∗0→D0π0 and, in the case of the
BaBar analysis, D∗0→D0γ. Charged D candidates where reconstructed in their decays to
K+π−π+ and K0

Sπ
+ in the BaBar analysis and in a total of seven fully reconstructed hadronic
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Figure 5.38: Distribution of the squared missing invariant mass as observed in (top) B0→π0`+ν` and
(bottom) B+→π0`+ν` candidates in the hadronic tagged (left, from [279]) BaBar and (right, from [287])
Belle measurements of |Vub| in these decay modes. The results of fits to the data are superimposed,
where in the panels on the left white histograms indicate the signal component, light grey histograms
indicate the background component from other B→Xu`

+ν` decays, dark grey histograms indicate
backgrounds from B→Xc`

+ν` decays and black histograms indicate backgrounds from other sources.
Vertical arrows indicate the boundaries of the signal regions. The meaning of the different shadings in
the panels on the right are explained in the legends of the plots.

decay modes to combinations of charged and neutral kaons in the Belle analysis. Neutral
D candidates were fully reconstructed in four hadronic decay modes in the BaBar analysis and
in ten decay modes in the Belle analysis.

In both analysis, the reconstructed D∗ or D candidate was paired with a charged lepton
candidate and the angle cos θ

B,D(∗)`
between the D(∗)` system and the Btag candidate was

calculated as defined in the discussion of exclusive measurements of |Vcb| in Section 5.2.1. A
loose requirement was applied on the value of cos θ

B,D(∗)`
to suppress backgrounds.

Exactly one additional charged lepton candidate was required in the remainder of the event.
Pairs of leptons compatible with being due to a J/ψ decay were rejected as well as electron
candidates that were compatible with being due to a photon conversion. In the Belle analysis,
the charged leptons on the tag side and the signal side were required to have opposite charge.
In the case of B0B0 events, this requirement leads to a signal loss due to B0−B0 mixing. This
loss was estimated from samples of simulated events.

The charged lepton candidate was then combined with a π0 candidate or a track of opposite
charge from the remainder of the event to form B→π`+ν` candidates. The angle cos θB,π`
between the π` system and the direction of flight of the decaying B meson was calculated as
defined in the previous paragraphs and a loose requirement was applied on its value to suppress
backgrounds. As the two B mesons are produced back-to-back in the centre-of-mass frame of
the e−e+ collision, their directions of flight must lie on the intersection of the two cones defined
by cos θ

B,D(∗)`
and cos θB,π` as illustrated in Figure 5.28. This leads to the requirement

cos2 φB =
cos2 θ

B,D(∗)`
+ cos2 θB,π` + 2 cos θ

B,D(∗)`
cos θB,π` cos γ

sin2 γ
,

where γ is the angle between the reconstructed momenta of the D(∗)` system and the π` system
and φB is the angle between the direction of flight of the B meson and the plane defined by the
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momenta of the D(∗)` and the π` systems. For signal events, cos2 φB ≤ 1, while for background
this variable has no physical meaning and follows a broad distribution.

The kinematic reconstruction does not permit to determine the sign of φB and the flight
direction of the signal B candidate is known only up to a two-fold ambiguity. The value of
q2 was therefore approximated, neglecting the momentum of the B meson in the laboratory
system, as

q2 ≈ (mB − Eπ)2 − |~pπ|2,

where Eπ and ~pπ are the reconstructed energy and momentum of the pion candidate. The
analysis was performed in three bins in q2. The signal yield in each bin was obtained from
fits to the measured cos2 φB distributions, where the expected shapes of the distributions
for signal and background components were determined from samples of simulated events.
Measured distributions of cos2 φB from the BaBar and Belle analyses, summed over all bins
in q2, are shown together with the results of the fits in Figure 5.38.

The reconstruction efficiency for Btag candidates was determined from collision data, apply-
ing the analysis to event samples in which both B mesons were reconstructed in semileptonic
decays to B→D(∗)`+ν`. The reconstruction efficiency for the signal B meson were deter-
mined from samples of simulated events. In both analyses, the precision on the measurement
of the differential branching fractions was limited by its statistical uncertainty. Systematic
uncertainties were found to be dominated by the understanding of detector and reconstruction
effects, by the modelling of signal and background distributions from simulated events and by
the calibration of the Btag reconstruction efficiency, which in turn was limited by statistical
uncertainties due to the size of the available control sample.

Summary of results

In all analyses described above, values of |Vcb| are extracted from the measured differential
branching fractions. The obtained results range from 3 × 10−3 to 4 × 10−3, with quoted
statistical uncertainties of 3% to 6% for untagged analyses and of 10% to 12% for tagged
analyses. Systematic uncertainties from experiment are quoted as 2% to 5% and uncertainties
due to form-factor normalizations as 10% to 15%.

The Heavy Flavour Averaging Group [2] has calculated averages of the measured partial
branching fractions and used these averages along with form factor normalizations based on two
lattice QCD calculations [272,273] and two calculations based on light-cone sum rules [274,288]
to determine combined values of |Vub|. The results of the four calculations are consistent with
each other. No attempt was made to form an average of these results or select a best value.
The Heavy Flavour Averaging Group also performed simultaneous fits of form factor parame-
terizations to the four most precise BaBar and Belle measurements [282,284,286,287], together
with either four points in the high-q2 region obtained from lattice QCD calculations [273] or
a point at q2 = 0 obtained from light-cone sum rules [289]. The results of these two fits are
shown in Figure 5.41. The fits give χ2 probabilities of 5.3% and 2.9% and yield values of
|Vub| = (3.28± 0.29)× 10−3 and |Vub| = (3.53± 0.29)× 10−3, respectively. The 2014 edition of
the Review of Particle Physics [1] quotes the first of the two results

|Vub| = (3.28± 0.29)× 10−3.

as the value of |Vub| from exclusive measurements.

5.2.3 Determination of |Vcb| from inclusive semileptonic decays

At the parton level, the decay rate for the inclusive process b→ c`ν` is determined by the value
of |Vcb| and by the masses, mb and mc, of the beauty and charm quark. Perturbative and non-
perturbative effects due to the strong interaction can be calculated [290–292] employing Heavy
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Figure 5.39: Illustration of the decay topology in semileptonic tagged events: the z axis is defined by
the momentum vector of the π` system, the y axis is defined such that the momentum vector of the
D(∗)` system lies in the y− z plane. The momentum vectors of the decaying B mesons must lie on the
intersections of the two cones defined by cos θB,π` and cos θ

B,D(∗)`
. The short-dashed arrow indicates

one of the two solutions. The angle φB is not shown, it is the angle between the direction of flight of
the signal B meson and the y − z plane (adapted from [285])

Figure 5.40: Measured distributions of cos2 φB , respectively x2
B ≡ 1 − cos2 φB , for selected

(top) B0→π−`+ν` candidates and (bottom) B+→π0`+ν` candidates from the semileptonic tagged
measurements of |Vub| in (left, from [281]) BaBar and (right, from [285]) Belle. The results of fits to the
data are superimposed. In the panels on the left, dotted lines indicate the component from combinato-
rial background and dashed lines indicate the contribution from other background components. In the
panels on the right, the red falling hatching indicates the B0→π−`+ν` signal component, blue rising
hatching indicates the B+→π0`+ν` component, red rising and red and blue crossed hatchings indicate
background components from other B→Xu`

+ν` decays, and green horizontal hatching indicate other
BB background components.
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Figure 5.41: Simultaneous fits to BaBar and Belle measurements of the differential B→π`+ν` branching
fraction as a function of q2 combined with (left) four points at high values of q2 obtained from Lattice-
QCD calculations and (right) a point at q2 = 0 from light-cone sum rules, as prepared by the Heavy
Flavour Averaging Group for the 2014 edition of the Review of Particle Physics (from [2]).

Quark Expansion (HQE) theory based on local Operator Product Expansion (OPE) [293].
Expansions in 1/mb and the strong coupling constant, αs, to order 1/m3

b yield four non-
perturbative parameters, that are usually denoted as µ2

π(µ), µ2
G(µ), ρ3

D(µ) and ρ3
LS(µ) and

are functions of the renormalization scale, µ, that is employed to separate long-distance and
short-distance QCD dynamics. The four parameters can be related to the shapes of the energy
distributions of the charged lepton and of distribution of the squared invariant mass of the
hadronic system, m2

X , in inclusive decays B→Xc`
+ν`. This allows to extract the value of |Vcb|

together with the values of the non-perturbative parameters from fits to the measured decay
rates and the moments of order n,

M
(n)
` (Emin) ≡

∫∞
E
`
=Emin

En` (dΓ/dE`) dE`∫∞
E
`
=Emin

(dΓ/dE`) dE`

or

M
(n)
X (pmin) =

∫∞
p
`
=pmin

(m2
X)n (dΓ/dp`) dp`∫∞

p
`
=pmin

(dΓ/dp`) dp`
,

of these distributions as functions of a lower cut on the energy, Emin, or the momentum, pmin,
of the charged lepton.

The effective masses, mb(µ) and mc(µ), of the b and the c quark have to be evaluated at the
same value of the renormalization scale as the non-perturbative parameters and this requires
the choice of a suitable renormalisation scheme. Two schemes have been applied and yield
comparable results and uncertainties. The kinetic scheme [294, 295] makes use of the masses
that enter non-relativistic expressions for the kinetic energy of the heavy quarks and can be
calculated using heavy-quark sum rules. In the 1S scheme [296] the b quark mass is related to
perturbative expressions for the measured mass of the Υ(1S) resonance.

Additional experimental input that allows to constrain the value of mb can be employed to
reduce the theory uncertainty on the determination of |Vcb|. Since the moments measured in
semileptonic decays are sensitive to the difference between the masses of the beauty and charm
quarks, such additional constraints can also be obtained from direct measurements of the mass
of the charm quark. Alternatively, additional input can be obtained from measurements of
the moments of the photon-energy spectrum in inclusive radiative decays B→Xsγ, where Xs

denotes a hadronic system containing a strange quark.
Moments of the m2

X distribution in inclusive semileptonic decays have been measured at
CLEO [297], CDF [298], DELPHI [299], BaBar [300, 301] and Belle [302], while moments of
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the E2
` spectrum and have been measurred at CLEO [303], DELPHI [299], BaBar [301, 304]

and Belle [305]. Measurements of the photon-energy spectrum and its moments in inclusive
radiative decays B→Xsγ have been performed at CLEO [306], BaBar [307,308] and Belle [309,
310]. The most recent measurements of these observables at BaBar and Belle will be described
in the following.

Moments of the squared hadronic invariant-mass distribution

Moments of the m2
X distribution as a function of the minimum momentum, pmin, of the charged

lepton have been measured in hadronic tagged analyses, where the opposite-side B meson, Btag,
was fully reconstructed in a variety of hadronic decay modes. A charged lepton with momentum
above pmin was required in the remainder of the event. All remaining tracks and neutral energy
deposits were assigned to the Xc system and their invariant mass was calculated. A cut on the
missing energy of the event was applied to suppress backgrounds.

The BaBar collaboration published a measurement [301] based on a data set corresponding
to 232 million produced BB pairs, in which the 1st to 6th moments of the m2

X spectrum were
determined for values of pmin between 0.8 GeV/c and 1.9 GeV/c. Opposite-side Btag candidates
were reconstructed in the same combination of about 1100 hadronic decay modes that was
employed in hadronic tagged measurements of exclusive semileptonic decay rates discussed
in the previous paragraphs. The total selection efficiency for Btag candidates was quoted
as 0.4%. In the calculation of m2

X , particle identification criteria were employed to assign
a mass hypothesis to each track. To improve the resolution on m2

X , a kinematic fit was
performed imposing constraints on energy and momentum conservation between the initial
and final states, on the masses of the two B meson candidates in the event to be equal and
on the invariant mass of the unreconstructed neutrino to be zero. In the extraction of the
signal component from the selected event sample, continuum background from non-BB events,
combinatorial background in which the Btag candidate was wrongly reconstructed, and residual
backgrounds from misidentified signal decays were considered. Continuum and combinatorial
backgrounds were estimated from a fit to the measured mES distribution of Btag candidates
while residual backgrounds were estimated from samples of imulated events. An event-by-event
correction factor based on calibration curves determined from samples of simulated events were
applied to correct for biases due to the detector acceptance, finite reconstruction efficiency and
resolution, and final-state radiation of the charged lepton. Examples of the corrected moments
as functions of the value of pmin are shown in Figure 5.42. Systematic uncertainties were
found to be dominated by the understanding of background and signal modelling, possible
differences in the reconstruction efficiency between simulated data and collision data, particle
identification performance, and the mentioned bias correction.

The Belle collaboration published a measurement [302] based on a data set corresponding
to 152 million produced BB pairs, in which the 1st, 2nd central and 2nd non-central moments
of the m2

X distribution were determined for values of pmin between 0.7 GeV and 1.9 GeV. In
this analysis, decays of Btag candidates to D(∗)π+, D(∗)ρ+, and D(∗)a+

1 were considered, where

a+
1 candidates were reconstructed by combining a ρ0 candidate with a charged pion and ρ+and
ρ0 candidates were reconstructed in their decays to two pions. An initial estimate for the four-
momentum of the Xc system was formed by summing over the four-momenta of all remaining
charged tracks and unmatched energy calorimeter deposits in the event. An estimate of the
four-momentum, Pν , of the neutrino was calculated from the momentum imbalance of the
event and the four-momentum of the Xc system was re-calculated as

PX ≡ PΥ(4s) − PBtag
− P` − Pν .

This iterative procedure was found to improve the resolution on m2
X by almost a factor two

compared to the initial estimate. Backgrounds from non-BB continuum events were estimated
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Figure 5.42: First to sixth moments of the hadron energy spectrum as a function of the minimum
momentum of the charged lepton, denoted here as p∗`,min, as measured in the BaBar analysis of inclusive

decays B→Xc`
+ν`. The inner error bars show statistical uncertainties, the outer error bars show

statistical and systematic uncertainties added in quadrature (from [301]).

Figure 5.43: Distribution of the squared invariant-mass, denoted here as M2
X , for different cuts on

the minimum energy of the lepton candidate, as measured in a Belle measurement of inclusive decays
B→Xc`

+ν`. The shaded areas indicate different background contributions as listed in the plot legend
(from [302]),
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from collision data collected at a e−e+ collision energy below the Υ(4S)-resonance, combina-
torial backgrounds and backgrounds from secondary or misidentified leptons were estimated
from samples of simulated events. The measured m2

X distributions for different cuts on the
minimum energy of the lepton candidate are shown in Figure 5.43. An unfolding technique
using samples of simulated events was applied to correct the binned m2

X spectrum for bin-
to-bin migrations due to detector effects and the finite measurement resolution. Systematic
uncertainties were found to be dominated by the understanding of possible remaining back-
grounds, by the knowledge of branching fractions and form factors assumed in the generation
of simulated event samples, by the binning and unfolding technique, and by the estimation of
reconstruction efficiencies.

Moments of the electron energy distribution

The Belle collaboration published an analysis of the Ee distribution [305], which was based on
the same data set corresponding to 152 million produced BB pairs, and in which the first four
moments of the distribution were determined for values of Emin from 0.4 to 2.0 GeV.

In this analysis, Btag candidates were again fully reconstructed in a variety of hadronic
decay modes. A high-momentum electron candidate was then required amongst the remaining
tracks. If several such candidates were found in the same event, that that with the highest
momentum was selected. Continuum background from non-BB events was estimated from
data collected at collision energies below the Υ(4S) resonance, while combinatorial background
was estimated from samples of simulated events. Secondary electrons from the decay chain
b→ c→ q`ν` were suppressed in events where the Btag candidate was a charged B meson
by requiring that the electron candidate had the opposite charge of the Btag candidate. A
similar requirement was not applied for events in which the Btag candidate was a neutral
B meson in order not to reject events in which one of the two B mesons in the event had
mixed at the time of its decay. Therefore, the background contamination due to secondary
electrons is significantly larger in the sample of neutral B candidates than it is in the sample of
charged B candidates. This background, as well as contributions from charmless semileptonic
decays B→Xu`ν`, electrons from decays of J/ψ or ψ(2s) mesons, π0→ e+e−γ or photon
conversions and misidentified electrons were estimated from a fit to the measured electron
momentum spectrum, where the expected shapes for these backgrounds as well as for the signal
mode were obtained from samples of simulated events. Samples of simulated events were also
employed to unfold the measured spectrum for distortions due to final-state radiation of the
electron as well as biases from detector effects and selection criteria. The measured electron
momentum and energy distributions as well as the moments of the electron energy distribution
are shown in Figures 5.44 and 5.45. Systematic uncertainties of this measurement were found
to be dominated by the understanding of the effects of the event selection, electron track
reconstruction and electron identification efficiencies, the estimation of backgrounds, and the
modelling of signals and backgrounds in the generation of the samples of simulated events.

The BaBar collaboration performed a measurement [304] of the 1st, 2nd and 3rd central mo-
ments of the electron energy spectrum for energy thresholds between 0.6 and 1.5 GeV that was
based on a data set corresponding to 51 million produced BB pairs. The analysis was “reeval-
uated” in Ref. [301] using updated measurements of the branching fractions for background
decay modes as well as performing an improved evaluation of systematic uncertainties. In this
analysis, opposite-side Btag candidates were not fully reconstructed. Events were required to
contain a minimum of five reconstructed tracks or four tracks and two photon clusters were
required to select collisions in which a hadronic interaction took place. An electron candidate
with momentum between 1.4 and 2.3 GeV/c was then required to tag the event as a BB event.
A second electron candidate with a momentum above 0.5 GeV/c was required to measure the
energy spectrum and its moments. The sample of selected events was split into unlike-sign
events, in which the two electron candidates were of opposite charge and and like-sign events, in
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Figure 5.44: Distributions of (left, from [305]) the electron momentum in the rest frame of the B candi-
date for selected electron candidates in events tagged as decays of (top) charged and (bottom) neutral
B mesons as obtained in the Belle analysis of inclusive decays B→Xc`

+ν`, and of (right, from [304]) the
electron momentum in the rest frame of the e−e+ collision for (top) unlike sign and (bottom) like-sign
dielectron candidates from the BaBar analysis of such decays. In all panels, shaded histograms indicate
background contributions as explained in the plot legends and the main text.

Figure 5.45: First to fourth moments of the electron energy spectrum as a function of the electron
threshold energy, denoted here as E∗Be , as obtained in the Belle analysis of inclusive decays B→Xc`

+ν`
(from [305]).

Figure 5.46: Inclusive branching fraction and first to third moments of the electron energy spectrum as
a function of the electron threshold energy, denoted here as E0, as obtained in the BaBar analysis of
inclusive decays B→Xc`

+ν` (from [301]).
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which the two electron candidates were of same charge. Signal events in which each of the two
selected electron candidates originated from the primary semileptonic decay of one of the two
B mesons in the event will belong to the unlike-sign sample, except in B0B0 events in which
one of the two neutral B mesons had mixed into its antiparticle at the moment of its decay. In
addition to the signal component, the unlike-sign sample contains backgrounds from J/ψ de-
cays and from secondary electrons due to the decay chain b→ c→ q`ν`. Such backgrounds
were suppressed by cuts on the invariant mass of the electron pair and on the opening angle
between the two electron candidates. Continuum backgrounds from non-BB events in both
the unlike-sign and like-sign samples were estimated from collision data collected below the
Υ(4S) resonance, backgrounds from photon conversions, decays π0→ e+e−γ and misidentified
hadrons were estimated from control samples in collision data. Backgrounds due to electrons
from τ decays, secondary electrons from the decay chain b→ ccs, and from J/ψ and ψ(2s) de-
cays in which one electron was missed, were estimated from samples of simulated events. The
number of signal candidates in a given bin i in electron energy was calculated as

N i =
1− f0χ0

1− 2f0χ0

N i
e+e−

εi
− f0χ0

1− 2f0χ0

N i
e±e± ,

where N i
e+e− and N i

e±e± are the background-subtracted numbers of unlike-sign and like-sign
events, f0 is the branching fraction for the Υ(4S) decays to a pair of neutral B mesons and χ0 is
the time-integrated B0−B0 mixing probability. The binned electron spectrum obtained in this
manner was corrected for effects of electron bremsstrahlung using simulated samples of events.
The small background contamination from charmless semileptonic decays B→Xu`ν` was also
estimated from simulation. The result of the measurement in terms of the inclusive branching
fraction and the moments of the energy distribution as a function of the minimum electron
energy are shown in Figure 5.46. The quoted systematic uncertainties on these measurements
are dominated by the understanding of the electron identification efficiency, by bremsstrahlung
correction and by the understanding of the background from cascade decays b→ c`+.

Moments of the photon-energy spectrum in inclusive radiative decays

Moments of the photon energy spectrum in radiative decays B→Xsγ provide input on the
mass of the b quark, mb, and can be employed to reduce the theory uncertainty on the determi-
nation of |Vcb| from inclusive semileptonic decays. In the rest frame of the b quark, the emitted
photon is monochromatic with energy Eγ ≈ mb/2. The observed photon energy is smeared by
the motion of the b quark inside the B meson and the energy distribution is therefore sensitive
to mb. The BaBar collaboration published three analyses of the photon spectrum between
1.9 GeV and 2.6 GeV. In the first of these analyses [307], the Xs system was reconstructed
employing a total of 38 final states containing a charged kaon or a K0

S candidate together with
up to four pions, or an η meson and a pion, or three kaon candidates and a pion. The energy
of the photon was estimated as

Eγ ≡
m2
B −m2

X

2mB

,

where mB is the known mass of the B meson and mX is the measured invariant mass of the
Xs system. In this manner, the photon energy could be estimated to a precision of about
(1–5) GeV, compared to a resolution of 50 MeV on the measurement of energy deposits in the
electromagnetic calorimeter. The Xs system was combined with a photon candidate to form
B meson candidates. Photon candidates were rejected if they gave an invariant mass consistent
with a π0 or η meson if combined with a second photon in the event. Cuts on event shape
variables as well as on the energy imbalance, ∆E, and the beam-energy substituted invariant
mass, mES, of theXsγ system were employed to reject continuum backgrounds. Distributions of
mES for simulated signal and background samples are shown in Figure 5.47. Backgrounds from
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Figure 5.47: Fits to the mES distribution for reconstructed samples of (top left) simulated signal events,
(bottom left) simulated continuum background, (top right) simulated BB backgrounds, and (bottom
right) on-peak data from the first BaBar analysis of the photon energy spectrum in radiative decays
B→Xsγ. In the upper right panel, the dashed line indicates contributions from combinatorial back-
ground and the dotted line indicates contributions from peaking backgrounds. In the lower right panel,
the dotted-dashed line indicates the fitted signal contribution, the dotted line indicates continuum back-
ground, the long-dashed line peaking BB background and the dashed line combinatorial BB background
(from [307]).

misidentified B-meson decays were estimated from samples of simulated events. Reconstruction
and selection efficiencies were also determined from simulation. Systematic uncertainties on
the measurement of the moments were found to be dominated by the fit employed to extract
the signal component, the modelling of peaking backgrounds, and the estimation of the fraction
of the missing Xs states that were not included in the analysis.

In the second BaBar analysis [308], a high-momentum lepton from the decay of the opposite-
side B meson, Btag, was employed to tag BB events. No attempt was made to reconstruct the
Xs system and the photon energy was determined from the measured energy deposit in the
calorimeter. Remaining continuum background from non-BB events was further reduced by a
cut on the angle between the tagging lepton and the photon candidate and by requiring a signif-
icant missing energy of the event due to the undetected neutrino of the semileptonic Btag decay.

Backgrounds from BB events with photons from π0 or η decays, hard bremsstrahlung pho-
tons, or wrongly reconstructed photon candidates from misidentifed electrons or anti-neutron
annihilations in the calorimeter were estimated from simulated samples of events. Systematic
uncertainties in this analysis were found to be dominated by the estimation of these back-
grounds.

The third BaBar analysis [311] employed fully reconstructed hadronic decays of Btag can-

didates to select BB events, similar to the hadronic tagged analyses of semileptonic decays
described above. The photon energy was again estimated from the measured energy deposit
in the calorimeter. Requiring a fully reconstructed Btag candidate led to smaller event yields
in this analysis and the sample of selected candidates was subdivided into 100 MeV wide
bins in the photon energy. The signal yield in each bin was determined from a fit to the
mES distribution of the Btag candidates. Selection efficiencies and bin-to-bin migrations in
the photon energy spectrum were estimated from samples of simulated events. The system-
atic uncertainty in this measurement was found to be dominated by the understanding of the
background subtraction.

The Belle collaboration performed a fully inclusive analysis of the photon energy spectrum
between 1.8 and 2.8 GeV [309,312]. Cuts on event-shape variables were employed to suppress
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continuum background from non-BB events. The remaining continuum background was esti-
mated from collision data collected at energies below the Υ(4S) resonance. Backgrounds from
BB events, including real photons from π0, η, ω, η′, and J/ψ decays or from bremsstrahlung
and wrongly reconstructed photon candidates from mididentified electrons or energy deposits
from K0

L mesons or antineutrons, were estimated from simulated samples of events. Simulated
samples of events were also employed to estimate selection and reconstruction efficiencies as
well as biases on the energy spectrum due to the response of the calorimeter and due to the
unmeasured momentum of the decaying B meson in the Υ(4S) rest frame. Statistical and sys-
tematic uncertainties on the measured moments were found to be of similar magnitude, where
the quoted systematic uncertainties were dominated by the understanding of bias corrections
on the energy spectrum.

A later Belle analysis [310] extended the measured range of photon energies down to 1.7 GeV
and combined a fully inclusive reconstruction as in the previous analysis with a smaller event
sample in which a charged lepton candidate from the decay of the opposite-side B meson was
required to further suppress non-BB background. The remainder of the analysis was similar to
that of the earlier measurements, except that an unfolding procedure similar to that described
in Ref. [302] was performed to correct for distortions of the energy spectrum due to the response
of the calorimeter. This approach avoided the need for the bias correction that was the largest
source of systematic uncertainties in the earlier analysis. The precision of the measurement of
the moments was found to be limited by systematic uncertainties, with the largest contribution
being due to the understanding of the background subtraction.

Summary of results

Various fits to the data based on Heavy Quark Expansion were performed by both the BaBar [301,
313] and Belle [309] collaborations, resulting in measurements of |Vcb| between 41.4×10−3 and
42.0×10−3, with quoted uncertainties of about 1% from experiment and (1−2)% from theory.
Global fits using input from different experiments have been performed in Refs. [2,295,314,315].
Recent fits performed by the Heavy Flavour Averaging Group are shown in Figure 5.48. The
results from different approaches, using the kinetic or the 1S renormalization schemes, are in
good agreement with each other. In the 2014 edition of the Review of Particle Physics [1] an
arithmetic average of these results is formed and a value of

|Vcb| = (42.2± 0.7)× 10−3

is quoted as the world average from inclusive semileptonic decays.

5.2.4 |Vub| from inclusive semileptonic decays

The total inclusive branching fraction for charmless semileptonic decays B→Xu`
+ν` can be

calculated to a precision of about 5% employing Heavy Quark Expansion theory in a similar
manner as in the cslculation of the branching fraction for the decays B→Xc`

+ν`. Measure-
ments of the total inclusive branching fraction are, however, challenging due to the large
backgrounds from B→Xc`

+ν` decays.
Good signal-to-background ratios can be achieved in restricted regions of phase space, in

which decays to charmed mesons are suppressed to due to the larger mass of the c quark.
The extrapolation of the measured partial cross section to the full phase space then relies on
structure functions or shape functions that describe the momentum distribution of the b quark
inside the B meson. These shape functions cannot be calculated from first principles, but
they can be assumed to leading order to be independent of the specific b decay mode under
consideration. Under this assumption, parametrizations of the leading shape functions can be
derived in terms of HQE parameters and the values of these parameters can be determined
from measurements of moments of the photon enegy spectrum in radiative decays B→Xsγ
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Figure 5.48: Fits to combined measurements of the moments of the (top) invariant mass of the hadron
system and (bottom) electron energy spectrum as performed by the Heavy Flavour Averaging Group
for the 2014 edition of the Review of Particle Physics. In all panels, measurements from the BaBar
collaboration are shown by red circles, those by the Belle collaboration by green squares and those from
Delphi, CDF and CLEO by blue triangles. Filled symbols indicate that the measurement was employed
in the fit, while open symbols indicate measurements that were not included in the fit (from [2]).
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Figure 5.49: Illustration of variables that can be employed to select regions of phase space accessible
to charmless semileptonic decays B→Xu`

+ν` but not to decays B→Xc`
+ν`. In decays B→Xc`

+ν`,
the larger mass of the c quark limits the possible energy, E`, of the charged lepton emitted in the decay
and the squared momentum transfer, q2, to the `ν` pair, while the invariant mass, mX of the hadronic
system has to be at least as large as the mass of a D meson.

and of the lepton energy and Xc invariant mass spectra in semileptonic decays B→Xc`
+ν`

discussed in the previous section.

Early measurements of partial cross sections were performed at the LEP experiments [316–
319], more precise measurements at CLEO [320], BaBar [321–325] and Belle [326–329]. Selected
measurements from BaBar and Belle will be discussed in the remainder of this section. Un-
tagged measurements [321,322,326,327] employed cuts on the momentum of the electron, on the
squared momentum transfer to the lepton system, q2, or on the invariant mass of the hadronic
system, mX , to select regions of phase space in which B→Xc`

+ν` decays are suppressed due
to kinematic constraints as illustrated in Figure 5.49. These untagged measurements yield
large statistics but suffer from theoretical uncertainties due to the extrapolation from the
small measured phase-space region. In tagged analyses [323–325, 328, 329], the opposite-side
B meson, Btag, was fully reconstructed in a number of hadronic decay modes. Event yields are
significantly reduced due to the small branching fractions for specific Btag decay modes, but
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the additional constraints from the reconstruction of Btag allow a more precise determination
to the kinematic properties of the signal decay and allow to explore larger regions of phase
space, resulting in reduced theory uncertainties.

Untagged analyses

The BaBar [321] and Belle [327] collaborations published untagged analyses based on early data
sets, corresponding to 88 million and 29 million produced BB pairs, respectively, in which the
electron momentum spectrum was investigated close to its kinematic endpoint. By energy and
momentum conservation in the decay, the maximum momentum of the electron in rest frame of
the decaying B meson is about 2.6 GeV/c in decays B→Xue

+νe but only 2.3 GeV/c in decays
B→Xce

+νe. The fact that the momentum of the decaying B meson cannot be measured in
untagged inclusive measurements leads to a smearing of the electron momentum spectrum by
about 200 MeV/c in the rest frame of the e+e− collision. Expected distributions of the electron
momenta in various B→Xc`

+ν` and B→Xu`
+ν` decays as obtained from simulated samples

of events in BaBar are shown in Figure 5.50.

The BaBar measurement explored the electron momentum range from 2.0 to 2.6 GeV/c,
the Belle measurement that from 1.9 to 2.6 GeV/c. In both analyses, electron candidates were
rejected if they gave an invariant mass compatible with the known mass of the J/ψ meson
when combined with a second electron candidate of opposite charge in the event. At least four
resp. five reconstructed tracks were required and cuts on event-shape variables were applied
to suppress continuum background from non-BB events. The sum of the four-vectors of
all reconstructed tracks and neutral energy deposits was computed and a significant missing
momentum of the event was required to tag the undetected neutrino from the semileptonic
decay. The BaBar analysis required in addition a large opening angle between the momentum
vector of the electron candidate and the missing momentum vector. The Belle analysis required
a large opening angle between the momentum vector of the electron candidate and the thrust
axis of the event, where this thrust axis was calculated including the missing momentum. The
remaining background from non-BB events was estimated in both analyses from data collected
at a collision energy below the Υ(4S)resonance. Backgrounds from BB events were estimated
by fitting the measured electron momentum spectrum with templates derived from samples of
simulated background and signal events as illustrated in Figure 5.51. The simulations relied
on model assumptions for the branching fractions and shape functions for the different decay
modes and these assumptions limited the precision of the branching fraction measurement,
together with systematic uncertainties related to the understanding of event reconstruction
efficiencies.

The Belle collaboration published a second untagged measurement [326], based on a data
set corresponding to 85 million produced BB pairs, in which both electrons and muons were
considered and the signal region was defined by q2 > 8.0 GeV2/c2 and mX < 1.7 GeV/c2.
An inclusive reconstruction of the full event was performed and the energy and momentum of
the undetected neutrino were estimated by the missing momentum and the missing energy of
the event. The missing invariant mass, m2

miss ≡ E2
miss − |~pmiss|2 of the event was required

to be small to suppress events with additional unreconstructed particles. The most likely
combination of particles belonging to the Xu system was determined in an iterative procedure.
The method made use of six discriminating variables, namely the the missing mass of the
event and the momentum, the energy, the polar angle, the charge multiplicity and the charge
sign of the opposite-side B candidate. Samples of simulated events were employed to derive
for each of these variables a likelihood function, Lcorr, for correctly reconstructed events and
a likelihood function, Lrand, for events in which tracks were randomly assigned to the decays
of the signal B meson, Bsig, and the opposite-side B meson, Btag. For events selected in
collision data, an initial value of the likelihood ratio W ≡ Lrand/(Lrand +Lcorr) was calculated,
assigning the charged lepton, the neutrino and about one third of the remaining tracks, chosen
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Figure 5.50: Electron momentum spectra from simulated (left) B→Xue
+νe and (right) B→Xce

+νe

decays in BaBar (from [321]).

Figure 5.51: Electron momentum spectra as measured in the untagged (left, from [321]) BaBar and
(right, from [327]) Belle measurements of inclusive semileptonic decays B→Xue

+νe. The upper left
panel shows in blue open circles the measured spectrum for data collected on the Υ(4S) resonance and in
green filled circles the spectrum for data collected at a e−e+ collision energy below the Υ(4S) resonance,
the middle left panel shows in blue triangles on-resonance data after subtraction of the estimated non-
BB background and as a histogram the estimated BB background as obtained from simulated samples
of events, and the lower left panel shows in red squares on-resonance data after subtraction of all
backgrounds and as a histogram the expected spectrum from simulated samples of events that were
generated using a shape function derived from BaBar measurements of moments in B→Xc`

+ν` and
B→Xsγ decays. The upper right panel shows in filled circles data collected on the Υ(4S) resonance, in
open circles the appropriately scaled distribution for non-BB data collected at a collision energy below
the Υ(4S) resonance and as a histogram the sum of the estimated non-BBand BB backgrounds. The
lower right panel shows in filled circles the distribution for data collected on the Υ(4S) resonance after
background subtraction and as a histogram the expected distribution for B→Xue

+νe decays including
final state radiation.

at random, to the Bsig candidate candidate and all remaining tracks to the Btag candidate.
Tracks were then swapped in an iterative procedure between the Bsig and the Btag candidate
to identify the combination of assignments that resulted in the lowest value of W . Events
were accepted that resulted in a value of W < 0.1 and that fulfilled additional requirements
on the individual discriminating variables. To suppress continuum background from non-
BB events, a minimum value of the opening angle was required between the flight direction of
the lepton candidate and the thrust axis of the Btag candidate. The method was cross-checked
on collision data using control samples of B→D∗`ν` and B→ J/ψX events. The remaining
non-BB background was estimated from data collected at a e−e+ collision energy below the
Υ(4S) resonance, backgrounds from B→Xc`ν` and other BB backgrounds were estimated
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Figure 5.52: Distributions of the (left) momentum and (middle) energy assigned to the opposite-side
B candidate, and of the (right) squared missing mass of the event, from the untagged Belle analysis of
inclusive decays B→Xu`

+ν`. Solid curves shows these distributions for correctly reconstructed samples
of simulated events, while dashed and solid histrograms show the distributions for collision data before
and after the minimization of the likelihood ratio W , respectively (from [326]).

Figure 5.53: Distribution of (left) the reconstructed invariant mass of the Xu system and (right) the
squared momentum transfer to the `+ν` system from the untagged Belle analysis of inclusive decays
B→Xu`

+ν`. The results of the fit to the data are superimposed. In the upper panels, points show
the distribution measured in collision data, dotted lines indicate the background component from
B→D∗`+ν` decays, short dashed line indicate the background component from B→D`+ν` decays.
long dashed lines indicate other background components and the solid line shows the sum of all back-
ground components. In the lower panels, points show the data after background subtraction and solid
lines show the distributuons predicted from simulated samples of events (from [326])

by extrapolation from the region mX > 1.8 GeV/c2, using templates derived from samples
of simulated events. Selection and reconstruction efficiencies were estimated from samples
of simulated events. The precision of the branching fraction measurement was found to be
limited by systematic uncertainties, where the largest quoted contributions were due to the
understanding of reconstruction efficiencies and the estimation of BB backgrounds.

The BaBar collaboration published an analysis [322] based on a data set corresponding to
88 million produced BB pairsm in which the signal region was defined by cuts on the squared
momentum transfer, q2, and the energy, Ee, of the electron. An inclusive reconstruction of
the event was performed and the missing momentum and missing energy were calculated. The
missing invariant mass of the event was required to be small and the opening angle between
the momentum vector of the selected electron candidate and the thrust vector of the remainder
of the event was required to be large. The momentum vector, ~pν , of the undetected neutrino
was estimated from the missing momentum of the event, applying a momentum-dependent
correction factor derived from samples of simulated events in order to compensate for biases
from other particles in the event that escaped detection. The four-momentum of the neutrino
was then defined as Pν ≡ (|~pν |, ~pν) to calculate q2 = (P 2

e +P 2
ν ). For given values of q2 and Ee,

energy and momentum conservation in the decay B→X`+ν` imply that the squared invariant
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Figure 5.54: Distributions of the (left) energy of the electron candidate and (right) the maximum
kinematically possible value, smax

h , of the squared invariant mass of the hadronic system, from the
untagged BaBar analysis of inclusive decays B→Xu`

+ν`. The expected distribution for signal and
background events are shown as well as indicated by the plot legends (from [322]).

mass, sh, of the hadronic system X cannot exceed the value

smax
h =

 m2
B + q2 − 2mB

(
η− × Ee + η+ × q2/(4Ee)

)
for ± 2Ee > ± η± ×

√
q2

m2
B + q2 − 2mB

√
q2 otherwise

where η± ≡
√

(1± β)/(1∓ β) and β is the velocity of the decaying B meson in the Υ(4S) rest
frame. To suppress backgrounds from decays B→Xc`

+ν`, the value of smax
h defined in this

manner was required to be smaller than the square of the known D0 mass. Continuum back-
grounds from non-BB events were estimated and subtracted using collision data collected
below the Υ(4S) resonance, while BB backgrounds and reconstruction efficiencies were esti-
mated from simulation, tuned on collision data using a B→DXe+νe control sample as well as a
control sample selected by requiring smax

h > 4.25 GeV2. The uncertainty on the branching frac-
tion measurement received similar contributions from statistical and systematic uncertainties,
where the quoted systematic uncertainty was dominated by the understanding of reconstruc-
tion efficiencies and the modelling of signal and B→Xc`

+ν` background components.

Tagged analyses

The BaBar and Belle collaborations published several tagged analyses in which the opposite-
side B meson, Btag, was fully reconstructed in a variety of hadronic decay modes. The latest
of the BaBar analyses [325] was based on the full BaBar data set, corresponding to 472 million
produced BB pairs. Decays of neutral or charged Btag candidates to a D or D∗ meson and up to
five charged pions or kaons and up to two K0

S or π0 candidates were considered in this analysis,
where D∗ candidates were reconstructed in their decays to Dπ or Dγ and D candidates were
reconstructed in ten decay modes to different combinations of charged and neutral kaons and
pions. Out of the total of 1113 considered Btag decay modes, only those 342 modes were
retained for the measurement for which a signal purity in excess of 20% was found in the
analysis of samples of simulated events. The latest Belle analysis [329] was based on a data
set corresponding to 657 million produced BB pairs and employed decays of charged and

neutral Btag candidates to D(∗)π+, D(∗)ρ+, D(∗)a+
1 and D(∗)D

(∗)+
s , where again D∗ candidates

were reconstructed via their decays to Dπ and Dγ and D candidates were reconstructed in
a total of 13 decay modes to different combinations of charged and neutral kaons and pions.
In both analyses, the selection of Btag candidates was based on their energy imbalance, ∆E,
and beam-energy substituted invariant mass, mES. Combinatorial background from wrongly
reconstructed Btag candidates was estimated from the measured distribution in mES. In the

Belle analysis, continuum background from non-BB events was estimated from data collected
at collision energy below the Υ(4S) resonance.

In both analyses, an electron or muon candidate with momentum above 1 GeV/c and a
trajectory compatible with originating from the e−e+ interaction region was required in the
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remainder of the event. The charge of this lepton had to be opposite that of the Btag candidate
if the Btag candidate was a charged B meson. No requirement on the sign of the lepton charge
was made in case the Btag candidate was a neutral B meson. To reject leptons from J/ψ or
π0 decays or photon conversions, appropriate vetoes were applied on the invariant mass of the
lepton candidate in combination with another track or lepton in the remainder in the event.
The four-momentum (EX , ~pX) of the Xu system was estimated by summing over all remaining
tracks and neutral energy deposits in the remainder of the event.

In the Belle analysis, a multi-variate classifier was then employed to suppress backgrounds
from B→Xc`

+ν` decays. This classifier was based on input from 17 discriminating variables,
including quantities related to the quality of the event reconstruction, such as mES, kinematic
variables such as the missing mass of the event, q2, the invariant mass, mX , of the Xu system
and the difference between its reconstructed energy and momentum, and finally topological
information such as the presence of a low-momentum pion from D∗→Dπ decays, the number
of charged and neutral kaons or the total charge of the event, calculated by summing over
the charges of all reconstructed tracks. Kaons can be produced via the b→ c→ s decay chain
but are rare in charmless B→Xu`

+ν` decays. The total charge of the event can deviate
from zero if not all tracks are reconstructed. The probability for this to occur is correlated
with the event multiplicity, which tends to be higher in B→Xc`

+ν` decays than in charmless
B→Xu`

+ν` decays. Similar discriminating variables were employed in the BaBar analysis,
but individual cuts on each of the variables were applied instead of combining them in a single
multivariate classifier. Distributions of some of these variables from the BaBar analysis are
shown in Figure 5.55. The combination of many discriminating variables permitted in both
analyses to extend the measurement of the partial branching fractions to about 90% of the
B→Xu`

+ν` phase space, leading to a significant reduction in the theory uncertainty related
to the extrapolation to the full phase space.

In the Belle analysis, remaining continuum backgrounds from non-BB events were esti-
mated using collision data collected below the Υ(4S) resonance, combinatorial backgrounds
from wrongly reconstructed Btag candidates were estimated from the measured distribution in
mES, using templates derived from samples of simulated events. Samples of simulated events
were also employed to estimate remaining backgrounds from B→Xc`

+ν` decays and other
misidentified B-meson decays. In the BaBar analysis, continuum background and combinato-
rial background were subtracted from fits to the measured mES distribution.

To reduce uncertainties related to the understanding of reconstruction efficiencies, the
B→Xu`

+ν` decay rate was measured in the BaBar analysis relative to the total semileptonic
decay rate and the known value of the total semileptonic branching fraction was employed to
convert the decay rate into a measurement of the branching fraction.

Samples of simulated events were employed to determine selection and reconstruction effi-
ciencies in the case of the Belle analysis, or the ratios of reconstruction efficiencies in the case
of the BaBar analysis. The quoted statistical and systematic uncertainties on the branching
fraction measurements were in both cases similar in size. Systematic uncertainties included
contributions from effects related to the understanding of reconstruction efficiencies, signal and
background simulation and background subtraction.

Summary of results

In each of the analyses described in the previous paragraphs, values of |Vub| were extracted
employing various theory approaches. In the untagged analyses, values of |Vub| between 3.95×
10−3 and 5.08 × 10−3 were found, with quoted uncertainties between 5.5% and 13% from
experiment and between 6.5% and 13% from theory. Results from the tagged analyses were
more consistent with each other, the latest two analyses quoting results of 4.33 × 10−3 and
4.41 × 10−3 with uncertainties of about 5.5% from experiment and about (3.5 − 9)% from
theory.
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Figure 5.55: Distributions of discriminating variables employed in the latest tagged BaBar measure-
ments of the inclusive B→Xueνe branching fraction. Solid lines indicate the distributions for simulated
signal events while dashed lines indicate the distributions for background events. Arrows indicate the
cut values employed to select signal candidates (from [325]).

The Heavy Flavour Averaging Group [330] combined twelve measurements and calculated
averages of |Vub| employing four different theoretical approaches [331–337], as shown in Fig-
ure 5.56. No attempt was made to average the results obtained from the different theoretical
models or to select a best value. The 2014 edition of the Review of Particle Physics [1] con-
cludes that theoretical uncertainties are difficult to quanitify, but derives some confidence in
the results from the observation that different calculations yield similar values and uncertainty
estimates for |Vub| and that the calculated partial decay widths for different regions of phase
space are in good agreement with the ratios of measured branching fractions. The arithmetic
average of the four results obtained by the Heavy Flavour Averaging Group,

|Vub| = (4.14 ± 0.15 (exp) + 0.15
− 0.17 (theo))× 10−3 ,

is quoted as the world average of |Vub| from inclusive semileptonic decays.

5.2.5 The leptonic decay B+→ τ+ντ

In the Standard Model, the branching fraction for the decay B+→ `+ν` is given by

BF (B+→ `+ν`) =
G2
F mBm

2
`

8π

(
1 − m2

`

m2
B

)2

f2
B |Vub|

2 τB ,
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Figure 5.56: Compilations of the values of |Vub| extracted from twelve different measurements at CLEO,
BaBar and Belle as prepared by the Heavy Flavour Averaging Group for the 2014 edition of the Review
of Particle Physics. The four panels show the results obtained using a different theoretical approaches
as listed in the legend of each panel (from [330]).

where GF is the Fermi constant, mB is the mass of the decaying B meson and m` the mass
of the charged final-state lepton, fB is the B-meson decay constant and τB is the lifetime
of the B meson. The proportionality to m2

` reflects the helicity suppression due to the V −
A character of the weak interaction. As a consequence, decays to muons and electrons are
strongly suppressed compared to the decay to τ leptons. The decay constant, fB, incorporates
perturbative and non-perturbative effects of the strong interaction. It can be calculated in
Lattice QCD and different calculations [338–342] yield consistent results. The CKMfitter
group [3] formed an average of these results and quotes an uncertainty of about 2.5% on the
value of fB. A global CKM fit excluding direct measurements of the B+→ τ+ντ branching
fraction, performed by the CKMfitter group [3] at the end of 2014, yielded

BF (B+→ τ+ντ ) = (0.758 + 0.080
− 0.059)× 10−4 .
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However, the decay amplitude is sensitive to contributions from possible New Physics, in
particular in models with extended Higgs sectors. The interference between Standard Model
processes and New Physics processes can lead to a siginificant deviation of the branching
fraction from the Standard-Model prediction.

Experimental searches for the decay B+→ τ+ντ have been performed using leptonic τ+ de-
cays to µ+νµντ and e+νeντ , as well as hadronic decays to π+ντ , π+π0ντ , and a+

1 ντ with

a+
1 →π+π−π+. Measurements are challenging since in most final states the only detectable

signature is a single charged track.

Measurements have been performed at BaBar and Belle, using the reconstruction of the
opposite-side B meson, Btag, in hadronic or semileptonic decay modes to derive kinematical
constraints that allowed to discriminate between backgrounds and signal candidates. The
technique is similar to the tagging methods employed in analyses of semileptonic decays of
B mesons described in the previous sections. First evidence for the decay with a statistical
significance corresponding to more than three Gaussian standard deviations was obtained by
a Belle analysis using hadronic tagging [343]. Subsequent measurements at BaBar [344–347]
and Belle [348], employing hadronic [344, 347] or semileptonic [345, 346, 348] tagging, yielded
results for the branching fractions that were consistent with each other and with the first Belle
measurement, but exceeded the Standard-Model prediction. The most recent measurements
at Belle [349, 350], however, resulted in values for the branching fraction that are compatible
with the Standard Model prediction. These analyses will be described in the following.

Hadronic tagged analyses

In hadronic tagged analyses, charged Btag candidates were fully reconstructed in decays to

D0 or D∗0 candidates and a π−, ρ−, a−1 or D
(∗)−
s , or combinations of charged or neutral

pions and kaons, where D∗0 candidates were reconstructed in their decay to D0π0 or D0γ
and D0 candidates were reconstructed in a variety of decays to charged or neutral kaons and
pions. The energy imbalance, ∆E, and the beam-energy substituted invariant mass, mES,
were employed to select Btag candidates and estimate background contributions in the sample
of selected candidates. In addition to the particles employed in the reconstruction of the
Btag candidate, events were required to contain exactly one reconstructed track, that fulfilled
muon, electron or pion identification criteria and had an electric charge opposite to that of the
Btag candidate, or one charged and one neutral pion. No further tracks pointing back to the
interaction region or energy depositions in the calorimeter compatible with a π0 or K0

L decay
were allowed in the event. A significant missing momentum was required to enhance the
fraction of events with undetected neutrinos in the final state. Further discrimination between
signal and background was based on the total “extra” energy deposited in calorimeter clusters
that were not assigned to decay products of the τ+ or Btag candidate. This extra energy,
denoted as Eextra in BaBar and as EECL in Belle, should be small for correctly reconstructed
signal events, which contain no interacting particles in addition to the decay products of
the τ and the Btag. For background events, Eextra can be large due to additional particles
that escaped reconstruction. The background contamination in the signal region close to
Eextra = 0 was estimated by fits to the measured Eextra distribution. These fits usually were
based on templates derived from samples of simulated events. Samples of simulated events
were also employed to estimate selection and reconstruction efficiencies. The simulation was
validated or calibrated on collision data using control channels. In particular, systematic
uncertainties associated to possible differences between simulation and collision data were
estimated employing samples of so-called double tagged events, in which signal candidates
were reconstructed in a semileptonic decay mode such as B+→D(∗)0`+ν`. Clean samples of
such double-tagged events can be extracted from collision data and the final-state neutrino
provides a signature similar to that in B+→ τ+ντ events.
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Figure 5.57: Distributions of the extra energy as defined in the main text, for (left) the double-tagged
control sample and (right) B+→ τ+ντ candidates from the hadronic tagged Belle analysis in which
the first evidence for this decay was found. In the panel on the left, points with error bars indicate
the distribution for collision data and histograms indicate the distributions for samples of simulated
events. In the panel on the right, points with error bars indicate the distribution for collision data,
the histogram indicates the distribution for simulated samples of background events and the full line
indicates the result of the fit to the collision data. The dashed line indicates the signal component and
the dotted line the background component as assigned by the fit (from [343]).

Figure 5.58: Distributions of (left) the extra energy and (right) the squared missing mass of the event
for the double-tagged control sample as obtained in the latest hadronic tagged Belle analysis of the
decay B+→ τ+ντ . In both panels, points with error bars show the distribution for collision data and
green rectangles show the distribution for reconstructed samples of simulated events (from [349]).

The first evidence for the decay B+→ τ+ντ with a significance exceeding three Gaussian
standard deviations was obtained in a hadronic tagged analysis published by the Belle col-
laboration [343] and based on a data set corresponding to 449 million produced BB pairs.
Figure 5.57 shows the reconstructed Eextra distributions for the double-tagged control sam-
ples as obtained from collision data and from simulation. Good agreement between collision
data and simulation is found. Also shown in Figure 5.57 is the observed Eextra distribution
for B+→ τ+ντ candidates in collision data, together with the results of a fit in which the
background distribution was described by a template derived from reconstructed samples of
simulated events, while the shape of the signal distribution was parametrized as the sum of
a Gaussian function with mean Eextra = 0 and a decaying exponential function. An excess
of candidates in the signal region close to Eextra = 0 was observed and the background-only
hypothesis was excluded with a statistical significance corresponding to 3.5 Gaussian standard
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deviations. Systematic uncertainties related to the modelling of the signal and background
shapes in this fit as well as the systematic uncertainty on the determination of the reconstruc-
tion efficiency for Btag candidates were estimated using samples of double tagged events. The
measured branching fraction was quoted as

BF (B+→ τ+ντ ) = ( 1.79 + +0.56
−−0.49 (stat) + +0.46

−−0.51 (syst) )× 10−4 .

The latest hadronic tagged Belle analysis [349] was based on their full data set, correspond-
ing to 772 million produced BB pairs. Charged Btag candidates were reconstructed using a
hierarchical artificial neural network algorithm [351] that considered a total of 615 exclusive
hadronic decay modes. This approach yielded a 2.2 times higher reconstruction efficiency com-
pared to the earlier Belle analysis described above. The B+→ τ+ντ signal yield was extracted
from a two-dimensional extended maximum likelihood fit to the measured distributions of
Eextra and the squared missing mass of the event, M2

miss. Signal and background templates
for the fit were derived from samples of simulated events. Samples of double-tagged events
were again employed to validate the simulated Eextra and M2

miss distributions for the signal
component on collision data. Good agreement was found, as demonstrated in Figure 5.58.
The background templates were validated on collision data using events in the M2

miss and
Eextra sidebands, events in which the Btag meson was reconstructed in a B0 decay mode, and
events in which the τ candidate had the same charge as the Btag candidate. the systematic
uncertainty associated to the reconstruction efficiency for Btag candidates was estimated us-
ing double-tagged events in the same manner as in the earlier Belle analysis. The measured
branching fraction is quoted as

BF (B+→ τ+ντ ) = ( 0.72 + +0.27
−−0.25 (stat) ± 0.11 (syst) )× 10−4 ,

which is significantly lower than the results obtained in earlier hadronic tagged analyses by
Belle and BaBar. To probe possible sources of the discrepancy between the two Belle analyses,
the new analysis strategy was also applied to the partial data sample on which the earlier
Belle measurement had been based and only to the additional data sample that had not been
included in the earlier analysis. These cross checks led the authors to the conclusion that the
difference between the old and new results can be explained by a statistical fluctuation.

Semileptonic tagged analyses

In semileptonic tagged analyses, Btag candidates were partially reconstructed in decay modes

B−→D(∗)0`−ν`, where D∗0 candidates were reconstructed in their decay to D0π0 or D0γ
and D0 candidates were reconstructed in a variety of hadronic decay modes to a charged or
neutral kaon and one or several pions. Higher event yields than in hadronic tagged analyses
can be obtained due to the larger branching fraction to semileptonic decays, but due to the
undetected neutrino the reconstruction of the final state is less clean. The variable cos θ

B,D(∗)`
,

that was also employed in the analyses of exclusive semileptonic decays of B mesons dis-
cussed in Sections 5.2.1 and 5.2.2, was employed to discriminate between Btag signal and
background candidates. As a reminder, for true semileptonic decays of B mesons, cos θ

B,D(∗)`

is the cosine of the opening angle between the momentum vectors of the D(∗)` system and
the decaying B meson and should therefore assume values in the physically meaningful range
−1 ≤ cos θ

B,D(∗)`
≤ 1. For background, cos θ

B,D(∗)`
, has no meaning and can assume values

outside this range. The remainder of the analyses followed a similar approach to that em-
ployed in the hadronic anlyses described in the previous paragraph. Exactly one reconstructed
track compatible with muon, electron or pion identification criteria, or one charged and one
neutral pion forming an invariant mass compatible with the nominal mass of the ρ+ meson
were required in the remainder of the event. Candidates that were also compatible with kaon
identification criteria were rejected. Electron candidates were rejected if they were compatible
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Figure 5.59: Distributions of (left) the extra energy of the event and (right) the momentum of the
τ decay candidate for (top) τ+→µ+νµντ candidates and (bottom) τ+→π+ντ candidates from the
latest semileptonic tagged Belle analysis of the decay B+→ τ+ντ . In all panels, points with error bars
indicate the distribution measured in collision data and the solid line shows the result of the fit to the
data. The dashed line indicates the signal component, the orange area the BB background component
and the red area the non-BB background component as assigned by the fit (from [350]).

with originating from a photon conversion when combined with any of the other tracks in the
event. No other reconstructed tracks pointing back to the interaction region or energy deposits
compatible with π0 or K0

L candidates were allowed in the event. An upper cut was applied on
the momentum of the candidate to suppress backgrounds from two-body decays of B mesons,
in which one of the two final-state particles escaped detection. Further background suppres-
sion was achieved by analysing event shape variables, the missing momentum and the missing
invariant mass of the event. Remaining backgrounds were again estimated from fits to the
distribution of the extra energy, Eextra. Samples of simulated events were employed to derive
templates for these fits as well as to estimate selection and reconstruction efficiencies. The
simulation was validated on collision data using various control channels, including samples
of double tagged events in which signal candidates were reconstructed in semileptonic decay
modes such as B±→D(∗)0`±ν`.

The latest semileptonic tagged Belle analysis [350] was based on their full data sample,
corresponding to 772 million produced BB pairs. A multivariate classifier combining infor-
mation on the momenta, flight directions and invariant masses of final-state particles and
decaying particles was employed to select Btag candidates. A second multi-variate classifier
using event-shape variables and kinematic properties of the Btag candidate was employed to
further suppress backgrounds. The number of B+→ τ+ντ signal candidates was estimated
from a two-dimensional fit to the distributions of Eextra and of the momentum, p∗sig, of the
τ decay candidate in the Υ(4S) rest frame. The measured distributions are shown in Fig-
ure 5.59 together with the results of the fit. The fit was based on templates derived from
samples of simulated events. Again, control samples of double-tagged events were employed
to compare the Eextra and p∗sig distributions in simulation and collision data and no signifi-
cant discrepancies were found. The systematic uncertainty associated with the selection and
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Table 5.1: Average values of |Vcb| and |Vub| as determined from measurements in inclusive and exclusive
decays, and the combined averages, as quoted in the 2014 edition of the Review of Particle Physics [1].
In both cases, the Particle Data Group review warns that the agreement between inclusive and exclusive
values is marginal and that their “combination should be treated with caution”. The last line shows
the result of an indirect determination from a global Standard Model fit of CKM parameters by the
CKMfitter group [3] as performed at the end of 2014. The fit included results presented up to the
CKM2014 conference in the beginning of September 2014, but excluded all direct measurements of |Vcb|
and |Vub|.

|Vcb| |Vub|
exclusive (39.5 ± 0.8)× 10−3 (3.28 ± 0.29)× 10−3

inclusive (42.2 ± 0.7)× 10−3 (4.14 ± 0.15 + 0.15
− 0.17)× 10−3

combination (41.1 ± 1.3)× 10−3 (4.13 ± 0.49)× 10−3

CKM fit (41.2 + 2.6
− 1.3)× 10−3 (3.455 + 0.227

− 0.095)× 10−3

reconstruction efficiency for Btag candidates was evaluated by using double-tagged events to
measure the branching fractions for the decays B+→D∗0`+ν` and B+→D0π+. Comparing
the obtained results with the world averages at the time of the measurement, the simulation
was found to slightly overestimate the reconstruction efficiencies and an appropriate correction
factor was applied in the determination of the measurement of the B+→ τ+ντ branching frac-
tion. A signal corresponding to a statistical significance of 3.8 Gaussian standard deviations
was observed in the B+→ τ+ντ analysis and the branching fraction was measured as

BF (B+→ τ+ντ ) = ( 1.25 ± 0.28 (stat) ± 0.27 (syst) )× 10−4 ,

which does not deviate significantly from the Standard Model expectation.

5.2.6 Summary and comparison of |Vub| results

The averages for |Vcb| and |Vub| from inclusive and exclusive measurements as quoted in the
2014 edition of the Review of Particle Physics [1] are summarized in Table 5.1, together with
results from global CKM fits of Unitarity Triangle parameters excluding the direct measure-
ments of |Vub| and |Vcb|. Both for |Vcb| and for |Vub|, the results from inclusive and exclusive
measurements are only marginally consistent with each other, indicating that the experimental
and/or theoretical tools employed in these measurements might be less well understood than
claimed by the authors of the respective publications. Global CKM fits yield results that are
roughly consistent with those obtained in direct measurements, as illustrated in Figure 5.60.
From the point of view of experiments, the B factories seem to have exploited their potential.
At LHCb, exclusive measurements are challenging2 while inclusive measurements seem hardly
feasible due to the lack of external kinematic constraints.

A comparison between the values of sin (2β) (see Section 5.3) and the branching fraction
of the leptonic decay B+→ τ+ντ , prepared by the CKMfitter group, is shown in Figure 5.61.
The earlier tension between the results of the two measurements and the global CKM fit has
reduced significantly with the recent measurements of the branching fraction by the Belle
collaboration.

The measurements of the B+→ τ+ντ branching fraction seem to exemplify a general ob-
servation regarding branching fractions that are derived from early measurements of signals
with low significance: such branching fractions tend to be biased towards high values since the

2At the 2015 Moriond conference in La Thuile, the LHCb collaboration presented a measurement of |Vub|
in the exclusive decay Λ0

b→ pµ+νµ. The result, |Vub| = ( 3.27 ± 0.23 )× 10−3 [352], is in good agreement with
those obtained in exclusive semileptonic decays of B mesons at the B factories and has similar precision as
these.
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fact that an evidence for the signal was found is more likely to be due to an upwards statistical
fluctuation rather than a downwards fluctuation.

Figure 5.60: Result of a global CKM fit in the (ρ, η) plane prepared by the CKMfitter group [3],
including results presented up to the CKM2014 conference in the beginning of September 2014. The
plain dark green band indicates the constraint on the length of the Ru side from inclusive and exclusive
semileptonic decays of B mesons and the hashed green band indicates the constraint from measurements
of the B+→ τ+ντ branching fraction.

Figure 5.61: Comparison of results for the parameter sin (2β) and for the B+→ τ+ντ branching fraction
as prepared by the CKMfitter group [3], including results presented up to the CKM2014 conference in the
beginning of September 2014. The point with error bars indicates the averages of direct measurements of
the two quantities, while the colourful areas indicate confidence regions obtained from a global CKM fit.
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5.3 The angle β: mixing-induced CP violation in b→ ccs and
b→ sss transitions

The angle β between the base of the Unitarity Triangle and the side Rt opposite the origin of
the complex plane is defined by

β ≡ φ1 ≡ arg

(
−VcdV

∗
cb

VtdV
∗
tb

)

and is the currently most precisely measured parameter of the Unitarity Triangle. Including
direct measurements presented until the beginning of September 2014, the CKM fitter group [3]
quotes a world average of sin (2β) = 0.682 ± 0.019, while the latest world average quoted by
the UTfit group [211] is sin (2β) = 0.680 ± 0.024.

The most precise determination of the angle β stems from measurements of the time-
dependent CP -violating asymmetry in the “golden” decay mode B0→ J/ψK0

S . This decay
mode provides the textbook example of a time-dependent CP asymmetry that is caused by
the interference of mixing and decay as described in Section 3.3. The final state J/ψK0

S can
be reached through decays of both B0 mesons and B0 mesons, it is a CP eigenstate and the
decay amplitude is dominated to good approximation by a single weak phase. The decay
presents attractive features also from the point of view of experiment. Reconstructing the
decay in the final states J/ψ→ `+`− and K0

S→π+π−, the two charged leptons from the decay
of the J/ψ provide for high trigger efficiencies and the displaced J/ψ and K0

S decay vertices
provide a clear signature that permits efficient discrimination between signal and backgrounds.
Moreover, the visible branching fraction,

BF (B0→ J/ψK0) × BF (J/ψ→ `+`−) × BF (K0→K0
S→π+π−) ≈ 1.8× 10−5 ,

is not too small.
The decay B0→ J/ψK0

S is a decay of a pseudoscalar particle with spin J = 0 to a vector
particle with spin J = 1 and a pseudoscalar with spin J = 0. The conservation of angular
momentum in the decay forces the J/ψK0

S pair to be produced with relative angular momentum
L = 1 and therefore in a CP eigenstate. The CP phase is convention dependent and is usually
defined such that the final state is CP odd.

The decay amplitude is dominated by the tree processes shown in Figure 5.62. The leading
penguin decay amplitudes shown in Figure 5.63 are expected to contribute at a level of 10%,
but are dominated by the same weak phase as the tree amplitude. This can be demonstrated
by formally decomposing the decay amplitude as

AJ/ψK0 = Pt · (V ∗tbVts) + (T + Pc) · (V ∗cbVcs) + Pu · (V ∗ubVus) ,

where T , Pt, Pc, and Pu denote the amplitudes of the tree process and the penguin processes
with intermediate top, charm and up quarks, after the respective weak phases have been
factored out. Exploiting one of the unitarity conditions of the CKM matrix to substitute

V ∗tbVts = −V ∗cbVcs − V ∗ubVus ,

the decay amplitude can be rewritten

AJ/ψK0 = (T + Pc − Pt) · (V ∗cbVcs) + (Pu − Pt) · (V ∗ubVus) .

The second term on the right-hand side of the equation is suppressed by the ratio of the
magnitudes of the CKM elements,

|V ∗ubVus|
|V ∗cbVcs|

∝ λ4

λ2
= λ2 ,
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Figure 5.62: Tree diagrams for the decays (left) B0→ J/ψK0
S and (right) B0→ J/ψK0

S .
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Figure 5.63: Leading penguin diagrams for the decay B0→ J/ψK0
S . The index q stands for u, c or t,

depending on the type of the virtual quark appearing in the inner loop.
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Figure 5.64: Feynman diagram illustrating the process B0→B0→ J/ψK0
S , including the K0−K0 mix-

ing that leads to the decay of the K0 meson as a K0
S .

with the Wolfenstein parameter λ = sin θC ≈ 0.23. Taking into account the factor of ten
suppression of the penguin amplitudes compared to the tree amplitude, the decay amplitude
is therefore expected to be dominated by the phase of (V ∗cbVcs) to more than 99%.

Including the weak phase of the subsequent K0K0 mixing that leads to the decay of the
produced neutral kaon as a K0

S meson, the relative weak phase between the direct decay
B0→ J/ψK0

S and the decay after mixing, B0→B0→ J/ψK0
S , is given by

λJ/ψK0
s

= −
(
q

p

)
B0

·
(
AJ/ψK0

s

AJ/ψK0
s

)
·
(
q

p

)
K0

= −
(
VtdV

∗
tb

V ∗tdVtb

)
·
(
V ∗csVcb
VcsV

∗
cb

)
·
(
V ∗cdVcs
VcdV

∗
cs

)

= −
(
V ∗cdVcb
V ∗tdVtb

)
·
(
VtdV

∗
tb

VcdV
∗
cb

)

= −2 · arg

(
VtdV

∗
tb

VcdV
∗
cb

)
= −2β .

Following the argumentation in Section 3.3, the time-dependent CP asymmetry in decays to
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the final state f = J/ψK0
S is then given by

aJ/ψK0
s
(t) = ImλJ/ψK0

s
sin (∆md t) = sin (2β) sin (∆md t) .

Taking into consideration the possibility of direct CP violation due to an interference of the
dominant tree amplitude with the small contamination of penguin amplitudes of different
phase, a cosine-term is added to the time-dependent asymmetry, which then takes the form

aJ/ψK0
s
(t) = S sin (∆md t) − C cos (∆md t)

with

S =
2 · sin (2β)

1 + |λJ/ψK0
s
|2

and C =
1− |λJ/ψK0

s
|2

1 + |λJ/ψK0
s
|2
.

Most analyses include the cosine term in their fit to the measured asymmetry and find results
for C compatible with zero.

The above derivation holds as well for other B0 decay modes via b→ ccs transitions, such
as decays to the CP -odd final states ψ(2s)K0

S , ηcK
0
S or χc1K

0
S , or to the CP -even final state

J/ψK0
L, in which the sign of the oscillation signal is simply reversed. These decay modes

have lower branching fractions or reconstruction efficiencies than the “golden” decay mode
B0→ J/ψK0

S , but are included in measurements of sin (2β) at the B factories in order to
further increase event yields. Measurements of sin (2β) in these decay modes at BaBar and
Belle and at LHCb are described in the next part of this section.

Due to the symmetry of the sine function, the measurement of sin (2β) alone determines
the angle β only up to a four-fold ambiguity, corresponding to the transformations β→π/2−β
and β→π + β. The first of these ambiguities has been resolved by the measurement of the
sign of cos (2β) in a time-dependent angular analysis of the decay B0→ J/ψKπ with invariant
masses of the Kπ pair in the vicinity of the mass of the K∗0 meson. The K∗0 meson is a vector
particle with spin J = 1 and Kπ pairs from the decay of a K∗0 meson are therefore produced in
a P -wave with relative angular momentum LKπ = 1. The relative angular momentum between
the Kπ-pair and the J/ψ can then be LJ/ψ(Kπ) = 0, 1 or 2 and the final state is a mixture
of CP even and CP odd. In addition, there is a non-resonant S-wave component of Kπ pairs
that were not produced via an intermediate K∗0 meson and have relative angular momentum
LKπ = 0. For this non-resonant component, the relative angular momentum between the
Kπ pair and the J/ψ meson has to be LJ/ψ(Kπ) = 1 and the final state J/ψKπ is CP odd.
A total of four amplitudes with different strong phases and different sign of the weak phase
are therefore involved in the decay. The magnitudes and strong phases of these amplitudes
can be determined together with the weak phase through a time-dependent angular analysis of
the final-state particles. An analysis of the evolution of the strong phases as a function of the
invariant Kπ mass in the vicinity of the resonance allows to resolve the ambiguity in the sign
of the weak phase. This analysis was performed by the BaBar collaboration and is described
in the third part of this section.

The CP -violating phase in b→ sss transitions such as the decay B0→φK0
S shown in Fig-

ure 5.65 is referred to as 2βeff and is almost equal to 2β in the Standard Model. The decay
can only proceed through penguin diagrams and is therefore sensitive to possible contributions
from physics beyond the Standard Model. In analogy to the case of the decay B0→ J/ψK0

S

discussed above, the decay amplitude can formally be written as

AφK0 = (Pc − Pt) · (V ∗cbVcs) + (Pu − Pt) · (V ∗ubVus) .

The second term on the right-hand side of the equation is suppressed by the ratio of the magni-
tudes of the CKM elements, λ2 ≈ 0.05, and the contamination from the “wrong” CKM phase
is still small, though about a factor ten larger than in the case of the decay B0→ J/ψK0

S .
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Figure 5.65: Feynman diagram for the decay B0→φK0
S . The index q stands for u, c or t, depending

on the type of the virtual quark that appears in the inner loop.

Recent Standard Model calculations yield estimates for the difference sin (2βeff)− sin (2β) be-
tween −0.01 and +0.04 [353–355]. Measurements of sin (2βeff) have been performed by BaBar
and Belle and will be briefly described in the fourth and final part of this section. Early
measurements seemed to indicate a possible deviation from the value of sin (2β) measured in
b→ ccs transitions, stirring some interest in the community. More recent results are, however,
in good agreement with sin (2β).

5.3.1 Measurements of sin (2β) in B0→ J/ψK0
S and other b→ ccs transitions

Early studies of B0→ J/ψK0
S decays were performed by the Aleph [356] and Opal [357] col-

laborations at LEP and by the CDF collaboration [358] at run I of the Tevatron. However,
none of these measurements lead to the observation of a significant CP -violating asymmetry.
The BaBar and Belle collaborations published their first measurements [359,360] in early 2001
and reported the first observations of a non-zero value of sin (2β) later that year [105, 106].
Both collaborations published several updates of these measurements using increasingly large
data samples and more refined reconstruction algorithms [132, 361–366]. The latest BaBar
and Belle analyses [367, 368], using the full data sets collected at the Υ(4S) resonance, are
described below. The BaBar collaboration also published an analysis using hadronic decays
of the J/ψ from B0→ J/ψK0

S [369], but the precision of this measurement is limited by lower
trigger and reconstruction efficiencies. The LHCb collaboration has published a first measure-
ment of sin (2β) in B0→ J/ψK0

S decays using the 2011 data sample [370], but the precision
of this result cannot yet compete with that of the final measurements from the B factories.
The latest BaBar and Belle measurements and the LHCb measurement are described in the
following.

Measurements at the B factories

Measurements of time-dependent CP asymmetries at the B factories follow a similar pattern as
the measurements of the B0−B0 oscillation frequency described in Section 5.1.1. The decay of
a Υ(4S) produces B0B0 pairs in a quantum-entangled state. One of the two neutral B mesons,
Brec, is fully reconstructed in the decay mode of interest, while flavour-specific signatures from
the decay of the second B meson, Btag, are employed to infer the initial flavour content of
Brec at the time of the decay of Btag. The decay time difference ∆t = (zrec − ztag)/(βγc) is
calculated from the reconstructed positions, zrec and ztag, of the Brec and Btag decay vertices.
However, in order to extract the CP violating weak phase, it is the oscillation amplitude
rather than the oscillation frequency that needs to be measured with good precision. This
requires an excellent understanding of the dilution of the observed oscillation amplitude due
to reconstruction effects such as imperfect flavour tagging and finite decay-time resolution.
Taking these effects into account, the measured asymmetry is given by

ameas(∆t) = (1− 2ωtag) · sin (2β) ·
∫

sin (∆md ∆t′) ·R(∆t−∆t′) d∆t′ ,
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where ∆t and ∆t′ indicate the measured and the true decay time, respectively, the function
R(∆t−∆t′) describes the decay-time resolution and ωtag is the mistag fraction of the flavour-
tagging algorithm.

Both the BaBar [367] and Belle [368] collaborations published measurements of sin (2β)
based on their full data sets, corresponding to 465 million and 772 million produced BB pairs,
respectively. In both analyses, decays to the CP -odd eigenstates J/ψK0

S , ψ(2s)K0
S and χc1K

0
S

were considered as well as decays to the CP even eigenstate J/ψK0
L. The BaBar analysis

considered in addition decays to the CP odd final state ηcK
0
S and to the CP mixed final state

J/ψK∗0. As described in the introductory paragraphs of this section, the CP even and CP odd
contributions in the final state J/ψK∗0 can in principle be separated by a time-dependent
angular analysis, but no such attempt was made here and this final state therefore contributed
only little to the precision of the measurement.

In both analyses, the different cc resonances were reconstructed in their decays J/ψ→ `+`−,
ψ(2s)→ `+`− and ψ(2s)→ J/ψπ+π−, χc1→ J/ψγ and ηc→K0

SK
+K−, while K0

S candidates
were reconstructed in their decay two charged pions. In the BaBar analysis, decays of K0

S can-
didates to two neutral pions were in addition considered in the decay mode B0→ J/ψK0

S . The
BaBar analysis also made use of a large samples of Brec decays to flavour-specific final states
D(∗)−π+, D(∗)−ρ+ and D(∗)−a+

1 in order to estimate effects due to imperfect flavour tagging
and finite decay time resolution. Here, D− candidates were reconstructed in D−→K+π−π−

and D−→K0
Sπ
− while D∗− candidates were reconstructed in their decay D∗−→D0π− with

D0→K+π−, D0→K+π−π0, D0→K+π−π+π− and D0→K0
Sπ

+π−.
The event selection was based on the energy imbalance, ∆E, and the beam-energy substi-

tuted invariant mass, mES, introduced in Section 4.1 for all decay modes except Brec→ J/ψK0
L,

for which it was based on ∆E alone in the case of the BaBar analysis and on the momentum
p∗B of the Brec candidate as measured in the Υ(4S) rest frame in the case of the Belle anal-
ysis. Measured distributions of the discriminating variables for the selected candidates are
shown in Figure 5.66. Combinatorial background from non-BB events was estimated from
a fit to the mES sideband region. Backgrounds from BB events including a correctly recon-
structed J/ψ meson were estimated from simulation and other backgrounds were estimated
from sidebands in the `+`− invariant mass distribution.

The standard flavour-tagging algorithms discussed in Section 4.1.10 were applied to derive
a tagging decision, q, for each selected event and to assign it to one of seven mutually exclusive
tagging categories. In the fit for the CP violating observables, the values of the average mistag
probability, ωk, and average difference, ∆ωk, between the mistag probabilities for B0 and
B0 candidates corresponding to this tagging category were then assigned to the event.

The decay time difference was calculated as ∆t = (zrec − ztag)/(βγc), where zrec and ztag

are the reconstructed positions along the beam axis of the Brec and Btag decay vertices, re-
spectively, and (βγc) is the known Lorentz boost of the Υ(4S) rest frame in the laboratory
system. The position of the Brec decay vertex was determined from a fit to the tracks assigned
to the decay of the Brec candidate, while the position of the Btag decay vertex was determined
from a fit to the tracks that were not employed in the reconstruction of the Brec candidate.
To improve the vertex resolution, the vertex reconstruction algorithm employed in the Belle
analysis included a constraint on the beam-spot position. In the case of the BaBar analysis,
the fit for the Btag vertex position included a constraint derived from the beam-spot position
and the reconstructed momentum vector of the Brec candidate. The average beam-spot posi-
tion was determined in both BaBar and Belle on a run-by-run basis. In the BaBar analysis,
tracks that resulted in a large contribution to the χ2 returned by the Btag vertex fit were
iteratively removed from the fit in order to reduce the bias on the reconstructed position of
the Btag decay vertex due to final-state particles from secondary decay vertices in events in
which the Btag decay involved long-lived charmed mesons. Moreover, the measured momentum
of the fully reconstructed Brec candidate was employed in the BaBar analysis to correct the
calculated value of ∆t for the small momentum of the Brec candidate in the Υ(4S) rest frame.
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This correction led to an average improvement of about 5 % in the decay-time resolution and
reduced the correlation between the decay time resolution and the decay time. The decay-time
resolution was modelled in the BaBar analysis by a sum of three Gaussian distributions with
separate means and standard deviations. In the case of the Belle analysis, it was described by
an empirical function that has been described in Ref. [250] and takes into account effects of
detector resolution, potential biases on the reconstructed value of ztag due to the possible inclu-
sion of tracks from secondary decay vertices of long-lived charmed particles or K0

S mesons, and
the small effect caused by neglecting the Lorentz boost of the Brec candidate in the Υ(4S) rest
frame.

In the Belle analysis, the parameters describing the flavour-tagging performance were deter-
mined from collision data using flavour-specific semileptonic and hadronic b→ c decays, while
the parameters describing the vertex resolution were determined from collision data employing
control samples of B→ J/ψX and B→D(∗)X decays. In the BaBar analysis, these parameters
were extracted together with the values of S and C by performing a simultaneous fit to the
selected samples of candidates in decays to CP eigenstates and flavour-specific final states. The
decay-time distribution for the signal component in decays to CP eigenstates was modelled in
both analyses as

gq(∆t) =
e
−|∆t|/τ

B0

4τB0

· {(1− q∆ωk) + q (1− 2ωk) × [S sin (∆md ∆t) − C cos (∆md ∆t)]} ,

convolved with the respective decay-time resolution functions, where q = +1 for events in
which Brec is tagged as a B0 candidate and q = −1 for events in which it is tagged as a
B0 candidate. The decay-time distributions for B0 and B0 decays to flavour-specific final
states were modelled in the BaBar analysis as

gB0(∆t) =
e
−|∆t|/τ

B0

4τB0

· {(1−∆ωk) + q (1− 2ωk) × cos (∆md ∆t)}

and

g
B0(∆t) =

e
−|∆t|/τ

B0

4τB0

· {(1 + ∆ωk) + q (1− 2ωk) × cos (∆md ∆t)} ,

respectively, convolved with the same decay-time resolution function. In this case, q = +1
for candidates tagged as unmixed and q = −1 for candidates tagged as mixed by the flavour
tagging algorithm. In both analyses, the background component peaking in mES, attributed
to BB events, was modelled by the same decay-time dependence and resolution as the signal
component, but with the values of the CP violation parameters, S and C, set to zero. The
decay-time distribution for combinatorial background was modelled by the sum of a prompt
component and an exponential function, convolved with a double Gaussian function to model
the decay-time resolution. The parameters describing the decay-time distribution of the com-
binatorial background component were free fit parameters in the BaBar analysis. In the Belle
analysis, they were fixed from a fit to events in sidebands of the mES distribution for all decay
modes except for Brec→ J/ψK0

L, where they were determined from simulated events and from
events in sidebands of the `+`− invariant-mass distribution.

In the case of the Belle analysis, the only free parameters in the final fit to the data were the
CP violation parameters, S and C. The fit function employed in the BaBar analysis contained
69 free parameters in addition to S and C. For the signal component, these included seven
parameters to describe the decay-time resolution function, twelve parameters to describe the
average mistag fractions and possible differences in mistag fractions between B0 and B0 can-
didates, another six parameters to describe a possible difference in tagging efficiency between
B0 and B0 candidates, and one parameter to account for a possible difference in reconstruc-
tion efficiency between B0 and B0 candidates. The remaining 43 fit parameters described
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the tagging performance, decay-time dependence and decay-time resolution, and possible CP -
violating asymmetries in background components. The values of the B0 lifetime, τB0 , and the
B0−B0 oscillation frequency, ∆md, were fixed in both analyses to their world averages at the
time of the measurement. The measured decay-time distributions and decay-time dependent
mixing asymmetries for the CP odd and CP even samples are shown in Figure 5.67 together
with the projections of the fit results.

The final results of the measurements in terms of sin (2β) are listed in Figure 5.69. The
CP violating parameter C was measured to

C = 0.024 ± 0.020 (stat) ± 0.016 (syst)

in the BaBar analysis and

C = −0.006 ± 0.016 (stat) ± 0.012 (syst)

in the Belle analysis. Both results are compatible with vanishing direct CP violation.
The quoted systematic uncertainties on the determination of sin (2β) were dominated in the

BaBar analysis by possible differences in the decay-time resolution and tagging performance
between decays to flavour-specific final states and decays to CP eigenstates, and by the under-
standing of the fractions and CP content of background components. In the case of the Belle
analysis, they were dominated by effects related to the vertex reconstruction and the modelling
of the decay-time resolution, followed by the understanding of the tagging performance and of
potential biases due to the fitting procedure.

Measurement at LHCb

The LHCb collaboration published [370] a first measurement of the time-dependent CP asym-
metry in the decay B0→ J/ψK0

S , based on the 2011 data set corresponding to an integrated
luminosity of 1 fb−1 collected at a pp collision energy of 7 TeV. In this analysis, J/ψ and
K0
S candidates were reconstructed in their decays J/ψ→µ+µ− and K0

S→π+π−, respectively.
Two categories of K0

S candidates were distinguished: long candidates, for which both final-state
pions left hits in the vertex detector, and downstream candidates, for which the trajectories
of the two final-state pions had to be reconstructed using information from the main tracking
system alone. Downstream candidates are typically due to K0

S mesons that decay outside the
acceptance of the vertex locator and are less precisely reconstructed than long K0

S candidates.
The selection of event candidates exploited the clear topology of the decay B0→ J/ψK0

S . The
reconstructed tracks of the two charged pions assigned to the K0

S decay were required to be
clearly separated from all reconstructed pp collision vertices in the event and the reconstructed
K0
S decay vertex had to be significantly displaced from these pp collision vertices. Candidate

Brec decays were formed by combining a J/ψ candidate and a K0
S candidate that were com-

patible with originating from a common vertex and had a combined invariant mass within a
100 MeV/c2 wide window around the known mass of the B0 meson. The decay vertex of the
K0
S candidate was then required to be significantly displaced from the reconstructed decay

vertex of the Brec candidate. The decay time, t, of the Brec candidate was reconstructed from
a kinematic fit constraining the momentum of the B0 candidate to point back to the position
of its associated pp collision vertex. The uncertainty on the reconstructed decay time was esti-
mated for each event using the results of this fit. Candidates with a reconstructed decay time
t < 0.3 ps were removed to suppress the large component of combinatorial background at small
measured decay times. Candidates with an estimated decay-time uncertainty σt > 0.2 ps were
removed to suppress poorly reconstructed events. A small drop in reconstruction efficiency was
observed at large decay times and was corrected for using samples of simulated events. The
invariant mass distribution of the 8200 reconstructed and flavour-tagged candidates is shown
in Figure 5.68. The initial flavour of the Brec candidate was inferred from a combination
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Figure 5.66: Distributions of the beam-energy substituted invariant mass, mES resp. Mbc, for
Brec→ (cc)K0

S candidates and distribution of ∆E resp. p∗B for Brec→ J/ψK0
L candidates in (left and

middle) BaBar and (right) Belle. In the panels on the left, mES distributions are also shown for the
CP mixed final state J/ψK∗+ and for the flavour-specific final states used in the analysis. Background
contributions are indicated by the shaded areas (from [367,368]).

Figure 5.67: Decay-time distributions for events tagged as B0 decays and events tagged as B0 decays
and the resulting decay-time dependent mixing asymmetry in (left) BaBar and (middle and right) Belle.
The upper left panels and the middle panels show distributions for decays to CP -odd final states (cc)K0

S ,
while the lower left panels and the rightmost panels show distributions for decays to the CP -even final
state J/ψK0

L. Projections of the fit functions are shown as solid lines (from [367,368]).
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Figure 5.68: (left) Distribution of the invariant mass for B0→ J/ψK0
S candidates from the LHCb

analysis of CP -violating parameters in this decay. The solid line indicates the projection of the fit
result and the grey area indicates the background component; (right) The CP -violating asymmetry
in bins of the decay time. Here, the solid line indicates the projection of the signal component of fit
result and the shaded band indicates the statistical uncertainty corresponding to one standard deviation
(from [370]).

of opposite-side flavour tagging algorithms [202] as described in Section 4.4. The estimated
mistag probability ηtag returned by the tagging algorithm was calibrated on collision data,
comparing it to the observed fraction of wrongly tagged candidates in samples of self-tagging
decays B±→ J/ψK±. In this calibration, the fraction of wrong tags was determined separately
for B+ decays and B− decays and the observed difference was used in the analysis to estimate
the difference in the mistag fraction for B0 candidates and B0 candidates. A possible small
difference in tagging efficiency between B0 candidates and B0 candidates was neglected in the
analysis and taken into account as a source of systematic uncertainty. The event-by-event
estimate of the decay-time uncertainty was calibrated on collision data employing samples of
prompt J/ψ candidates produced in the pp collisions. The true decay time for these J/ψ can-
didates is zero by definition and the reconstructed decay time gives a good measure of the true
decay-time uncertainty for the given candidate. After calibration, the average decay-time res-
olution for Brec→ J/ψK0

S candidates was found to be about 55 fs for long candidates, in which
information from the vertex detector was available to reconstruct the K0

S decay vertex, and
about 65 fs for downstream candidates in which the K0

S decay vertex was reconstructed using
information from the main tracking system alone. A simultaneous maximum likelihood fit to
the reconstructed invariant mass of the J/ψK0

S candidates, their reconstructed decay time and
the estimated decay-time resolution, the flavour-tagging decision and the estimated mistag
probability was performed to extract the CP -violating parameters S and C. The fit function
contained a term to describe the signal component and a term to describe backgrounds. The
invariant-mass distribution for the signal component was described by the sum of two Gaus-
sian functions with common mean, while the invariant mass distribution for the background
component was described by a falling exponential function. The decay-time distribution for
the background component was modelled by the sum of two exponential functions, convolved
with the decay-time resolution function. The decay-time distribution for the signal component
was parametrized as

Psig(t) ∝ e−t/τB × {

1− qtag ∆ωtag − AP qtag

(
1− 2ωtag(ηtag)

)
−
[
qtag

(
1− 2ωtag(ηtag)

)
− AP

(
1− qtag∆ωtag

) ]
· S sin (∆md t)

+
[
qtag

(
1− 2ωtag(ηtag)

)
− AP

(
1− qtag∆ωtag

) ]
· C cos (∆md t)

} ,
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Figure 5.69: Compilation of measurements of the CKM parameter sin (2β) and their average, as
performed by the Heavy Flavour Averaging Group, including results presented by September 2014
(from [2]).

convolved with the same decay-time resolution function, where qtag = +1 for candidates tagged

as B0 and qtag = −1 for candidates tagged as B0, while ωtag(ηtag) is the calibrated mistag
probability and ∆ωtag the estimated difference in the mistag fractions between B0 tags and
B0 tags. The parameter AP describes the small asymmetry in production rates of B0 and
B0 mesons in pp collisions. This asymmetry had been measured in earlier LHCb analyses [371,
372] to be AP = −0.015 ± 0.013. All parameters related to the description of the decay time
resolution and decay-time acceptance were fixed in the fit while the parameters describing
the flavour tagging performance and the production asymmetry were constrained within their
statistical uncertainties using Gaussian probability density functions. The B0 lifetime, τB, and
the B0−B0 oscillation frequency were free parameters in the fit together with the CP -violating
parameters, S and C. The fit results of τB = 1.496 ± 0.018 ps and ∆md = 0.53 ± 0.05 ps−1

were both in good agreement with the known world average values of these quantities. The
measured decay-time dependent CP -violating asymmetry is shown in Figure 5.68 and exhibits
the expected osillatory behaviour. Systematic uncertainties on the determination of S and C
were found to be dominated by effects related to the understanding of the tagging calibration
and the modelling of the distributions for the background component. Systematic effects
related to the decay-time resolution are small since the measurement uncertainty is much
smaller than the B0−B0 oscillation period. The result of the measurement in terms of sin (2β)
is shown in Figure 5.69 and the CP violating parameter C was measured to

C = 0.03 ± 0.09 (stat) ± 0.01 (syst) .

Both results are in good agreement with those from the B factories. While this measurement
cannot yet compete in precision with the results obtained at the B factories, it constituted the
first significant observation of a non-vanishing CP asymmetry in the decay B0→ J/ψK0

S at a
hadron collider3.

5.3.2 Resolution of the phase ambiguity in B0→ J/ψK∗0

As both the J/ψ meson and the K∗0 meson are vector particles with internal spin J = 1, the
J/ψK∗0 pair in the decay B0→ J/ψK∗0 can be produced with relative angular momentum

3A new LHCb measurement [373] of sin (2β) in the decay B0→ J/ψK0
S based on the full run I data set, corre-

sponding to an integrated luminosity of 3 fb−1 collected at pp collision energies of 7 TeV and 8 TeV, was presented
at the 2015 Moriond conference in La Thuile. The quoted results, sin (2β) = 0.731 ± 0.035 (stat) ± 0.020 (syst)
and C = −0.038 ± 0.032 (stat) ± 0.005 (syst), are compatible with the earlier LHCb measurement and with
those from the B factories.
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Figure 5.70: Definition of transversity angles (θK∗ , θtr, φtr) as employed in the BaBar time-dependent
angular analysis of B0→ J/ψK∗0: the K∗0 helicity angle θK∗ is the angle between the negative flight
direction of the B meson and the flight direction of the kaon in the K∗0 rest frame, θtr and φtr are the
polar and azimuthal angle of the positive lepton defined in the J/ψ rest frame (from [374]).

L = 0, 1 or 2. The states with L = 0 and L = 2 are CP even while the state with L = 1 is
CP odd. Reconstructing J/ψ→ `+`− and K∗0→K+π−, the decay is fully characterized by
the K+π− invariant mass and three angles between the directions of flight of the four final-
state particles. An angular analysis of the final state particles allows to statistically separate
the even and odd CP components. It is convenient to perform this angular analysis in the
so-called transversity basis, in which the decay amplitude is decomposed according to the po-
larizations of the two vector mesons with respect to their direction of motion, i.e. with respect
to the B0→ J/ψK∗0 decay axis in the rest frame of the B0 meson. In this decomposition,
the amplitude A0 describes the state in which the two vector mesons are polarized longitu-
dinally along the decay axis, while the amplitudes A‖ and A⊥ describe the states in which
the polarization vectors of the two vector mesons are parallel and orthogonal with respect to
each other in the plane perpendicular to the decay axis. Each of the three amplitudes has
a well-defined CP symmetry: the amplitudes A0 and A‖ are CP even and the amplitude A⊥
is CP odd. The decay angles corresponding to the transversity basis, ω ≡ (θK∗ , θtr, φtr), are
defined in Figure 5.70. Expressions for the differential decay rates and the time-dependent
decay rate asymmetry are derived in Refs. [374] and [375]. Summing over B0 and B0 decays,
the time-integrated differential decay rate as a function of the transversity angles is found to
be

g(ω) ≡ 1

Γ

d3Γ (B→ J/ψK∗)

dω

∝ f1(ω) |A0|
2 + f2(ω) |A‖|

2 + f3(ω) |A⊥|
2

+ f4(ω) |A‖||A⊥| sin (δ⊥ − δ‖)
+ f5(ω) |A0||A‖| cos (δ‖ − δ0)

+ f6(ω) |A0||A⊥| sin (δ⊥ − δ0) ,

where δ0, δ‖ and δ⊥ are the strong phases of the transversity amplitudes and the dependence
on the decay-angles is given by

f1(ω) = 2 cos2 θK∗ (1 − sin2 θtr cos2 φtr)

f2(ω) = sin2 θK∗ (1− sin2 θtr cos2 φtr)

f3(ω) = sin2 θK∗ sin2 θtr

f4(ω) = sin2 θK∗ sin (2θtr) sinφtr

f5(ω) = 1
2

√
2 sin (2θK∗) sin2 θtr sin (2φtr)

f6(ω) = 1
2

√
2 sin (2θK∗) sin (2θtr) cosφtr .
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Assuming that no direct CP violation occurs in the decay, the time-dependent differential
decay-rates are

gq(ω) ≡ 1

Γ

d4Γ (B→ J/ψK∗)

dω dt

∝ Γd
2
e−Γdt × A(ω) ×

{
1 + q ·

[
P (ω)

A(ω)
cos (∆md t) +

(
S(ω)

A(ω)
sin (2β) +

C(ω)

A(ω)
cos (2β)

)
sin (∆md t)

]}
,

where q = +1 for an initial B0 meson and q = −1 for an initial B0 meson, β is the angle of
the Unitarity Triangle, and the dependence on the decay angles is given by

A(ω) = f1(ω) |A0|2 + f2(ω) |A‖|
2 + f3(ω) |A⊥|2 + f5(ω) |A0||A‖| cos (δ‖ − δ0)

P (ω) = f4(ω) |A‖||A⊥| sin (δ⊥ − δ‖) + f6(ω) |A0||A⊥| sin (δ⊥ − δ0)

S(ω) = f1(ω) |A0|2 + f2(ω) |A‖|
2 − f3(ω) |A⊥|2 + f5(ω) |A0||A‖| cos (δ‖ − δ0)

C(ω) = −f4(ω) |A‖||A⊥| cos (δ⊥ − δ‖) − f6(ω) |A0||A⊥| cos (δ⊥ − δ0) .

Finally, the decay-time dependent decay rate asymmetry is

a(ω, t) ≡
g+(ω, t) − g−(ω, t)

g+(ω, t) + g−(ω, t)

=
P (ω)

A(ω)
cos (∆md t) +

{
S(ω)

A(ω)
sin (2β) +

C(ω)

A(ω)
cos (2β)

}
sin (∆md t) .

A vanishing value of the CP odd amplitude, |A⊥| = 0, implies P (ω) = C(ω) = 0 as well as
S(ω) = A(ω) and the equation reduces to the usual expression for decays to CP eigenstates.
Similarly, vanishing values of the CP even amplitudes, |A0| = |A‖| = 0, imply P (ω) = C(ω) = 0

and S(ω) = −A(ω).
Due to the symmetries of the sine and cosine functions, the differential decay rates and the

decay-rate asymmetry are invariant under the simultaneous phase-transformation(
(δ‖ − δ0) , (δ⊥ − δ0) , cos (2β)S wav

)
↔

(
−(δ‖ − δ0) , π − (δ⊥ − δ0) , − cos (2β)

)
and the value of cos(2β) can a priori be measured only up to a sign-ambiguity, since the values
of the strong phases are not known. This ambiguity can, however, be resolved by taking into
account that the K+π− pair can also be produced in an S-wave state with relative angular
momentum L = 0, without going through an intermediate K∗0 resonance. An early BaBar
measurement of decay amplitudes in the decay B→ J/ψK∗ had indicated that this S-wave
contribution is not negligible for Kπ invariant masses in the region of the K∗ resonance.
Including an S-wave amplitude, AS ≡ |AS |eiδS , four more terms have to be added to the
time-integrated differential decay rate, which becomes

gS+P (ω) ∝ g(ω) + f7(ω) |AS |
2

+ f8(ω) |AS ||A‖| cos (δ‖ − δS)

+ f9(ω) |AS ||A⊥| sin (δ⊥ − δS)

+ f10(ω) |AS ||A0| cos (δS − δ0) } ,

with the additional angular terms

f7(ω) = 2
3 (1 − sin2 θtr cos2 φtr)

f8(ω) = −1
3

√
6 sin θK∗ sin2 θtr sin (2φtr)

f9(ω) = 1
3

√
6 sin θK∗ sin (2θtr) cosφtr

f10(ω) = 4
3

√
3 cos θK∗ (1 − sin2 θtr cos2 φtr) .
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The phase ambiguity still remains when looking at the angular distributions for a fixed value
of the Kπ invariant mass, but it can be resolved by investigating the evolution of the phase
difference between the S-wave amplitude and the P -wave amplitudes as a function of the
Kπ invariant mass. The P -wave amplitudes are expected to undergo a large positive phase
shift as they go through a resonance at the mass of the K∗ meson, while the phase of the non-
resonant S-wave amplitude is expected to change only slowly as a function of the Kπ invariant
mass in this region.

An analysis of this behaviour was performed by the BaBar collaboration [374], based on a
data set corresponding to about 88 million produced BB pairs. As the available event sample
was not sufficiently large to fix all parameters in a simultaneous fit to the measured time-
dependent angular distribution, the analysis was carried out in three distinct steps. In the first
step, parameters of the three P -wave amplitudes, neglecting the S-wave amplitude, were deter-
mined from an analysis of the time-integrated angular distribution in a±100 MeV/c2 wide mass
window around the nominal mass of the K∗ resonance. In a second step, the S-wave amplitude
was included in the analysis and the phase ambiguity was resolved by an analysis of the time-
integrated angular distribution in eleven bins of the Kπ invariant mass between 0.8 GeV/c2

and 1.5 GeV/c2. These two steps made use of decays B+→ J/ψK0
Sπ

+ and B+→ J/ψK+π0

as well as B0→ J/ψK+π−, assuming identical behaviour of the P -wave amplitudes in these
isospin-related decay modes. In a third step, a measurement of cos(2β) was performed in a
time-dependent angular analysis of a statistically independent sample of B0→ J/ψK0

Sπ
0 candi-

dates with an invariant mass of the K0
Sπ

0 pair within a ±100 MeV/c2 wide window around the
nominal mass of the K∗ resonance. In this step, the parameters of the P -wave amplitudes were
fixed to the values determined in the first step and the contribution from the S-wave amplitude
was again neglected. The selection of event candidates for all decay modes was based on the
usual kinematical variables, namely the energy imbalance, ∆E, of the Brec candidate and its
beam energy-substituted invariant mass, mES. Distributions of mES for selected candidates in
the four final states are shown in Figure 5.71. Combinatorial background in the signal region
was estimated by extrapolation from the mES sidebands and its contribution was subtracted
from the measured angular distributions assuming that it followed the same angular shape as
the signal. Another source of background in the individual final states is cross-feeds, in which
a genuine J/ψK∗ event is reconstructed in the wrong K∗ mode, for example if the kaon from a
K∗+→K+π0 decay is combined with a charged pion to form a K∗0→K+π− candidate. Since
the different final states are assumed to follow the same angular distribution, these cross-feeds
were treated as part of the signal. A good understanding of the detector acceptance and the
reconstruction efficiency as a function of the decay angles is required for the angular analy-
sis. They were estimated from samples of simulated events, taking into account contributions
from the cross-feeds mentioned before. The result of the time-integrated angular analyses is
illustrated in Figure 5.72. The contribution from the S-wave amplitude is found to increase
slowly as a function of the Kπ invariant mass, while the P -wave amplitudes show the expected
behaviour of a resonance around the mass of the K∗ meson. A clear phase shift between the
S-wave amplitude and the P -wave amplitudes is observed at the K∗ mass. The solution(

(δ‖ − δ0) , (δ⊥ − δ0) , cos (2β)
)

shows the expected behaviour of decreasing phase difference (δS − δ0). As can be seen in
Figure 5.71, the decay mode Brec→ J/ψK∗0 with K∗0→K0

Sπ
0, that was used for the time-

dependent angular analysis, suffered from larger backgrounds than the decay modes used in the
time-integrated angular analysis. Therefore, its angular distribution was modelled separately
in the fit for cos(2β) using a parametrization derived from samples of simulated events. The
analysis itself followed the usual pattern. Flavour tagging was based on the standard algorithm
discussed in Section 4.1.10. The decay time difference ∆t was calculated in the usual manner
from the reconstructed positions of the Brec and Btag decay vertices and the Lorentz boost of



5.3. THE ANGLE β 203

Figure 5.71: Distributions of the beam-
energy substituted invariant mass mES for
the different Brec→ J/ψK∗ decay modes
employed in the BaBar analysis to mea-
sure the sign of cos(2β) (from [374]).

Figure 5.72: Relative strengths of the (top) P -
wave and (middle) S-wave amplitudes in bins of the
Kπ invariant mass in the region around the K∗ res-
onance and (bottom) the relative phase δS − δ0 be-
tween the S-wave amplitude and one of the P -wave
amplitudes. The evolution of the phase difference
as a function of Kπ invariant mass is shown for the
two ambiguous solutions. The solution showing the
expected negative trend is selected as the “physical
solution” (from [374]).

the Υ(4S) rest frame in the laboratory system. The decay-time resolution was described by the
sum of three Gaussian distributions with separate means and widths. The effects of imperfect
tagging performance and finite decay-time resolution were estimated in the fit for cos(2β) by
simultaneously fitting large samples of flavour-specific decays Brec→D(∗)±π∓, Brec→D(∗)±ρ∓,
Brec→D(∗)±a∓1 and Brec→ J/ψK∗0 with K∗0→K+π−.

The results of the time-dependent angular analysis are illustrated in Figure 5.73. A fit for
cos(2β), fixing the value of sin (2β) to its world-average value at the time of the measurement,
resulted in

cos (2β) = +2.72 + 0.50
− 0.79 (stat) ± 0.27 (syst)

and the value of cos(2β) was determined to be positive at 86% confidence level.

5.3.3 Measurements of sin (2βeff) in b→ sss transitions

Initial measurements of sin (2βeff) by the BaBar and Belle collaborations investigated the
resonant decays B0→φK0

S with φ→K+K− and B0→ ηK0
S with η→K+K−. In both cases,

the final state is a CP eigenstate. The decaying B0 meson and the K0
S meson are pseudoscalar

particles with spin J = 0, while the φmeson is a vector particle with spin J = 1 and the η meson
is a pseudoscalar particle with spin J = 0. Angular momentum conservation in the decay
requires the φK0

S pair to be produced with relative angular momentum L = 1, and therefore in
a CP -odd eigenstate, while the ηK0

S must be produced with L = 0 and therefore in a CP -even
eigenstate. In later measurements, time-dependent Dalitz-plot analyses were performed to
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Figure 5.73: (left) Decay-time distribution of Brec→ J/ψK∗0 candidates tagged as (top) B0 and (mid-
dle) B0 decays and (bottom) their time-dependent asymmetry; (top right) evolution of the cos(2β)
term as a function of the reconstructed decay time and (bottom right) results of the fit for sin (2β)
and cos(2β). In the bottom right panel, error bars indicate the fit results when floating both sin (2β)
and cos(2β) and when constraining the value of sin (2β) to its world average value at the time of the
measurement, indicated by the horizontal bands. Blue curves indicate contours of constant change
in log-likelihood corresponding to 1,2 and 3 Gaussian standard deviations, the black circle indicates
physical values with sin2(2β) + cos2(2β) = 1. (from [374]).

exploit the interference between these resonant components and the non-resonant component
B0→K+K−K0

S in order to determine not only sin (2βeff) but also the direct CP phase C ≡
−A

K+K−K0
S
. Earlier measurements had shown that non-resonant K+K− pairs are mostly

produced in an S-wave state, i.e. with relative angular momentum L = 0. The non-resonant
final state K+K−K0

S is therefore mostly CP even.

The concept of Dalitz plot analyses was introduced by Richard Henry Dalitz in 1953 [376,
377] to study the spin nature of the kaon through its decay to three pions and has since
then been widely applied to analyse resonant structures in three-body decays. Decays are
characterized by the squared invariant masses of two pairs of the three final-state particles.
For phase-space distributed decays of a spin-0 particle, events are evenly distributed within
the kinematically allowed region in the two-dimensional space defined by these two variables.
Decay dynamics, such as intermediate resonances, can cause structures in the distribution of
the events across the Dalitz plot and the study of such structures allows to draw conclusions
on the dynamics involved in the decay. In terms of the decay B0→K+K−K0

S , the two Dalitz
variables can be defined as

s+ ≡ m2(K+,K0
S)

s− ≡ m2(K−,K0
S) .

An example of a Dalitz plot derived from a sample of simulated decays including resonant as
well as non-resonant components is shown in Figure 5.74.

Neglecting effects from acceptance, trigger and reconstruction efficiencies, the time-dependent
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Figure 5.74: Dalitz plot of simulated B0→K+K−K0
S events in terms of the variables s+ ≡ m2(K+,K0

S)
and s− ≡ m2(K−,K0

S). Resonant structures in the K+K− invariant mass spectrum are visible as
falling diagonal lines. In particular, the rectangle along the upper right edge marks the region of the
φ→K+K− resonance (from [378]).

decay rate as a function of these Dalitz variables can be expressed as

dΓ

ds+ ds− d∆t
∝ e−|∆t|/τB

4τB
× {

(1− qtag ∆ωtag) · (|A|2 + |A|2)

− qtag (1− 2ωtag) · (|A|2 − |A|2) cos (∆md ∆t)

+ qtag(1− 2ωtag) · 2 Im (e−i2β AA∗) sin (∆md ∆t) }

convolved with a function describing the decay-time resolution. As usual, ∆t denotes the decay-
time difference between the Brec candidate and the Btag candidate, qtag = +1 for events tagged

as B0 decays and qtag = −1 for events tagged as B0 decays, ωtag describes the mistag fraction

and ∆ωtag a possible difference in the mistag fractions for B0 and B0 candidates; mB and τB
are the known mass and lifetime of the B0 meson and ∆md is the known B0−B0 oscillation
frequency. The dependence on the Dalitz variables is contained in the complex amplitudes
A and A for B0 decays and B0 decays, respectively. In the presence of several contributing
amplitudes, these can be parametrized as

A ≡
∑

ai · Fi(s+, s−)

A ≡
∑

ai · F i(s+, s−) ,

where ai contains the weak phase of the decay amplitude i and Fi(s+, s−) describes its dynamics
due to the strong interaction. For B0 and B0 decays,

F i(s+, s−) = (−1)L Fi(s+, s−) ,

where L is the relative angular momentum between the K+ and the K−. The mixing-induced
CP violating phase for the amplitude i is

βeff =
1

2
arg

(
e2iβaia

∗
i

)
,
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while the direct CP -violating asymmetry in the decay is given by

AK+K−K0
S

=
|ai|2 − |ai|2

|ai|2 + |ai|2
.

Both the BaBar collaboration and the Belle collaboration published measurements of sin (2βeff)
and A

K+K−K0
S
. The Belle measurement [378] was based on a data set corresponding to 657 mil-

lion produced BB pairs and employed K0
S candidates reconstructed in their decays to two

charged pions. The BaBar analysis [379] was based on their full data set, corresponding to
472 million produced BB pairs, and made use of K0

S candidates reconstructed in their decays
to π+π− as well as π0π0. The event selection was in both analyses based on the usual dis-
criminating variables: the energy imbalance, ∆E, the beam energy-substituted invariant mass,
mES, and event-shape variables. Backgrounds from decays B0→D−K+ and B0→D0K0

S with
D0→K+K− and from decays B0→ J/ψK0

S with J/ψ→K+K− were suppressed in the Belle
analysis by rejecting candidates with a reconstructedd K−K0

S or K+K− invariant mass com-
patible with the nominal masses of the D−, D0 or J/ψ mesons. In the BaBar analysis, the
background components from such decays were estimated from samples of simulated events.

The decay-time difference, ∆t, was calculated in both analyses in the usual manner from
the Brec and Btag decay vertex positions and the known boost of the Υ(4S) rest frame in the
laboratory system. The same decay-time resolution functions and the same flavour tagging
algorithm were employed as in the latest measurements of sin (2β) in the decay B0→ J/ψK0

S

described in Section 5.3.1 above. The parameters describing the decay-time resolution functions
and the tagging performances were fixed to their values found in the sin (2β) measurements.

Simultaneous maximum-likelihood fits to ∆E, mES, the Dalitz variables, the measured
decay-time differences and the tagging response were performed to analyse the composition of
the samples of selected candidates and to estimate the values of sin (2βeff) and the direct CP -
violating asymmetry A

K+K−K0
S
. The measured ∆E and mES distributions are shown together

with projections of the fit results in Figures 5.75 for the Belle analysis and in Figure 5.76 for
the BaBar analysis. In addition to the signal component, the fit functions contained terms for
B0B0 and B+B− backgrounds and for combinatorial background from non-BB events.

The distribution of events in the Dalitz plot was modelled in both analyses by isobar
models including amplitudes for the φ(1020) and f0(980) resonances as well as a non-resonant
component. The isobar model employed in the Belle analysis contained in addition components
for the fX(1500) and χc0 resonances, while the BaBar model included components for the
f0(1500), f0(1710), f ′0(1525), and χc0 resonances.

The line shape of the f0(980) component was modelled by a Flatté function [380], while
the φ(1020) and the other resonant components were modelled as relativistic Breit-Wigner
functions. The parameters describing these distributions were fixed to the known values for
the respective resonances at the time of the measurement. The shapes of the Dalitz-plot
distributions for the non-resonant K+K−K0

S component and for non-BB backgrounds were
parametrized in the Belle analysis as two-dimensional histograms derived from samples of sim-
ulated events and from sideband regions in the ∆E and mES distribution, respectively. In the
BaBar analysis, the non-resonant component was modelled by an empirical polynomial func-
tion of the Dalitz variables, with parameters determined from the fit to the data. The fit was
performed in the BaBar analysis simultaneously to the K0

S→π+π− and K0
S→π0π0 samples,

where the parameters describing the Daliz-plot distributions were constrained to be the same
for the two samples, while other parameters were allowed to fluctuate separately. The BaBar
fit contained a total of 90 parameters, including event yields for the signal and background
categories, parameters describing the complex amplitudes in the isobar model and parameters
describing the signal and background shapes in the three discriminating variables, ∆E, mES

and the multivariate classifier derived from event-shape variables.
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Figure 5.75: Distribution of (left) the energy imbalance and (right) the beam-energy substituted
invariant mass for K+K−K0

S candidates employed in the Belle Dalitz-plot analysis of the decay
B0→K+K−K0

S . The shaded areas indicate the estimated combinatorial background contribution and
the dotted lines show the total background estimates (from [378]).

Figure 5.76: Distributions of (left) the beam-energy substituted invariant mass and (right) the en-
ergy imbalance for K+K−K0

S candidates employed in the BaBar Dalitz-plot analysis of the decay
B0→K+K−K0

S . The upper panels show the distributions for candidates with K0
S→π+π−, the lower

panels those for candidates with K0
S→π0π0. Shaded areas indicate the estimated background contri-

butions as explained in the plot legends (from [379]).

Figure 5.77: Invariant-mass distributions for (left) K0
SK

+ pairs, (middle) K0
SK
− pairs, and

(right) K+K− pairs from the Belle Dalitz-plot analysis of the decay B0→K+K−K0
S . The insert in the

panel on the right shows a close-up of the region around the mass of the φ(1020) meson (from [378]).
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Figure 5.78: (left) Distribution of the decay-time differences for selected candidates tagged as B0 or
B0 and (right) decay-time dependent CP asymmetry for B0→K+K−K0

S candidates in the region of
the φ(1020) resonance from the (top row) Belle, and (middle row) BaBar analyses and (bottom row)
for B0→K+K−K0

S candidates outside the φ(1020) region from the BaBar analysis. As expected, the
oscillation patterns inside and outside the φ(1020) region show opposite polarities due to the different
relative angular momentum of the K+K− system. Full lines indicate the projections of the best fit
solutions. In the upper right panel, the dotted line illustrates the expected oscillation pattern using the
value of sin (2β) as measured in B0→ (cc)K0

S analyses (from [378,379]).

The Belle and BaBar fits gave four and five ambiguous solutions, respectively, corresponding
to different contributions from the considered decay amplitudes, but with values for sin (2βeff)
that were consistent within the uncertainties returned by the fits. Measured invariant-mass
distributions from the Belle analysis are shown together with projections of the fit function for
the best fit solution in Figure 5.77. Decay-time distributions for selected candidates tagged
as B0 and B0 decays and the corresponding decay-time dependent asymmetries from both
analyses are shown in Figure 5.78 together with the results of the fits. Results from the
Belle analysis are shown for candidates in the region of the φ(1020)-resonance, results from
the BaBar analysis are shown both for candidates in the region of the φ(1020)-resonance
and for candidates outside this region. The decay-time dependent asymmetries show the
expected oscillation patterns, with opposite signs for candidates from the P -wave dominated
region around the mass of the φ(1020) meson and for candidates from the S-wave dominated
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remainder of the Dalitz-plot.
Systematic uncertainties on sin (2βeff) were found to be dominated in both analyses by

uncertainties related to the Dalitz models. Other sources of systematic uncertainties were
possible fit biases due to the low statistics in the event samples, the parametrization of the
decay-time resolution function and effects related to the reconstruction of the decay vertices.
The results for the best fit solutions for candidates in the Dalitz-plot region corresponding to
the φ(1020) resonance were quoted as

βeff (φK0
S) = ( 32.2 ± 9.0 (stat) ± 2.6 (syst) ± 1.4 (Dalitz model) )◦

in the Belle analysis and as

βeff (φK0
S) = ( 21 ± 6 (stat) ± 2 (syst) )◦

in the BaBar analysis. Results compatible with these were in both cases found for candidates
in the region of the f0(980) resonance and for candidates outside the resonant φ(1020) and
f0(980) regions. Within the relatively large uncertainties, results are compatible with the
value of sin (2β) obtained in b→ ccs processes. The fit results for A

K+K−K0
S

had similarly

large uncertainties and were compatible with vanishing direct CP asymmetry.
Exploiting the interference between S-wave amplitudes and P -wave amplitudes in the non-

resonant region, the mirror solution (π − βeff) could be excluded in the BaBar analysis with a
significance corresponding to 4.8 Gaussian standard deviations.

5.4 The angle α: mixing-induced CP violation in b→uud
transitions

The angle α at the apex of the Unitarity Triangle is defined by

α ≡ arg

(
− VtdV

∗
tb

VudV
∗
ub

)

and can in principle be measured from the amplitude of the time-dependent CP asymmetry
in decays of neutral B mesons to pairs of charged pions. The final state is a CP eigenstate
that is accessible to B0 as well as B0 decays and the CP violating asymmetry is caused by
the interference between mixing and decay. The decay amplitudes are dominated by the tree
processes shown in Figure 5.79, for which the CP violating phase is

λππ ≡
(
q

p

)
B0

·
(
Aππ
Aππ

)
=

(
V ∗tbVtd
VtbV

∗
td

)
·
(
V ∗ubVud
VubV

∗
ud

)
= 2 arg

(
VtdV

∗
tb

V ∗udVub

)
= 2α .

However, the decay can also proceed through the penguin processes shown in Figure 5.80
and the contribution from the penguin amplitudes with different weak phase from the tree
amplitude is not negligible. This can be shown by formally expressing the decay amplitude
as

Aππ = (T + Pu) · (VudV
∗
ub) + Pc · (VcdV

∗
cb) + Pt · (VtdV

∗
tb) ,

where T , Pu, Pc, and Pt denote the amplitudes of the tree process and the penguin processes
with intermediate up, charm and top quarks, after the respective weak phases have been
factored out. Exploiting the unitarity of the CKM matrix to substitute

V ∗cbVcd = −V ∗ubVud − V ∗tbVtd ,

the decay amplitude can be rewritten

Aππ = (T + Pu − Pc) · (VudV
∗
ub) + (Pt − Pc) · (VtdV

∗
tb) .
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Figure 5.79: Tree diagrams for the decays (left) B0→π+π− and (right) B0→π−π+. The same diagrams
also apply for the decays to ρ+ρ−, ρ±π∓ and a±1 π

∓ discussed in this section.
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Figure 5.80: Leading penguin diagrams for the decay B0→π+π−. The index q stands for u, c or t,
depending on the type of the virtual quark that appears in the inner loop. The same diagram also
applies for the decays to ρ+ρ−, ρ±π∓ and a±1 π

∓ discussed in this section.

Both VudV
∗
ub and VtdV

∗
tb are proportional to the third power of the Wolfenstein parameter λ

and the second term on the right-hand side of the equation is therefore not CKM suppressed
with respect to the first term. The measured branching fractions for the decays B0→Kπ and
B0→ππ in fact indicate that penguin contributions should be significant. For the case of pure
tree amplitudes one would expect

BF (B0→K+π−)

BF (B0→π+π−)
≈
∣∣∣∣∣VusVud

∣∣∣∣∣
2

= λ2 ≈ 0.05 ,

whereas the ratio of the measured branching fractions [1] is

BF (B0→K+π−)

BF (B0→π+π−)
=

(19.6± 0.5)× 10−6

(5.12± 0.19)× 10−6
≈ 4 .

A rough quantitative estimate of the ratio P/T of the penguin amplitudes, P , over the tree
amplitude, T , in the decay B0→π+π− can be derived by assuming that this decay is dominated
by the tree process and that the decay amplitude A(B0→K+π−) is dominated by the penguin
process. Under these assumptions,

A(B0→K+π−)

T
≈
√

BF (B0→K+π−)

BF (B0→π+π−)
≈ 2

and
P

A(B0→K+π−)
≈
∣∣∣∣VtdVts

∣∣∣∣ ≈ 0.2 ,

such that
P

T
=

A(B0→K+π−)

T
· P

A(B0→K+π−)
≈ 0.4 .

Following the argumentation in Section 3.3, the time-dependent CP asymmetry in neutral
B-meson decays to the final state f = π+π− is given by

aπ+π−(t) = Sπ+π− sin (∆md t) − Cπ+π− cos (∆md t)
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where Cπ+π− is a measure for the direct CP violating asymmetry caused by the interference
of decay amplitudes with different weak and strong phases and

Sπ+π− =
√

1− C2
π+π− · sin (2α− 2∆α)

describes the CP violating asymmetry due to the interference of mixing and decay. The
expected significant contributions from penguin processes to the decay amplitude can cause a
non-zero value of Cf as well as a shift, ∆α, of the weak phase with respect to the angle α of
the Unitary Triangle.

Following an approach first described in Ref. [381] and in Refs [382, 383], the phase shift
∆α can be extracted from an isospin analysis of the complex decay amplitudes

A+− ≡ A (B0→π+π−)
A00 ≡ A (B0→π0π0)
A+0 ≡ A (B+→π+π0)

and
A+− ≡ A (B0→π+π−)
A00 ≡ A (B0→π0π0)
A−0 ≡ A (B−→π−π0) .

In all these cases, Bose-Einstein statistics imply that the ππ final state must have even isospin,
i.e. I = 0 or I = 2. In the final state π+π0, moreover, the third component of the isospin is
I3 = 1 and this final state can therefore assume only I = 2, but not I = 0. Tree diagrams can
lead to both I = 0 and I = 2 final states, but penguin diagrams cannot lead to final states with
I = 2 since the exchanged gluon is an isospin singlet state with I = 0. Therefore, tree diagrams
as well as penguin diagrams can contribute to the decays B0→π+π− and B0→π0π0 and
their charge conjugates, whereas the decays B±→π±π0 can only proceed via tree diagrams.
Expanding the decay amplitudes in terms of the isospin amplitudes, A0 and A2, for a B meson
to decay into a ππ final state with defined isospin I = 0 or I = 2,

(1/
√

2)A+− = A2 − A0

A00 = 2A2 + A0

A+0 = 3A2

and similary for the charge-conjugated processes, yields two relations between the decay am-
plitudes, namely

(1/
√

2)A+− + A00 = A+0

and
(1/
√

2)A+− + A00 = A−0 ,

which can be represented as two triangles in the complex plane. As derived above, the ampli-
tude A2 receives contributions only from the tree diagram and can therefore be parametrized
as

A2 ≡ |A2| eiδ2 eiφT ,

where δ2 is the strong phase of the I = 2 final-state interaction and φT is the weak phase of
the tree decay. The amplitude for the charge-conjugated process is

A2 ≡ |A2| eiδ2 e−iφT ,

implying
|A2| = |A2|

and therefore
|A+0| = |A−0| .
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Figure 5.81: Illustration of the two isospin triangles employed to extract the phase shift ∆α due to
penguin contributions in the B→π+π− decay amplitude.
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Figure 5.82: Tree-decay diagram for the decay B0→π0π0. The same diagram also applies for the decays
to ρ+ρ−, ρ±π∓ and a±1 π

∓ discussed in this section.

Adopting a phase convention such that φT = 0, the two triangles have one side in common
and, as illustrated in Figure 5.81, the phase shift 2∆α is given by the angle between the two
sides corresponding to the amplitudes A+− and A+−. The construction of the two triangles
and the determination of the CKM angle α requires measurements of the three branching
fractions BF (B0→π+π−), BF (B0→π0π0) and BF (B±→π±π0) as well as the CP violation
parameters Sπ+π− , Cπ+π− and the time-integrated direct CP asymmetry Cπ0π0 . Measurements
of time-dependent CP asymmetries in the decay mode B0→π0π0 are currently not feasible
due to large uncertainties in the reconstruction of the decay vertex position of the decaying
B meson. The isospin analysis allows to determine the angle α up to an eight-fold ambi-
guity. A two-fold ambiguity stems from the symmetry of the sine function describing the
time-dependent CP asymmetry, while different relative orientations of the isospin triangles,
flipping one triangle horizontally or vertically with respect to the other, lead to a four-fold
ambiguity in the determination of ∆α. The experimentally most challenging measurement is
that of the π0π0 final state due to the lower branching fraction for this decay as well as the
lower reconstruction efficiency for neutral pions compared to charged pions. As illustrated in
Figure 5.82, the tree amplitude for the decay B0→π0π0 is colour suppressed and this decay
can therefore be expected to be dominated by the penguin amplitude.

Measurements of the CKM angle α can also be performed in analyses of time-dependent
CP asymmetries in other b→uud transitions. Decays to ρ+ρ−, ρ0ρ0 and ρ±ρ0, with each
of the two ρ mesons decaying to a pair of pions, can be treated in a similar manner as the
decays to the ππ final states discussed above. The ρ meson being a spin-1 vector particle, the
ρρ pair can be produced with relative angular momenta L = 0, 1 or 2 and the final state is in
principle not a CP eigenstate. Angular analyses by BaBar [384] and Belle [385] have, however,
shown that the ρρ pairs are in fact produced to almost 100% in the longitudinally polarized
state, which is CP even. The small CP odd contribution from CP odd polarization states is
neglected in current analyses of the CP asymmetry and a systematic uncertainty is assigned
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to account for this approximation. The branching fraction for the penguin-dominated decay
B0→ ρ0ρ0 is found to be small compared to that for the decay B0→ ρ+ρ−, indicating that the
contribution from penguin amplitudes in B0→ ρ+ρ− decays and the resulting phase shift ∆α
can be expected to be small.

As proposed in Ref. [386], an unambiguous and theoretically clean determination of the
CKM angle α can be obtained through a time-dependent Dalitz-plot analysis in decays of
neutral B mesons to ρ+π−, ρ−π+ and ρ0π0. With the ρ meson decaying to a pair of pions, six
interfering amplitudes lead to the final state π+π−π0, namely

A+ ≡ A (B0→ ρ+π−) ≡ e−iα T+ + P+

A− ≡ A (B0→ ρ−π+) ≡ e−iα T− + P−
A0 ≡ A (B0→ ρ0π0) ≡ e−iα T0 + P0

and
A+ ≡ q

p A (B0→ ρ+π−) ≡ e+iα T+ + P+

A− ≡ q
p A (B0→ ρ−π+) ≡ e+iα T− + P−

A0 ≡ q
p A (B0→ ρ0π0) ≡ e+iα T0 + P0 ,

where T and P indicate the contribution from tree and penguin amplitudes and q/p is the
CP phase of the B0−B0 mixing amplitude. Isospin relations in this decay show that

P0 = −1

2

(
P+ + P−

)
and the angle α can be extracted from the ratio of decay amplitudes

A+ + A− + 2A0

A+ + A− + A0

= e2iα .

The extraction of the magnitudes and relative phases between these amplitudes relies on a
decay-time dependent measurement of interference patterns in the π+π−π0 Dalitz-plot. Such
interference patterns can occur in regions of phase space in which contributions from different
B0→ ρπ decay modes overlap. That such overlap regions do exist is illustrated in the decay-
time integrated Dalitz plot shown in Figure 5.83, obtained from simulated samples of events.

Finally, measurements of neutral B-meson decays to a±1 π
∓, with the a±1 meson decaying to

ρπ followed by ρ→ππ, permit to extract an effective weak phase αeff = α+ ∆α. Upper limits
on the possible value of ∆α can be derived assuming SU(3) flavour symmetry and relating decay
rates measured in B0→ a±1 π

∓ to CP averaged decay rates measured in the SU(3)-related pro-
cesses B+→ a+

1 K
0 and B+→K0

1(1270, 1400)π+ or B0→ a−1 K
+ and B0→K+

1 (1270, 1400)π−.

The extraction of the angle α from combined measurements of branching fractions and
CP violating observables in B→ππ, B→ ρρ, B→ ρπ and B→ a1π decays is the prerogative of
the asymmetric B factories and measurements in all these decay modes have been performed
at both BaBar and Belle. Precise measurements at hadron colliders do not seem feasible due to
the difficulty in reconstructing clean event samples in the decay modes to final states including
neutral pions that are required in all approaches. The LHCb collaboration has published a
measurement of the CP violating observables in the decay B0→π+π−. The interest, here,
is the combination with similar measurements in the decay mode B0

s→K+K−, which should
allow to derive constraints on the CKM angle γ assuming SU(3) flavour symmetry.

Constraints on the CKM phase α have been derived in individual BaBar and Belle analyses
and in a combined analysis, which the joint BaBar and Belle collaborations have published
recently. Constraints combining all available measurements have also been derived by the
CKMfitter group and the UTFit group. In the remainder of this section, measurements per-
formed in the decay modes B0→π+π−, B→ ρπ and B→ ρρ will be described in turn and then
the resulting constraints on the CKM phase α will be discussed.
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Figure 5.83: Dalitz plot for a sample of simulated B0→π+π−π0 events. Decays via the ρ+π−, ρ−π+ and
ρ0π0 intermediate states populate the regions close to the left edge, the lower edge and the upper right
edge of the kinematically allowed region, respectively. The insert shows a close-up of one of the corners
of the Dalitz plot, where two amplitudes interfere. The simulation did not include detection and
reconstruction effects and the amplitudes were set to A+ = A− = A0 = 1 (from [387,388]).

5.4.1 Measurements in B→ ππ decays

Several measurements of branching fractions and CP violating observables in B0→π+π−,
B0→π0π0 andB±→π±π0 decays have been performed by the BaBar [389–395] and Belle [396–
400] collaborations. The LHCb collaboration published a measurement [401] of CP asymme-
tries in the decay B0→π+π−.

Measurements in the decay mode B0→π+π−

The final BaBar [395] and Belle [400] measurements in the decay mode B0→π+π− were based
on their full data samples, corresponding to 467 and 772 million produced BB pairs, respec-
tively. Both analyses followed a similar pattern to that employed in the measurements of
sin (2β) in decays B→ J/ψK0

S described in Section 5.3. One B meson, Brec, was fully recon-
structed in the signal decay. The remaining reconstructed particles in the event were used to
reconstruct the decay vertex of the opposite-side B meson, Btag, and to infer its flavour of

the time of its decay and thereby tag the initial flavour of the Brec candidate as a B0 or B0.
The decay time difference, ∆t, was estimated from the distance between the reconstructed
Brec and Btag decay vertices along the beam axis and the known boost of the Υ(4S) rest
frame in the laboratory system. In both analyses, B0→π+π− signal candidates were formed
by combining two well-reconstructed tracks fulfilling loose requirements on their impact pa-
rameters with respect to the nominal e−e+ interaction region. An initial event selection was
based on the beam-energy substituted invariant mass, mES, and the energy imbalance, ∆E,
of the signal candidate as defined in Section 4.1, and on different combinations of event shape
variables. The CP violation parameters, Sπ+π− and Cπ+π− , were then determined from a
multi-dimensional maximum likelihood fit to mES, ∆E, a combined event-shape variable, par-
ticle identification information, tagging information and the measured decay-time difference of
the selected candidates. Particle identification algorithms as described in Section 4.1.7 were
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employed to distinguish between Brec→π+π−, K+π− and K+K− candidates and to suppress
backgrounds from pπ− and pK− combinations. The decay B0→K+π− was treated as a source
of background in the Belle analysis, while a measurement of the direct CP violating asymmetry
in this decay mode was included in the BaBar analysis.

The same flavour-tagging algorithms, discussed in Section 4.1.10, as in the latest mea-
surements of sin (2β) were applied to derive a tagging decision, q, for each selected event and
to assign the event to one of seven mutually exclusive tagging categories, k, and the corre-
sponding average mistag probability, ωk, and difference between the mistag probabilities for
B0 and B0 candidates, ∆ωk, were assigned to the event in the further analysis. The average
values of ωk and ∆ωk for each tagging category were determined from samples of self-tagging
flavour-specific decays of B mesons.

The decay-time resolution for signal candidates was modelled using the same functional
forms as in the latest measurements of sin (2β), i.e. the sum of three Gaussian functions in
the case of the BaBar analysis and the function described in Ref. [250] in the case of the Belle
analysis.

The decay-time distribution for the signal component was modelled in both analyses as

gq(∆t) =
e−|∆t|/τB

4τB
× { (1− q∆ωk) +

q (1− 2ωk) ×
[
Sπ+π− sin (∆md ∆t) − Cπ+π− cos (∆md ∆t)

] }
,

convolved with the respective decay-time resolution function, where q = +1 for events tagged
as B0 candidates and q = −1 for events tagged as B0 candidates. The values of the B0 lifetime,
τB, and of the B0−B0 oscillation frequency, ∆md, were fixed to their world-averages at the
time of the measurements.

In addition to the signal component, the fit function employed in the Belle analysis con-
tained terms for six sources of background, namely peaking backgrounds from neutral B-meson
decays to K+π−, K+K−, K−π+ and K+K−, backgrounds from other charmless decays of neu-
tral and charged B mesons, and continuum background from non-BB events. The fit function
employed in the BaBar analysis included a total of 28 contributions, distinguishing between dif-
ferent combinations of final state particles and the available particle identification information
for each of the two tracks.

Measured distributions for some of the discriminating variables as obtained in the Belle
analysis are shown in Figure 5.84 together with projections of the fit results. The measured ∆t
distributions and the resulting decay-time dependent CP asymmetries for the B0→π+π− sig-
nal component from both analyses are shown in Figure 5.85. The results of the two analyses,

Sπ+π− = −0.64 ± 0.08 (stat) ± 0.03 (syst)

Cπ+π− = −0.33 ± 0.06 (stat) ± 0.03 (syst)

from Belle and

Sπ+π− = −0.68 ± 0.10 (stat) ± 0.03 (syst)

Cπ+π− = −0.25 ± 0.08 (stat) ± 0.02 (syst)

from BaBar, are in good agreement with each other. The precision of the measurements is
in both cases limited by the statistical uncertainty. The quoted systematic uncertainties on
Sπ+π− were dominated by effects related to the parametrization of the decay-time resolution,
the reconstruction of the Brec and Btag decay vertices, and the understanding of the flavour
tagging performance. The quoted systematic uncertainty on Cπ+π− was dominated by possible
CP violating effects in Btag decays.

The published LHCb analysis was based on the 2011 data set, corresponding to an inte-
grated luminosity of 1.0 fb−1 collected at a pp collision energy of 7 TeV. The selection of
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Figure 5.84: Distributions of (top left) the beam-energy substituted invariant mass, (top right) the
energy imbalance, (bottom left) the combined kaon-pion identification variable and (bottom right) the
combined event-shape variable for selected candidates from the Belle analysis of CP violating asymme-
tries in the decay B0→π+π−. The results of the maximum likelihood fit to the data are superimposed,
where blue hatched areas indicate the B0→π+π− signal component, green dotted curves indicate the
B→K+π− component, purple dash-dotted curves indicate the component attributed to other BB back-
grounds and dashed red curves indicate the sum of all background components (from [400]).

Figure 5.85: Decay time distributions for signal candidates tagged as B0 and B0 decays, and the
resulting decay-time dependent CP asymmetry from the latest (left, from [367]) BaBar and (right,
from [368]) Belle analyses of CP violating observables in the decay B0→π+π−.
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signal candidates was based on the transverse momenta of the two final state particles and
their invariant mass, the quality of the track reconstruction, the impact parameter of the two
tracks with respect to the reconstructed pp collision vertex and their distance of closest ap-
proach to each other as well as on the invariant mass of the B candidate, its decay time, its
transverse momentum and its impact parameter with respect to the pp collision vertex. Parti-
cle identification information was then applied to split the sample of selected candidates into
mutually exclusive categories corresponding to B0→π+π−, B0→K+π−, and B0

s→K+K−.
Sources of backgrounds considered in the B0→π+π− sample were other two-body b hadron
decays with a final-state particle that was misidentified as a pion, random combinations of two
oppositely charged tracks that accidentally fulfill the selection criteria, and pairs of oppositely
charged tracks from partially reconstructed 3-body B-meson decays. The same combina-
tion of opposite-side flavour tagging algorithms [202], described in Section 4.4, as in the first
LHCb measurement of sin (2β) in B0→ J/ψK0

S decays was employed to infer the initial flavour
of the Brec candidate. The algorithm returned a tagging decision and an estimate, ηtag, of the
mistag probability. Events were split into five mutually exclusive intervals of ηtag. For each of
these intervals, the average mistag fractions for B0 candidates, ωk, and for B0 candidates, ωk,
were determined from samples of flavour-specific decays B0→K+π− and B0

s→K−π+. The
same control samples were employed to estimate the expected BB production asymmetry in
pp collisions. The CP violating parameters, Cπ+π− and Sπ+π− , were determined from a maxi-
mum likelihood fit to the measured invariant-mass and decay-time distributions of the selected
candidates. In this fit, the decay-time resolution was modelled by a single Gaussian function
with a width of 50 fs, as derived from large samples of charmonium decays to µ+µ− pairs. The
acceptance as a function of the decay-time was modelled by an empirical function derived from
samples of simulated signal events. The B0 lifetime was a free parameter in the fit, whereas
the value of ∆md was fixed to its world average at the time of the measurement. The parame-
ters describing the tagging performance and the BB production asymmetry were constrained
in the fit to the values obtained from the calibration sample. The measured invariant-mass
distribution, the decay-time distribution and the resulting time-dependent raw CP asymmetry
are shown in Figure 5.86 together with the results of the fit.

The results of the analysis,

Sπ+π− = −0.71 ± 0.13 (stat) ± 0.02 (syst)

Cπ+π− = −0.38 ± 0.15 (stat) ± 0.02 (syst) ,

are compatible with the corresponding measurements from BaBar and Belle. While the preci-
sion of the LHCb measurement is not yet competitive in terms of its statistical uncertainty, the
systematic uncertainties are of comparable size to those quoted in the BaBar and Belle analy-
ses. The quoted systematic uncertainties on both Sπ+π− and Cπ+π− are dominated by effects
related to the determination of the flavour tagging performance, to the modelling of the decay-
time dependence for combinatorial background and to the uncertainty on the world-average
value of ∆md. Effects related to the decay-time resolution are small, since the uncertainty on
the measurement of decay-times is small in LHCb compared to the B0−B0 oscillation period.

A comparison of the three results in the (Sπ+π− , Cπ+π−) plane is shown in Figure 5.87.

Measurements in the decay modes B0→π0π0 and B+→π+π0

As discussed in the introduction to this section, measurements of Sπ+π− and Cπ+π− need to
be complemented by measurements of the branching fractions for the decays B0→π0π0 and
B+→π+π0 and of the time-integrated direct CP asymmetry, Cπ0π0 , in the decay B0→π0π0 in
order to extract constraints on the CKM angle α. Measurements of the branching fraction
for the decay B0→π+π− have been performed both at BaBar [392] and at Belle [399]. A
BaBar measurement of the B0→π0π0 branching fraction and of Cπ0π0 , based on their full
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Figure 5.86: Distributions of the (top left) π+π− invariant mass and (top right) decay time for selected
candidates and (bottom) the resulting decay-time dependent CP asymmetry from the first LHCb anal-
ysis of CP violating observables in the decay B0→π+π−. The results of the maximum-likelihood fit to
the data are superimposed, indicating in the upper panels different signal and background components
as described in the plot legend (from [401])

Figure 5.87: Comparison of the BaBar, Belle and LHCb measurements of the CP violating parameters
Sπ+π− and Cπ+π− in the decay B0→π+π−, and their average as prepared by the Heavy Flavour
Averaging Group taking into account measurements available through summer 2014 (from [2]).
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data set, was published in conjunction with their measurement of Sπ+π− and Cπ+π− described
above [395]. The Belle collaboration published a measurement [396] based on a data set
corresponding to 275 million produced BB pairs. Both analyses used π0 candidates formed
by two isolated photon candidates, defined as clusters in the electromagnetic calorimeter that
fufilled requirements on the deposited energy and the shower shape and that were isolated
from any reconstructed tracks. A minimum opening angle between the momentum vectors of
the photon candidates in the π0 rest frame and the momentum vector of the π0 candidate in
the laboratory system was required to suppress random combinations of photon candidates.
In the BaBar analysis, one of the two π0 candidates was also allowed to be reconstructed as a
single, merged cluster compatible with overlapping energy depositions from two photons, or as a
e+e− pair compatible with originating from a photon conversion in the material of the detector.
The selection of B0→π0π0 candidates relied on the beam-energy substituted invariant mass,
mES, and the energy imbalance, ∆E, of the Brec candidate and on combinations of event-shape
variables. The signal component in the selected event sample was extracted in the Belle analysis
by a two-dimensional maximum likelihood fit to the measured distributions in mES and ∆E
and in the BaBar analysis by a three-dimensional maximum likelihood fit to the distributions
of mES, ∆E and a combined event-shape variable. The results of the fits in terms of the mES

and ∆E distributions are shown in Figure 5.88 for the BaBar analysis and in Figure 5.89 for
the Belle analysis. The likelihood function contained contributions for the B0→π0π0 signal
component, for backgrounds from partially reconstructed decays B+→ ρ+π0 with ρ+→π+π0

and B0→K0
Sπ

0 with K0
S→π0π0, and for continuum background from non-BB events. The

standard BaBar and Belle flavour tagging algorithms were applied to derive the initial flavour
of the signal B meson candidate and to sort event candidates into categories according to the
tagging quality. The time-integrated direct CP asymmetry Cπ0π0 was extracted from a fit to
the event yields in each of the tagging categories as

nk =
1

2
fkNπ0π0 [1− q (1− 2χ)(1− 2ωk)Cπ0π0 ] ,

where fk is the fraction of candidates in tagging category k, Nπ0π0 is the total number of signal
candidates and χ is the time-integrated B0−B0 mixing probability, which was fixed in the fit to
its world-average value at the time of the measurement. The precision of the measurements of
Cπ0π0 is limited by the statistical uncertainty. The leading systematic uncertainies were found
in the BaBar measurement to be due to the understanding of the flavour tagging performance
and to effects of peaking backgrounds in the selected signal sample.

The constraints on the CKM angle α that were derived from isospin analyses based on
these measurements will be discussed in the final part of this section.

5.4.2 Measurements in B→ ρρ decays

Both the BaBar [384,402–406] and Belle [385,407–409] collaborations performed measurements
of branching fractions, polarization fractions and CP asymmetries in decays B0→ ρ+ρ− [384,
385, 402, 403, 407], B0→ ρ0ρ0 [404, 405, 408] and B±→ ρ±ρ0 [406, 409] and combined these
measurements in isospin analyses to derive constraints on the angle α.

The latest BaBar [384] and Belle [407] measurements of the CP violating observables in
the decay B0→ ρ+ρ− were based on data sets corresponding to 384 and 535 million produced
BB pairs, respectively. The BaBar analysis included a measurement of the branching fraction
and the fraction of longitudinal polarization in this decay, while the Belle collaboration had
measured these in an earlier analysis [385] to be

BF (B0→ ρ+ρ−) =
(
22.8 ± 3.8 (stat) + 2.3

− 2.6 (syst)
)
× 10−6

and
fL = 0.941 + 0.034

− 0.040 (stat) ± 0.030 (syst) ,
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Figure 5.88: Distributions of (left) the beam-energy substituted invariant mass, mES, and (right) the
energy imbalance, ∆E, for selectedB0→π0π0 candidates from the BaBar measurement of the branching
fraction and time-integrated CP violating asymmetry in this decay mode (from [395]).

Figure 5.89: Distributions of (left) the beam-energy substituted invariant mass, denoted as Mbc, and
(right) the energy imbalance, ∆E, for selected candidates tagged as (top) initial B0→π0π0 and (bot-
tom) B0→π0π0, from the Belle measurement of the branching fraction and time-integrated CP violat-
ing asymmetry in this decay mode. The solid line shows the result of the maximum-likelihood fit to
the data, the dashed line indicates the signal component, the dotted line the component assigned to
continuum background and the dash-dotted line the B+→ ρ+π0 background component (from [396]).

respectively.

Candidate ρ± mesons were reconstructed in their decays to π±π0 with π0→ γγ. Two
oppositely charged ρ candidates were combined to form Brec candidates. The selection of
signal candidates was based on the π±π0 invariant masses and the cosine of the helicity angles
of the two ρ candidates as well as the beam-energy substituted invariant mass, mES, the
energy imbalance, ∆E, and combinations of event shape variables, The helicity angles θ,
defined in Figure 5.90, provide discrimination against spurious combinations of low-momentum
π0 candidates, which yield values of cos θ close to ±1. The decay vertex of the Brec candidate
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Figure 5.90: Definition of the helicity angles, θ, of the ρ mesons in the decays
(left) B0→ ρ+ρ−→π+π0π−π0 and (right) B0→ ρ0ρ0→π+π−π+π− (from [384,408]).

was reconstructed from the tracks of the two charged final-state pions and the decay vertex of
the opposite-side B meson, Btag, was reconstructed from a fit to the remaining tracks in the
event. The decay-time difference, ∆t, was calculated in the usual manner from the distance
between the two decay vertices along the beam axis and the known boost of the Υ(4S) rest
frame in the laboratory system. The decay-time resolution was parametrized as usual by a
triple-Gaussian function in the BaBar analysis and by the function described in Ref. [250] in
the Belle analysis. The BaBar publication quotes a root mean square resolution of 1.1 ps on
∆t. The standard BaBar and Belle flavour tagging algorithms were applied to derive the initial
flavour of the Brec candidate and to sort candidates into categories according to the tagging
quality.

In the BaBar analysis, the longitudinal polarization fraction, fL, and the CP violating
parameters for the longitudinally polarized decay amplitude, SL and CL, were extracted from
a maximum likelihood fit to the measured distributions of ∆t and the set of discriminating
variables listed above. The corresponding distributions are shown in Figure 5.91 together with
projections of the fit results. Possible correlations between the variables were neglected in the
fit and a systematic uncertainty was assigned for this approximation. The time-dependence of
the longitudinally polarized signal component was described by

gq(∆t) =
e
−|∆t|τ

B0

4τB0

× {(1− q∆ωk) +

q (1− 2ωk) × [SL sin (∆md ∆t) − CL cos (∆md ∆t)]} ,

convolved with the decay-time resolution function. The likelihood function included a term
of the same functional form for the small transverse polarized signal component, but the
corresponding CP violating parameters, ST and CT were set to zero in the fit, effectively
reducing the time dependence for the transverse polarized amplitudes to a simple exponential
function. A systematic uncertainty was assigned for this approximation.

In the Belle analysis, the fit was performed in two steps. In a first step, signal and back-
ground yields were estimated from a maximum likelihood fit to mES, ∆E and a combined
event-shape variable. The corresponding distributions with the results of this fit are shown
in Figure 5.92. In a second step, the CP violation parameters were extracted from a one-
dimensional fit to the measured ∆t distribution, with signal and background fractions fixed to
the values obtained in the first step. The transverse polarized amplitude was ignored in the
Belle analysis and a systematic uncertainty was assigned for this approximation.

Simulation studies showed that about half the selected signal candidates in the BaBar
analysis and about one third of the selected signal candidates in the Belle analysis were in
fact reconstructed with at least one wrongly assigned pion, i.e. one of the four pions from the
signal decay was replaced in the reconstruction by a random pion from the remainder of the
event. This does not lead to a bias on the measurement as long as the two charged pions are
correctly reconstructed, but if one or both charged pions are wrongly chosen, the position of
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Figure 5.91: Distributions of the (top left) beam-energy substituted invariant mass, (top right) en-
ergy imbalance, (bottom left) ρ helicity angle and (bottom right) π+π− invariant mass for selected
B0→ ρ+ρ− candidates in the best flavour-tagging category from the BaBar analysis of CP violating
observables in this decay. The results of the maximum likelihood fit are superimposed, where the red
dashed line indicates the background component (from [384]).

Figure 5.92: Distributions of the beam-energy substituted invariant mass, denoted here as Mbc, and the
energy imbalance, ∆E, for selected B0→ ρ+ρ− candidates in the best flavour-tagging category from
the Belle analysis of CP violating observables in this decay. The results of the maximum likelihood
fit are superimposed, where the red dashed line indicates the combined ρ+ρ− and ρπ+π− component,
the green dotted line indicates the component assigned to continuum background, and the blue dot-
dashed and magenta full lines indicate backgrounds from B-meson decays to charmed and charmless
background, respectively (from [407]).

Figure 5.93: Distribution of the decay time differences for selected candidates tagged as B0 respectively
as B0 and the resulting decay-time dependent CP asymmetry from (left) the BaBar analysis and (right)
the Belle analysis of CP violating observables in the decay B0→ ρ+ρ− (from [384,407]).
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the Brec decay vertex and therefore the decay time difference ∆t will be wrongly reconstructed.
This class of events was dubbed self-cross-feed. Its time dependence was described in the Belle
analysis by a simple exponential function with an effective lifetime determined from samples
of simulated events. In the BaBar analysis, it was described by a similar functional form as
the signal component, but with separate parameters for the CP violating parameters S and C.

In addition to the terms for correctly reconstructed signal and for self-cross-feed, the like-
lihood functions contained separate terms for B0 and B± decays to charmed final states, for
B0 and B± decays to charmless final states and for non-BB background. The Belle analysis
also included a separate term for decays to ρππ, where one of the two pairs of pions was not
produced via a ρ resonance.

The BaBar analysis yielded a branching fraction

BF (B0→ ρ+ρ−) =
(
25.5 ± 2.1 (stat) + 3.6

− 3.9 (syst)
)
× 10−6

compatible with the earlier Belle result and a polarization fraction

fL = 0.992 ± 0.024 (stat) + 0.026
− 0.013 (syst) ,

confirming the assumption that the ρ+ρ− final state is close to 100% longitudinally polarized.
The results of the fits for the decay-time dependent CP aymmetry are shown in Figure 5.93.

The extracted values for the CP violating parameters,

Sρ+ρ− = 0.19 ± 0.30 (stat) ± 0.08 (syst)

Cρ+ρ− = −0.16 ± 0.21 (stat) ± 0.08 (syst)

from the Belle analysis and

Sρ+ρ−,long = −0.17 ± 0.20 (stat) + 0.05
− 0.06 (syst)

Cρ+ρ−,long = 0.01 ± 0.15 (stat) ± 0.06 (syst)

from the BaBar measurement, are compatible within their uncertainties. The precision on all
measurements was limited by the statistical uncertainty. In the BaBar analysis, the systematic
uncertainty on Sρ+ρ−,long was found to be dominated by effects related to the parametrization
of the likelihood function, by the knowledge of branching fractions for background decays of
B mesons, and by possible fit biases caused by neglecting correlations between input variables.
The systematic uncertainty on Cρ+ρ−,long was found to be dominated by effects related to the
parametrization of the likelihood function and by possible CP violating effects in the decay
of the opposite-side B meson. In the Belle analysis, the systematic uncertainty on Sρ+ρ− was
found to be dominated by a possible CP asymmetry in decays B→ ρππ, by the possible bias
caused by neglecting the amplitude for transverse polarization, and by the knowledge of signal
and background fractions. The systematic uncertainty on Cρ+ρ− was found to be dominated
by these same effects and by possible CP violating effects in the decay of the opposite-side
B meson.

The BaBar collaboration published a measurement [405] of the branching fraction, the
fraction of longitudinal polarization and CP violating parameters in the longitudinally polar-
ized component in B0→ ρ0ρ0 decays, based on their full data set corresponding to 465 million
produced BB pairs. The Belle collaboration performed a measurement [408] of the branching
fraction and the fraction of longitudinal polarization based on their final data set, correspond-
ing to 772 million produced BB pairs, but did not measure CP parameters in this decay
mode.

In both analyses, ρ0 candidates were reconstructed in their decays to two charged pions.
The selection of signal candidates was again based on the beam-energy substituted invariant
mass, mES, the energy imbalance, ∆E, and combinations of event-shape variables. In the
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Belle analysis, appropriate cuts on the invariant masses of various two-pion and three-pion
combinations were applied to suppress backgrounds from B-meson decays to charmed final
states and to final states containing a K0

S meson. The branching fraction and the fraction of
longitudinal polarization was extracted in the Belle analysis from a maximum likelihood fit
to ∆E, a combined event-shape variable, the invariant masses of the two π+π− pairs and the
helicity angles of the two ρ0 candidates, defined in Figure 5.90. The standard Belle flavour
tagging algorithm was applied and the fit was performed separately in each of the seven tagging
categories, as this was found to improve the suppression of continuum background. The results
of the fit are shown in Figure 5.94. In the BaBar analysis, the decay vertex of the Brec can-
didate was reconstructed from a fit to the four charged final-state pions, the decay vertex of
the opposite-side B meson was estimated from a fit to the remaining tracks in the event, and
the decay-time difference ∆t was estimated in the usual manner from the separation of the
two decay vertices along the beam axis and the known boost of the Υ(4S) rest frame in the
laboratory system. The standard BaBar flavour tagging algorithm was applied to derive the
initial flavour of the Brec candidate and to sort event candidates into tagging categories accord-
ing to the estimated mistag probability. The branching fraction, the fraction of longitudinal
polarization and the CP violating parameters were then extracted from a fit to mES, ∆E, a
combined event-shape variable, the invariant masses of the two π+π− pairs, the helicity angles
of the two ρ0 candidates, the decay-time difference ∆t, and its estimated uncertainty σ∆t. The
results of the fit are shown in Figure 5.95 and the resulting time-dependent CP asymmetry is
shown in Figure 5.96.

The BaBar and Belle analyses found

BF (B0→ ρ0ρ0) = (0.92 ± 0.32 (stat) ± 0.14 (syst))× 10−6

and

BF (B0→ ρ0ρ0) = (1.02 ± 0.30 (stat) ± 0.15 (syst))× 10−6

respectively, which is significantly smaller than the measured branching fraction for the decay
B0→ ρ+ρ−. As the decay B0→ ρ0ρ0 is dominated by penguin decay amplitudes, this obser-
vation can be employed using isospin symmetry to imply that the contribution from penguin
amplitudes should be small also in the decay B0→ ρ+ρ−. The bias on the weak phase α can
therefore be expected to be smaller in B0→ ρ+ρ− than in B0→π+π−.

Some tension exists between the measured polarization fractions. The BaBar measurement
resulted in

fL(ρ0ρ0) = 0.75 + 0.11
− 0.14 (stat) ± 0.05 (syst)

while the Belle measurement yielded

fL(ρ0ρ0) = 0.21 + 0.18
− 0.22 (stat) ± 0.15 (syst) .

The BaBar measurement of the CP violating parameters resulted in

Sρ0ρ0,long = 0.19 ± 0.30 (stat) ± 0.08 (syst)

Cρ0ρ0,long = −0.16 ± 0.21 (stat) ± 0.08 (syst) .

The final ingredients for an isospin analysis in B0→ ρρ decays are the branching fraction
and the fraction of longitudinal polarization in charged B-meson decays B±→ ρ±ρ0. These
have been measured by Belle [409] and by BaBar [406] using data samples corresponding to
about 85 million and 232 million produced BB pairs, respectively.

Constraints on the CKM angle α that have been derived from isospin analyses combining
these measurements will be discussed in the final part of this section.
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Figure 5.94: Distributions of (left) the energy imbalance, (middle) the two-pion invariant mass and
(right) the ρ helicity angle for the selected candidates from the Belle analysis of CP violating observables
in the decay B0→ ρ0ρ0. The results of the maximum-likelihood fit to the data are superimposed,
where the red shaded areas indicate the signal component, the orange long-dashed curve indicates the
B0→ f0ρ

0 component, the cyan shaded areas indicate the sum of all B→π+π−π+π− components,
the dark green dashed curve shows the non-peaking BB background component and the bright green
dash-dotted curve shows the sum of all non-peaking background components (from [408]).

Figure 5.95: Distributions of the (from left to right) beam-energy substituted invariant mass, the
energy imbalance, the two-pion invariant mass, and the cosine of ρ helicity angle for the sample of
selected candidates from the BaBar analysis of CP violating observables in the decay B0→ ρ0ρ0. The
results of the maximum-likelihood fit to the data are superimposed, where red dotted curves indicate the
signal component and blue dashed curves indicate the sum of all background components (from [405]).

Figure 5.96: Decay-time dependent CP asymmetry measured in the BaBar analysis of CP violating
asymmetries in the decay B0→ ρ0ρ0 (from [405])

5.4.3 Measurements in B0→ (ρπ)0 decays

Ignoring reconstruction effects, the decay-time dependent decay rate for the decay of neutral
B mesons via intermediate states ρ±π∓ and ρ0π0 to the final state π+π−π0 is given by

fq(∆t) =
e
−|∆t|τ

B0

4τB0

×
{
|A|2 + |A|2
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− q
(
|A|2 − |A|2

)
cos (∆md∆t) + q 2 Im

(
q

p
AA∗

)
sin (∆md∆t)

}
where q = +1 for an initial B0 meson and q = −1 for an initial B0 meson. The decay
amplitudes A and A can be parametrized as

A = f+A+ + f−A− + f0A0

A = f+A+ + f−A− + f0A0

where A+, A− and A0 contain the information on the strong and weak phases of the decays
via an intermediate ρ+, ρ− or ρ0 meson and f+, f− and f0 incorporate the corresponding
kinematic and dynamic properties of these decays and therefore describe the distribution of
the events in the Dalitz plot.

Time-dependent Dalitz-plot analyses of B0→π+π−π0 decays were performed both in
BaBar [387, 388] and in Belle [410, 411]. The BaBar collaboration published a measure-
ment [388] based on their final data set, corresponding to 471 million produced BB pairs,
while the latest published Belle measurement [411] was based on a data set corresponding
449 million produced BB pairs.

In both analyses, signal candidates were formed by combining two oppositely charged pion
candidates with a π0→ γγ candidate. As usual, the selection of signal candidates was based
on their beam-energy substituted invariant mass, mES, and energy imbalance, ∆E, as well as
a combination of event-shape variables. In the BaBar analysis, the reconstructed value of ∆E
was recalibrated, using a parametrization derived from an analysis of samples of simulated
events, to correct for an observed correlation of the ∆E resolution with the π+π− invariant
mass. The decay vertex of the signal B candidate was reconstructed from the two charged pions
and the decay vertex of the opposite-side B meson was estimated from a fit to the remaining
tracks in the event. The decay-time difference ∆t was calculated in the usual manner from
the distance between the two decay vertices along the beam axis and the known boost of the
Υ(4S) rest frame in the laboratory system. The decay-time resolution was parametrized in
the usual manner by a triple Gaussian function in the BaBar analysis and by the function
described in Ref. [250] in the Belle analysis. The standard BaBar and Belle flavour tagging
algorithms were applied to derive the initial flavour of the signal B candidate and sort event
candidates into categories according to the quality of the tagging information.

A maximum likelihood fit was then performed to mES and ∆E, a combined event-shape
variable, two Dalitz-plot variables and the decay-time difference, ∆t, for the selected signal
candidates. The ρ resonances were modelled in the fit as modified relativistic Breit-Wigner
resonances. The BaBar fit included additional terms to describe contributions from the radial
excitation, ρ(1450). In addition to the signal components, the likelihood functions contained
terms for self-cross feed, for backgrounds from decays of neutral and charged B mesons and
for continuum background from non-BB events. Measured distributions for mES, ∆E, the
two-pion invariant masses and the ρ helicity angles as obtained in the Belle analysis are shown
in Figures 5.97 and 5.98 together with the projections of the fit results.

The fit was performed in terms of 27 real parameters

U±κ ≡ |Aκ|2 + q |Aκ|2

U±,Re
κσ ≡ Re

(
AκA

∗
σ + AκA

∗
σ

)
U±,Imκσ ≡ Im

(
AκA

∗
σ + AκA

∗
σ

)
Iκ ≡ Im

(
AκA

∗
κ

)
IRe
κσ ≡ Re

(
AκA

∗
σ − AσA

∗
κ

)
IIm
κσ ≡ Im

(
AκA

∗
σ − AσA

∗
κ

)
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Figure 5.97: Distributions of the (left) beam-energy substituted invariant mass and (right) energy
imbalance for the sample of selected candidates from the Belle analysis of CP violating asymmetries
in the decay B0→ (ρπ)0. The results of the maximum likelihood fit to the data is superimposed as
explained in the plot legend (from [411])

Figure 5.98: Distributions of the (left) ππ invariant mass, (middle) cosines of the ρ candidates,
and (right) the decay-time dependent CP asymmetries for (top) ρ+π−, (middle) ρ−π+ and (bot-
tom) ρ0π0 candidates as measured in the Belle analysis of CP violating asymmetries in the decay
B0→ (ρπ)0. The results of the maximum likelihood fit to the data are superimposed as explained in
the legend in Figure 5.97 above (from [411])

where κ, σ ∈ (+,−, 0) for the decay via an intermediate ρ+, ρ− or ρ0 meson. In these param-
eters,

|A|2 ± |A|2 =
∑
κ

|fκ|2 U±κ +
∑
κ<σ

2
(
Re (fκf

∗
σ)U±,Re

κσ − Im (fκf
∗
σ)U±,Imκσ

)

and

Im

(
q

p
AA∗

)
=
∑
κ

|fκ|2 Iκ +
∑
κ<σ

(
Re (fκf

∗
σ) IIm

κσ + Im (fκf
∗
σ) IRe

κσ

)
.
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The time-integrated direct CP violation is

ACP =
U+

+ − U+
−

U+
+ + U+

−

while the time-dependent CP violation parameters are

Sρ±π∓ =
I+

U+
+

+
I−−
U+
−

and

Cρ±π∓ =
1

2

(
U−+
U+

+

+
U−−
U+
−

)
.

To extract an estimate for the CKM angle α, the twelve real parameters describing the magni-
tudes and phases of the six decay amplitudes A+, A−, A0, A+, A+ and A0 were estimated from
a χ2-minimization, taking into account the fitted values of the parameters U and I and their
correlation matrix. The advantage of performing the time-dependent Dalitz plot fit in terms
of the parameters U and I rather than fitting directly the magnitudes and phases of the six
decay amplitudes is that uncertainties on the U and I are closer to Gaussian distributed than
those on the parameters that describe the amplitudes. This makes it more straightforward to
combine measurements from different experiments in terms of the parameters .

The constraints on the CKM angle α that were derived from these analyses are shown
in Figure 5.99 below. A simulation study performed as part of the BaBar analysis indicated
that the results of these fits for α should not be regarded as reliable given the size of the
currently available event samples. Nevertheless, the results of the two analyses are commonly
used together with those from π+π− and ρ+ρ− isospin to derive combined constraints on the
value of α.

5.4.4 Measurements in B0→ (a1π)0 decays

Combining the decay modes B0→ a±1 π
∓, B0→ a0

1π
0 and their charge conjugates, and recon-

structing the a1 mesons in the decay chain a1→ ρπ followed by ρ→ππ, there are six decay
modes that all result in the same final state, π+π−π0π0. However, in contrast to the case of
decays to π+π−π0 via ρπ intermediate states discussed above, there is no region in phase space
in which the a±1 and a0

1 resonance bands overlap and therefore no interference of the differ-
ent decay modes occurs that would allow to extract the relative phases between the different
amplitudes. Instead, measurements follow an approach suggested in Ref. [412]. An effective
CP violating phase αeff = α + ∆α can be extracted from a combined measurement of the
time-dependent decay rates for the four decay modes B0→ a−1 π

+, B0→ a+
1 π
−, B0→ a+

1 π
−

and B0→ a−1 π
+. As illustrated in Figure 5.79, the spectator d or d quark of the decaying

neutral B meson becomes part of the a1 meson in the first two decay modes while it becomes
part of the pion in the last two decay modes. The decay-time dependent probability for an
initial B0 meson (q = +1) or an initial B0 meson (q = −1) to decay into the final states a±1 π

∓

is given by

f
a±1 π

∓

q (∆t) = (1 ± Aa1π)
e−∆t/τB

8τB
×
{

1 +

q · (Sa1π ± ∆Sa1π) · sin (∆md ∆t) − q · (Ca1π ± ∆Ca1π) · cos (∆md ∆t)
}
.

As usual, the parameter Ca1π describes the flavour-dependent direct CP violating asymmetry
and the parameter Sa1π describes the mixing-induced CP violating asymmetry related to the
weak phase αeff . Extra terms enter because the a±1 (1260) is a spin-1 vector meson and the
final state a±1 π

∓ is not a CP eigenstate. The parameter Aa1π describes the time-integrated
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direct CP asymmetry, summed over the two initial B meson flavours. The parameter ∆Sa1π
is related to the relative strong phase between the processes in which the spectator quark
becomes part of the a1 meson and the processses in which it becomes part of the pion, while
the parameter ∆Ca1π describes the decay rate asymmetry between these two types of processes.
The CP violating weak phase αeff can be determined as

αeff =
1

4

 arcsin

 Sa1π + ∆Sa1π√
1 − (Ca1π + ∆Ca1π)2

 + arcsin

 Sa1π − ∆Sa1π√
1 − (Ca1π − ∆Ca1π)2

 .

The Belle collaboration published a measurement [413] of αeff in decays B0→ a±1 π
∓ based on

on their full data set, corresponding to 772 million produced BB pairs, while the BaBar collab-
oration published a measurement [414] based on a data set corresponding to about 384 million
produced BB pairs.

Both analyses required four tracks that had to fulfill loose requirements on their impact
parameter with respect to the e+e− interaction point and that passed particle identification
criteria to suppress kaon, proton and electron candidates. Assuming that the a±1 decay to
π+π−π± is dominated by the intermediate state ρ0π±, a neutral dipion combination with an
invariant mass above the K0

S mass was required. This was combined with a third pion to
form an a±1 candidate and a fourth pion to form B0 candidates. The usual event selection
based on the beam-energy substituted invariant mass, mES, the energy imbalance, ∆E, and
a combination of event shape variables was appplied. To supress combinatorial background,
candidates were rejected for which the cosine of the opening angle between the momentum
of the B candidate in the rest frame of the a±1 candidate and the momentum of the bachelor
pion produced in the decay a±1 → ρ0π± was close to ±1. Appropriate vetoes on the invariant
masses of combinations of two or three of the final-state particles were applied to remove
peaking backgrounds from B-meson decays involving D→Kπ, D→Kππ, J/ψ→µ+µ− and
K0
S→π+π−. The decay vertex of the signal B candidate was reconstructed from a fit to the

four final-state tracks, the decay vertex of the opposite-side B meson was estimated from a fit
to the remaining tracks in the event, and the decay-time difference ∆t was determined in the
usual manner from the distance between the two decay vertices and the boost of the Υ(4S) rest
frame in the laboratory system. The standard BaBar and Belle flavour tagging algorithms were
applied to derive the initial flavour of the signal B candidate and to sort event candidates into
categories according to the quality of the tagging information.

The parameters Aa1π, Sa1π, Ca1π, ∆Sa1π and ∆Ca1π were extracted in the BaBar analy-
sis from a simultaneous unbinned maximum likelihood fits to mES, ∆E, a Fisher discriminant
combining event-shape variables, the three-pion invariant mass, the helicity angle of the a±1 can-
didate, and ∆t. The helicity angle, defined as the angle between the normal to the decay plane
of the 3π decay plane and the flight direction of the bachelor pion from the B candidate,
was included in the fit as it provided separation against B-meson decays to four pions via
the a±2 (1320)π∓ intermediate state. The likelihood function employed in the BaBar analy-
sis contained separate terms for signal, for continuum background from non-BB events, for
BB decays to charmed and charmless final states, for non-resonant B0→ ρππ decays and for
the decay mode B0→ a±2 (1320)π∓. The likelihood function employed in the Belle analysis
contained separate terms for correctly reconstructed signal, for misreconstructed signal, for
non-BB continuum background, background from decays of neutral and charged B mesons to
charmed and charmless final states, and for five specific peaking backgrounds. Here, a first fit
to ∆E, a Fisher discriminant combining event-shape variables, the three-pion invariant mass,
and the helicity angle was performed to determine the signal and background fractions in the
event sample and these were then fixed in a second fit to the ∆t distribution to extract the
parameters describing the decay-time distribution.

The results for Aa1π and Ca1π obtained by BaBar and those obtained by Belle were compat-
ible with each other and with zero, while a discrepancy corresponding to 3.2 Gaussian standard
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Table 5.2: Averages for α as determined from combinations of direct measurements by the BaBar and
Belle collaborations, the CKMfitter [3] and UTFit [211] groups, compared to the results of Standard
Model fits of CKM parameters, excluding direct measurements of α. The values quoted by the CKM-
fitter group include results presented up to the CKM2014 conference in the beginning of September
2014, those quoted by the UTfit group include results presented up to the ICHEP2014 conference in
the beginning of July 2014.

BaBar/Belle [112] CKMfitter [3] UTFit [211]

direct (88 ± 5)◦ (87.7 + 3.5
− 3.3)◦ (90.7 ± 7.0)◦

CKM fit - (91.5 + 4.2
− 1.3)◦ (87.2 ± 3.9)◦

deviations exists between two measurements of Sa1π. The BaBar analysis resulted in

Sa1π = 0.37 ± 0.21 (stat) ± 0.07 (syst)

while the Belle analysis yielded

Sa1π = −0.51 ± 0.14 (stat) ± 0.08 (syst) .

The quoted uncertainties on all measured parameters were dominated by the statistical un-
certainty. Systematic uncertainties were dominated by possible CP violating effects in the
background components and, in the case of the BaBar analysis, by effects related to the
parametrization of the likelihood functions. The value of αeff can be extracted from this anal-
ysis up to a four-fold ambiguity. One of the solutions quoted by BaBar, αeff = (78.6± 7.3)◦ is
compatible with the Standard Model value of α, while the closest of the four solutions quoted
by Belle is αeff = (107.3± 6.6± 4.8)◦.

5.4.5 Constraints on the angle α

The BaBar and Belle collaborations have jointly published [112] combined constraints on the
angle α derived from their latest measurements. The combination was formed by extracting for
each of the individual analyses a χ2 profile as a function of the assumed value of the angle α.
The different χ2 profiles were then added up and translated into a profile of the confidence
level, 1− C.L., where peaks at 1− C.L. = 1 correspond to the favoured solutions for α, while
regions with 1− C.L. < a are excluded at confidence level a relative to the favoured solution.
The results are shown in Figure 5.99 in terms of 1− C.L..

The combined result of B→ππ isospin analyses clearly reflects the inherent eight-fold am-
biguity in the determination of α. The combination of the B→ ρρ isospin analyses shows the
two-fold ambiguity due to the symmetry of sin (2α), while the four-fold ambiguity that results
from the relative orientation of the isospin triangles is not visible here. Due to the large differ-
ence in the branching fractions for the decays B0→ ρ0ρ0 and B±→ ρ±ρ0 on the one hand and
the decay B0→ ρ0ρ0 on the other hand, the triangles are squashed and the four solutions too
close to each other to be resolved at the current precision of the measurements. This measure-
ment currently provides the most precise determination of α. The time-dependent Dalitz plot
analysis of B→ (ρπ)0 decays does not allow significant constraints on the value of α at the
current level of statistics but is expected by the authors of Ref. [112] to dominate the precision
of the measurement when sufficiently large data samples become available. Constraints from
the B→ a1π analyses were not included in these averages since uncertainties related to the
underlying theoretical assumption of SU(3) flavour symmetry were deemed to be difficult to
estimate. The result of the overall combination is quoted as

α = (88 ± 5)◦ .

Results quoted by the CKMfitter and UTfit groups are summarized in Table 5.2.
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Figure 5.99: Profiles of 1 − C.L. as a function of the assumed value of the CKM angle α for BaBar
and Belle combinations of (top left) isospin analyses of B→ππ decays, (top right) isospin analyses of
B→ ρρ decays, (bottom left) time-dependent Dalitz plot analysis of B→ (ρπ)0 decays and (bottom
right) the overall combination of all three types of analyses. In the upper panels and the lower left
panel, blue solid curves show the combined results, dashed black curves show the BaBar-only result
and dotted red curves show the Belle-only results. In the lower right panel, the solid red curve shows
the overall combination, the dashed blue line shows the combined result of the ππ isospin analysis, the
dash-dotted black line shows the combined result of the ρρ isospin analysis and the dotted red line
shows the combined result of the time-dependent (ρπ)0 Dalitz plot analysis (from [112])

5.5 The CKM angle γ

The angle γ between the base of the Unitarity Triangle and the side connecting the origin of
the complex plane to the apex of the triangle is defined by

γ ≡ arg

(
−VudV

∗
ub

VcdV
∗
cb

)

and is the currently least precisely measured parameter of the Unitarity Triangle. Including
results presented up to the CKM2014 conference in the beginning of September 2014, the
CKMfitter group [3] quotes the world average from direct measurements as γ = (73.2+6.3

−7.0)◦.
The UTfit group [211], using direct measurements available by the ICHEP2014 conference in
the beginning of July 2014, quotes γ = (68.4± 7.5)◦.

A theoretically clean determination of the angle γ can be derived from measurements of the
ratios and charge asymmetries of time integrated decay rates in pure tree decays B±→DK±,
where D denotes a D0 or D0 meson. As shown by the Feynman diagrams in Figure 5.100,
B+ mesons can decay to D0K+ via an external tree process and to D0K+ via an internal
tree process, and vice versa for B− decays. If the neutral D meson is reconstructed in a
final state [f ]D that is accessible from D0 decays as well as D0 decays, the two decay paths
illustrated in Figure 5.101 form two interfering amplitudes leading to the same final state. The
two amplitudes have different weak and strong phases and can therefore generate CP violating
effects as discussed in Section 3.3. In particular, the weak phase between the two amplitudes
is given by the phase between Vub and Vcb, i.e the angle γ. Adopting a phase convention in
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Figure 5.100: Feynman diagrams for (left) the colour-allowed, external tree decay B+→D0K+ and
(right) the colour-suppressed, internal tree decay B+→D0K−.
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Figure 5.101: Illustration of the phases and the ratios of magnitudes between the interfering amplitudes
in tree decays B+→DK+→ [f ]DK

+. See the text for further explanations.

which the decay amplitudes AB ≡ A(B+→D0K+) and AD ≡ D0→ [f ]DK
+ are real and

following the notation of Figure 5.101, where δB and δD denote the strong phases between the
respective decay amplitudes and rB and rD their relative magnitudes, the decay rate for the
decay B+→ [f ]DK

+ is given by

Γ(B+→ [f ]DK
+) =

∣∣∣AB · rDAD eiδD + rBAB e
i(δB+γ) · AD

∣∣∣2
= A2

BA
2
D r

2
D + A2

BA
2
Dr

2
B + A2

BA
2
DrBrD

(
ei(δB+δD+γ) + e−i(δB+δD+γ)

)
= A2

BA
2
D

(
r2
D + r2

B + 2 rBrD cos (δB + δD + γ)
)

The unknown parameters rB, δB, rD and δD can be extracted simultaneously with γ by
combining measurements in decays to different final states [f ]D as discussed below. Since
these decays do not involve any loop diagrams, the extracted value for γ should not be affected
by possible contributions from New Physics.

In practice, however, these measurements are challenging. Colour suppression of the inter-
nal tree amplitude in combination with the ratio of the magnitudes of the involved CKM el-
ements implies that the B+→D0K+ decay amplitude is suppressed by a factor rB ≈≈ 0.1
compared to the amplitude for the decay B+→D0K+. The large difference in magnitude be-
tween the two amplitudes limits possible interference effects and therefore the sensitivity to the
weak phase γ. Moreover, branching fractions for the interesting decay modes are small, making
it difficult to collect large event samples. The measurements involve decays to purely hadronic
final states, which are difficult to trigger, and excellent K/π separation capability is required
to suppress backgrounds from the more than ten times more abundant decays B+→Dπ+.
In principle, decays B+→Dπ+ are in fact open to a similar treatment as discussed here for
B+→DK+, but interference effects and possible CP violating asymmetries are expected to
be even smaller in these decay modes since the suppression of the internal tree decay due to
the magnitudes of the involved CKM matrix elements is significantly stronger in this case,
(|Vub| |Vcd|)/(|Vcb| |Vud|) ∝ λ2 with the Wolfenstein parameter λ ≈ 0.23. Nevertheless, mea-
surements at LHCb actually start to be sensitive to CP violating effects in these decay modes,
as discussed further below in this section.
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Figure 5.102: Feynman diagrams for the Cabibbo-allowed decays (left) D0→K−π+ and
(right) D0→K+π−.
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Figure 5.103: Feynman diagrams for the doubly Cabibbo-suppressed decays (left) D0→K+π− and
(right) D0→K−π+ that are employed in ADS analyses of the decay chain B+→ [f ]DK

+. The decay
amplitudes are suppressed compared to the Cabibbo-allowed processes shown in Figure 5.102 by the ratio
of the involved CKM matrix elements, (|Vcd||Vus|)/(|Vcs||Vud|) ∝ λ2, with the Wolfenstein parameter
λ ≈ 0.23.
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Figure 5.104: Feynman diagrams for the decays of (left) D0 mesons and (right) D0 mesons to the
CP eigenstates K+K− or π+π− that are employed in GLW analyses of the decay chain B+→ [f ]DK

+.

Three general approaches have been proposed to extract the weak phase γ, using differ-
ent combinations of final states [f ]D. They are usually referred to as the GLW, ADS and
GGSZ methods after the names of the theoreticians who proposed them. The GGSZ method
is also known as the Dalitz-plot method.

The GLW method [415, 416] exploits decays of the neutral D mesons to CP eigenstates
such as [K+K−]D shown in Figure 5.104, in addition to the Cabibbo-favoured decay modes
shown in Figure 5.102. Angular momentum conservation implies that K+K− pairs from decays
of neutral D mesons are produced with relative angular momentum L = 0 and therefore in
a CP even state. The decay B+→ [K+K−]DK

+ then proceeds via an intermediate state
D0
CP+K

+, where D0
CP+ denotes the CP even eigenstate in the D0D0 system,

|D0
CP+ 〉 ≡

1

2

(
|D0 〉 + |D0 〉

)
.

This definition leads to a relation between the three complex decay amplitudes,

√
2 ·A (B+→D0

CP+K
+) = A (B+→D0K+) + A (B+→D0K+) ,
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A(B+ → D0K+) = A(B– → D0K–)

2
 


A(B+ → D0K+)

A(B– → D0K–)
A(B– → D

CP+
K–)

A(B+ → D
CP+

K+)

Figure 5.105: Illustration of the triangular relations in the complex plane that are exploited in the
GLW method to extract the CKM angle γ from measurements of the decay rates for B±→ [fCP ]DK

±

to CP eigenstates fCP . See the text for further explanations.

and similarly for the charge-conjugated modes

√
2 ·A (B−→D0

CP+K
−) = A (B−→D0K−) + A (B−→D0K−) .

These relations are often represented as two triangles in the complex plane as illustrated in
Figure 5.105, where again a phase convention is adopted in which the decay amplitude for
the external tree decays is real. The two triangles then share a common base and the weak
phase γ is given by the angle between the two sides representing the amplitudes of the internal
tree decays. In principle, the two triangles could be constructed and the angle γ extracted by
measuring the length of each side via the decay rate of the respective process. However, there is
a number of caveats. Firstly, there is an inherent four-fold ambiguity in the determination of γ
due to the four possible relative orientations of the two triangles, flipping the one horizontally
or vertically with respect to the other. Secondly, the small value of rB implies that the
triangles are squashed. The sides representing the amplitudes of the internal tree decays are
much shorter than the others, limiting the sensitivity to γ. Thirdly, the lengths of only two
of the three sides of each triangle can actually be measured. The decay rate for the process
B+→D0

CP+K
+ can be measured via D decays to CP -even eigenstates such as [K+K−]D,

as discussed above. The decay rate for the process B+→D0K+ can be measured through
the final state [K+π−]DK

+. The decay to this final state via the intermediate state D0K+

is suppressed in both steps of the decay chain and is therefore negligibly small. The inital
decay B+→D0K+ is suppressed by the value of rB and the subsequent decay D0→K+π−

is doubly Cabibbo suppressed. The problem is in determining the decay rate for the process
B+→D0K+, which cannot be measured in a similar manner. The decay to the final state
[K−π+]DK

+ via the intermediate state D0K+ is suppressed by the ratio of the D decay
amplitudes, but because of the smallness of rB the decay via the intermediate state D0K+ is
suppressed as well. The two suppression factors turn out to be of the same order of magnitude,
such that the decay is expected to proceed with similar rate via each of the two intermediate
states. As a consequence, only two experimental observables can be derived from the triangle
relationships, which alone is not sufficient to extract γ. Two additional observables can be
constructed using similar arguments for D meson decays to CP odd final states, such as
[K0

Sπ
0]D. The K0

Sπ
0 pair is again produced with relative angular momentum L = 0, but the

final state is CP odd due to the internal quantum numbers of the π0 meson.

The four experimental observables are conveniently defined as ratios and relative asymme-
tries of decay rates, since systematic uncertainties related to the luminosity determination and
to reconstruction and selection efficiencies partially cancel in the ratios. The four observables
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are defined as

RCP± ≡
Γ (B−→D0

CP±K
−) + Γ (B+→D0

CP±K
+)

1/2
(
Γ (B−→D0K−) + Γ (B+→D0K+)

)
and

ACP± ≡
Γ (B−→D0

CP±K
−) − Γ (B+→D0

CP±K
+)

Γ (B−→D0
CP±K

−)} + Γ (B+→D0
CP±K

+)
.

With rD = 1 for decays to CP eigenstats, δD = 0 for decays to CP even eigenstates and
δD = π for decays to CP odd eigenstates, these observables are given in terms of the unknown
parameters rB, δB and γ by

RCP± = 1/2 ·
{(

1 + r2
B + 2 rB cos (δB − γ)

)
+
(
1 + r2

B + 2 rB cos (δB + γ)
)}

= 1 + r2
B ± 2 rB cos δB cos γ

ACP± =

(
1 + r2

B ± 2 rB cos (δB − γ)
)
−
(
1 + r2

B ± 2 rB cos (δB + γ)
)(

1 + r2
B ± 2 rB cos (δB − γ)

)
+
(
1 + r2

B ± 2 rB cos (δB + γ)
)

= ± 2 rB sin δB sin γ

1 + r2
B ± 2 rB cos δB cos γ

= ± 2 rB sin δB sin γ /RCP± ,

where the trigonometric relations

cos(δB − γ) − cos(δB + γ) = 2 sin δB sin γ

and
cos(δB − γ) + cos(δB + γ) = 2 cos δB cos γ

have been employed. From the final result it is obvious that

ACP+RCP+ = ACP−RCP− ,

leaving three independent observables to determine the three unkown parameters rB, δB and γ.
The remaining challenge in the GLW approach is the limited sensitivity to γ due to the

smallness of rB. The idea of the ADS method [417, 418] is to overcome this limitation by
studying asymmetries in the suppressed modes, B+→ [K−π+]DK

+ and B−→ [K+π−]DK
−.

As discussed above, the decay B+→ [K−π+]DK
+ via the intermediate state B+→D0K+ is

suppressed by the ratio of the D decay amplitudes while the decay via the intermediate state
D0K+ is suppressed by the smallness of rB, and vice versa for the charge-conjugated decay
B−→ [K+π−]DK

−. The two suppression factors being of the same order of magnitude, the
two interfering amplitudes are of similar size and interference effects can be large. These
considerations give rise to two additional observables that are again defined as a ratio and a
relative asymmetry,

RADS ≡
Γ(B− → [K+π−]DK

−) + Γ(B+ → [K−π+]DK
+)

Γ(B− → [K−π+]DK−) + Γ(B+ → [K+π−]DK+)

and

AADS ≡
Γ(B− → [K+π−]DK

−) − Γ(B+ → [K−π+]DK
+)

Γ(B− → [K+π−]DK−) + Γ(B+ → [K−π+]DK+)

and are given by

RADS = r2
B + r2

D + 2 rBrD cos (δB + δD) cos γ

AADS = 2 rBrD sin (δB + δD) sin γ /RADS
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The two additional unknowns, the strong phase δD between the two D decay amplitudes and
the ratio rD of their magnitudes, have to be either determined as part of the analysis or have
to be fixed from external measurements. The challenge in measuring the ADS observables is
the small branching fraction, of the order of 5× 10−8, for these suppressed decay modes.

The sensitivity to γ does not only depend on the ratio of the magnitudes of the two
interfering amplitudes, but also on the value of the a priori unknown strong phase differences.
As can been seen from the expressions for the GLW and ADS observables above, a value
of γ can be extracted even in the case of vanishing strong phases, but the sensitivity of the
measurement improves if the strong phases are large. The idea of the GGSZ or Dalitz-plot
method [419, 420] is to enhance the sensitivity to γ by exploiting interference patterns in the
phase space of D decays to self-conjugate three-body final states that are accessible through
both D0 and D0 decays. Naively speaking, each phase-space point in the Dalitz plot can be
regarded as a quasi two-body decay for which the same arguments apply as for the GLW and
ADS modes discussed above and if regions of phase space exist in which strong phases are large,
these regions will give enhanced sensiticity to γ. Measurements of the Dalitz plot structure
in D decays, for example at CLEO-c, have in fact shown rich resonance structures, implying
that large interference are possible. An attractive final state for such studies is [K0

Sπ
+π−]D.

As illustrated in Figure 5.106, the decay to this final state is Cabibbo allowed for both D0 and
D0 mesons and since it contains only charged final-state particles if the K0

S is reconstructed
in its decay to a pair of charged pions.

The concept of Dalitz-plot analyses has already been briefly discussed in Section 5.3 in the
context of measurements of the CP violating phase sin 2βeff in the decay B0→φK0

S . Defining
the two Dalitz variables as the squared invariant masses of the K0

Sπ
+ pair and the K0

Sπ
− pair,

s+ ≡ m2(π+,K0
S)

s− ≡ m2(π−,K0
S) ,

the D0→K0
Sπ

+π− decay amplitude as a function of these variables can be written as

AD0(s+, s−) ≡ A+− e
iδ+− ,

where the real parameters A+− and δ+− describe the magnitude and strong phase of the decay
amplitude as a function of the position (s+, s−) in the Dalitz plot. Since the D0 meson and
therefore the final state have spin 0, the decay amplitude for the charge-conjugated process
D0→K0

Sπ
+π− is obtained by simply swapping the two Dalitz-plots variables,

AD0(s+, s−) = AD0(s−, s+) = A−+ e
iδ−+ .

Effects due to mixing and CP violation in the D0D0 system are known to be small and are
neglected here, but can be taken into account in a more complete analysis, as discussed for
example in Ref. [419]. Adopting again a phase convention in which the decay amplitude for
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Figure 5.106: Feynman diagrams for the decays of (left) D0 mesons and (right) D0 mesons to the final
state K0

Sπ
+π− that is employed in GGSZ/Dalitz-plot analyses of the decay chain B+→ [K0

Sπ
+π−]DK

+.
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the decay B+→D0K+ is real, and writing

A(B+→D0K+) ≡ AB

A(B+→D0K+) ≡ rBAB e
i(δB+γ) ,

the decay amplitude for the full decay chain B+→ [K0
Sπ

+π−]DK
+ is

AB+(s+, s−) = AB ·A−+ e
δ−+ + rBAB e

i(δB+γ) ·A+− e
iδ+−

and the differential decay rate for this process is given by

dΓB+

ds+ds−
= A2

BA
2
−+ + r2

BA
2
BA

2
+− + 2 rBAB A−+A+−Re

{
ei (δ−++δ+−) · e−i (δB−γ)

}
= A2

BA
2
−+ + r2

BA
2
BA

2
+− + 2 rBABA−+A+− ·{

cos (δ−+ − δ+−) cos (δB + γ) + sin (δ−+ − δ+−) sin (δB + γ)
}
.

For the charge-conjugated process,

dΓB−

ds+ds−
= A2

BA
2
+− + r2

BA
2
BA

2
−+ + 2 rBABA+−A−+ ·{

cos (δ+− − δ−+) cos (δB − γ) + sin (δ+− − δ−+) sin (δB − γ)
}

and the difference between the Dalitz-plot distributions for decays of positive and negative
B mesons provides sensitivity to the angle γ. However, the extraction of γ from these mea-
surements requires knowledge of the magnitude and strong phase of the D0 decay amplitude
as a function of the Dalitz plot variables. Two approaches have been employed to extract this
information from measurements. In model-dependent approaches, the D0→K0

Sπ
+π− decay

amplitude is parametrized by an analytical function that models known intermediate reso-
nances as well as non-resonant components. The parameters of this model, including the
magnitudes and strong phases of the amplitude, are then extracted from a fit to measured
differential decay rates. Measurements of the differential decay rate were performed at BaBar
and Belle. To distinguish between D0 decays and D0 decays, event samples were used in which
the neutral D mesons were produced via D∗+→D0π+ or D∗−→D0π− and the charge of the
low-momentum pion was used to tag them as D0 or D0.

A weakness of model-dependent analyses is the difficulty to quantify the systematic uncer-
tainties that are related to the choice of the amplitude model. In model-independent analyses,
such uncertainties are avoided by extracting the relevant parameters of the D0 decay ampli-
tude directly from measurements. This is achieved by performing a binned analysis in the
Dalitz-plot variables. The Dalitz plot is divided into 2N regions i, that are defined symmetric
around the line s+ = s−, i.e. under the exchange s+↔ s−. It is convenient to label the regions
from 1 to N for s+ > s− and from −1 to −N for the corresponding region with s+ < s−. The
binning leads to a loss in statistical precision of the measurement, since information on the
variation of the strong phase within each of the regions is lost. This loss can be minimized by
optimizing the number of regions and the definition of their shapes, taking into account the
number of selected events and their distribution across the Dalitz plot as well as the expected
variation of the strong phases across the Dalitz plot. A not optimal binning will increase the
statistical uncertainty but it will not bias the result of the measurement. A concrete example of
the binning employed in model-independent Dalitz-plot analyses in Belle and LHCb is shown
in Figure 5.107. Averaging the D decay amplitude over region i and defining the coefficients

ci ≡
∫
iA+−A−+ cos (δ+− − δ−+) ds+ds−√∫

iA
2
+− ds+ds− ·

∫
iA

2
+− ds+ds−

,
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Figure 5.107: The left panel illustrates the definition of the sixteen Dalitz-plot regions employed in
model-independent GGSZ/Dalitz-plot analyses of B+→ [K0

Sπ
+π−]DK

+ decays by the Belle and LHCb
collaborations. The Dalitz-plot variables are denoted here as m2

− ≡ m2(K0
Sπ
−) and m2

+ ≡ m2(K0
Sπ

+).
The regions for m2

+ > m2
− are assigned negative indices and those for m2

+ < m2
− are assigned positive

indices. In the panel on the right, red triangles indicate the values of the parameters ci and si in each
of the bins as measured by CLEO-c while black dots indicate the corresponding values as calculated by
integrating the isobar model obtained in the latest model-dependent Dalitz-plot analysis by the Belle
collaboration. Reasonable agreement is found within the uncertainties of the measurement (from [421]).

si ≡
∫
iA+−A−+ sin (δ+− − δ−+) ds+ds−√∫

iA
2
+− ds+ds− ·

∫
iA

2
+− ds+ds−

and

Ki ≡
∫
i
A2

+− ds+ds− ,

the expected number of B+→ [K0
Sπ

+π−]DK
+ events in region i is given by

N+
i = hB+

{
K−i + r2

BKi + 2
√
KiK−i [cirB cos (δB + γ) − sirB sin (δB + γ)]

}
and the expected number of B−→ [K0

Sπ
+π−]DK

− events in this region is

N−i = hB−
{
Ki + r2

BK−i + 2
√
KiK−i (cirB cos (δB − γ) + sirB sin (δB − γ))

}
.

All parameters in these two equations can in principle be determined from a fit to the binned
Dalitz-plot distributions for the B+→ [K0

Sπ
+π−]DK

+ and B−→ [K0
Sπ

+π−]DK
− candidates.

Given the size of the currently available event samples, it is, however, advantageous to fix
the coefficients Ki, ci and si from independent measurements. The coefficients Ki can be
measured via decay rates of flavour-specific D0 decays, while measurements of ci and si have
been performed at CLEO-c [422]. CLEO-c was a e+e− charm factory that evolved from the
symmetric BB factory, CLEO, at the e+e− collider CESR at Cornell. Operating the collider
at a center-of-mass energy of 3.77 GeV, corresponding to the mass of the Ψ(3770) resonance,
large numbers of D0D0 pairs were produced via the process e+e−→Ψ(3770)→D0D0. Similar
to the case of B0B0 pairs from decays of the Υ(4S) resonance, the D0D0 pairs were produced
in a quantum-correlated state. This quantum entanglement allowed to extract the parameters
ci and si using a double-tagged method. One sample of events was collected in which both
D mesons were reconstructed in the signal decay K0π+π−. In this sample, the number of
events where one D meson falls into the Dalitz-plot region i and the second D meson falls into
region j is

Mij = KiK−j + K−iKj − 2
√
KiKjK−iKj(cicj + sisj) .
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In a second sample of events, on D meson was reconstructed in the signal decay and the
second D meson was reconstructed in a decay to a CP eigenstate, such as K+K−. Due to the
quantum entanglement, the signal-side D meson then also decays as a CP eigenstate, its decay
amplitude is given by 1/

√
2(AD0 ±AD0), and the number of events falling into bin i is

Mi = Ki + K−i ± 2
√
KiK−i · ci .

The combination of the two measurements allows to determine the coefficients ci and si up
to a two-fold ambiguity, which is due to a simultaneous reversal of the signs of all si. This
ambiguity is resolved by a comparison with the results of model-dependent analyses of the
strong phases.

In both model-dependent and model-independent GGSZ/Dalitz-plot analyses, fits to the
Dalitz-plot variables are usually performed in terms of the Cartesian parameters

x± ≡ rB cos (∆B ± γ)

y± ≡ rB sin (∆B ± γ)

to avoid potential biases on the fit results from the fact that the value of rB is known to
be small and bound to be positive. Moreover, the resulting uncertainties on x± and y± are
closer to Gaussian distributed than those on rB and γ, making it more straightforward to
combine results from different measurements. The values of rB and γ, and their uncertainties,
are extracted by error propagation taking into account the correlation between x± and y±.
Analyses based on the GGSZ/Dalitz-plot method have so far provided the most stringent
constraints on γ. However, systematic uncertainties related to the determination of theD decay
parameters across the Dalitz plot will ultimately limit the precision that can be achieved using
this approach, while the precision of results from combined GLW and ADS analyses is expected
to continue to improve with increasing statistics.

All approaches discussed so far rely on the interference of tree decay amplitudesB±→ [f ]DK
±

via intermediate D0 and D0 mesons. An alternative approach to extract the CKM angle γ is
via the measurement of the time-dependent CP asymmetry in the decay B0

s→D±s K
±. The

CP violating phase in this decay is given by γ − 2βs, where βs is the complex phase in B0
s -

B0
s mixing, which is predicted in the Standard Model to be close to zero with good precision.

Measurements of time-dependent CP violating asymmetries in the B0
sB

0
s system will be de-

scribed in the next chapter.
Measurements of the GLW observables, ACP± and RCP±, in the decay B±→DK± have

been published by the BaBar [423–425] and Belle [426] collaborations. The published Belle
analysis was based on about 35% of their data collected at the Υ(4S) resonance and its results
are not competitive with the most recent measurement published by the BaBar collaboration.
Results from an updated Belle analysis using their full data set collected at the Υ(4S) resonance
have been quoted in Ref. [427], but the corresponding analysis has not been published. The
CDF [428] and LHCb [429] collaborations published measurements of the GLW observables
ACP+ and RCP+ for D decays to CP even final states, where the CDF measurement is not
competitive with the results published by the other three collaborations. Measurements of
GLW observables have also been performed in other decay modes. The BaBar collaboration
published measurements in the decays B±→D∗K± with D∗→Dπ0 or D∗→Dγ [430,431] and
in the decay B±→DK∗± with K∗±→K0

Sπ
± [432, 433]. The Belle collaboration published a

measurement in the decay mode B±→D∗K± with D∗→Dπ0 [426] and quoted updated results
in Ref. [427]. Measurements of GLW observables in the decay B0→DK∗0 with K∗0→K+π−

have been published by the BaBar [434] and LHCb [435] collaborations.
Measurements of the ADS observables RADS and AADS in the decay B±→DK± with

D→K±π∓ have been published by the BaBar [436,437], Belle [438], CDF [439] and LHCb [429]
collaborations. The BaBar collaboration has also published measurements of these parame-
ters in the decays B±→D∗K± with D∗→Dπ0 or D∗→Dγ [436, 437] and B±→DK∗± with
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K∗±→K0
Sπ
± [433,440]. The Belle collaboration quoted results for ADS parameters in the de-

cay B±→D∗K± in Ref. [427], but did not publish the corresponding analysis. Measurements
of ADS parameters have also been performed in B±→DK± with D decays to three- and four-
body final states. The BaBar collaboration published a measurement in D→K∓π±π0 [441,
442], while the LHCb collaboration published a measurement in D→K∓π±π+π− [443]. Fi-
nally, measurements of ADS parameters in the decay mode B0→DK∗0 with K∗0→K+π−

have been published by the Belle [444] and LHCb [435] collaborations.

Model-dependent GGSZ/Dalitz-plot analyses in the decay B±→DK± with D→K0
Sπ

+π−

were pioneered by the Belle collaboration [420,445,446] and have been pursued at BaBar [447–
449] and LHCb [450]. The quoted BaBar and Belle publications also contained measure-
ments in the decay modes B±→D∗K± with D∗→Dπ0 or D∗→Dγ and in the decay mode
B±→DK∗± with K∗±→K±π0, while the quoted BaBar and LHCb publications also in-
cluded Dalitz-plot analyses of D decays to K0

SK
+K−. The BaBar collaboration also published

model-dependent Dalitz-plot analyses in B±→DK± with D decays to the Cabibbo-suppressed
final state π+π−π0 [451] and in neutral B-meson decays B0→DK∗0 with K∗0→K+π− and
D→K0

Sπ
+π− [452].

Model-independent Dalitz-plot analyses in the decay B±→DK± with D→K0
Sπ

+π− were
published by the Belle [421] and LHCb [453,454] collaboration, where Ref. [454] also contained
a measurement in D decays to K+K−. The LHCb collaboration also published an analysis of
charge asymmetries in the decay B±→DK± with D→K0

SK
±π∓ [455].

In the remainder of this section, selected GLW and ADS analyses from the B facto-
ries and LHCb will be described first, followed by model-dependent and model-independent
GGSZ/Dalitz-plot analyses and a short discussion of the resulting constraints on the CKM
phase γ.

5.5.1 Measurements of GLW observables

The most precise published measurements of GLW observables to date are those by the BaBar
and LHCb collaborations in the decay B±→DK±. The two analyses will be described here.

The latest BaBar measurement [425] of GLW observables in the decay B±→DK± is based
on their full data set. Candidates were reconstructed in the CP even final states [K+K−]D and
[π+π−]D and in the CP odd final states [K0

Sπ
0]D with K0

S→π+π−, [K0
Sφ]D with φ→K+K−

and [K0
Sω]D with ω→π+π−π0. The effect of CP violation in the K0K0 system was neglected

by assuming the K0
S to be a purely CP even state. A geometric fit was performed to constrain

the D daughter particles to a common vertex and candidates with a low χ2 probability of this
fit were rejected. Particle identification criteria as described in Section 4.1 were applied to
distinguish between final-state kaons and pions. To reject backgrounds from random combina-
tions of particles, a cut was applied on the opening angles between the flight directions of the
D daughter particles in the rest frame of the D candidate and the flight direction of the D can-
didate in the rest frame of the B candidate. The cosine of this opening angle is strongly peaked
at ±1 for random combinations of final-state particles, while it follows a flat distribution for
signal. The invariant-mass distribution of D candidates is shown in Figure 5.108. Selected
D candidates were combined with an additional track to form B±→Dπ± and B±→DK± can-
didates. In the case of the flavour-specific final state [Kπ]D, the charge of the accompanying
kaon or pion was required to be opposite that of the kaon from the decay of the D candidate.
The B candidate had to pass requirements on the two kinematic variables introduced in Sec-
tion 4.1, namely its beam-energy substituted invariant mass, mES, and the energy imbalance,
∆E. Event shape variables, combined into a Fisher discriminant, were employed to reject
continuum background from non-BB events. The values of the GLW observables RCP± and
ACP± were extracted from a simultaneous maximum likelihood fit to the measured distribu-
tions of mES, ∆E and the Fisher discriminant for the selected signal candidates. The signal
sample was divided into 24 categories for the two possible charges of the B± candidate, for
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the six final states [f ]D considered in the analysis, and for Dπ± and DK± candidates. The
kaon/pion identification criteria that were applied on the prompt hadron from the B± decay
were tuned on collision data to yield a 2% probability for misidentifying a true pion for a kaon.
The corresponding kaon identification efficiency was determined to be 77% from samples of
simulated events. The likelihood fit function contained separate terms for B±→DK± and
B±→Dπ± signal components, for irreducible backgrounds from charmless B± decays to the
same final state particles as the signal, for other BB backgrounds, and for continuum back-
ground from non-BB events. The fraction of irreducible background was estimated from side-
bands in the invariant-mass distribution of reconstructed D candidates and was fixed in the
final fit. The GLW parameters were fixed in the fit to be identical for all CP even final states
and for all CP odd final states. To reduce systematic uncertainties related to the knowledge of
D branching fractions and differences in the reconstruction efficiencies for different final states,
the GLW parameters RCP± were determined via the double ratio

RCP± =
Γ(B+→DCP±K

+) + Γ(B−→DCP±K
−)

Γ(B+→DCP±π
+) + Γ(B−→DCP±π

−)
× Γ(B+→D0π+) + Γ(B−→D0π−)

Γ(B+→D0K+) + Γ(B−→D0K−)
.

The underlying assumption

RCP±(B±→Dπ±) ≡ Γ(B+→DCP±π
+) + Γ(B−→DCP±π

−)

Γ(B+→D0π+) + Γ(B−→D0π−)
= 1

neglects CP violating effects in the decay mode B±→Dπ± and a systematic uncertainty was
assigned to take this approximation into account. As discussed in the introduction to this
section, the assumption is valid to good approximation due to the small value of rB in this
decay mode. The result of the fit to the mES distributions for B±→DK± candidates is
shown in Figure 5.109. In the calculation of mES and ∆E, the pion mass hypothesis was
applied to the bachelor particle from the B± decay. For true B±→DK± decays, this leads
to a shift in the calculated value of ∆E that depends on the momentum of the kaon. An
event-by-event correction was applied to the fit function for the B±→DK± component to
compensate for this effect. All other parameters used in the fit to describe the mES and
∆E distributions for the signal component were set to be identical for the B±→DK± and
B±→Dπ± components. In this manner, the the parameters describing the signal shapes were
determined with good precision from the large sample of B±→Dπ± candidates. The results
obtained for the four GLW parameters are listed in Figure 5.111 together with those from other
GLW analyses. The precision of the measurements was limited by statistical uncertainties.
Leading contributions to the systematic uncertainties on the ratios RCP+ and RCP+ were found
to be the uncertainty assigned for the assumption RπCP± = 1, effects related to the correction
of the wrongly calculated value of ∆E for B±→DK± events, and possible biases from fixed
parameters in the likelihood function. The systematic uncertainty on the asymmetries ACP+

and ACP− was found to be dominated by effects related to the understanding of irreducible
backgrounds, charge asymmetries in detection and particle identification efficiencies and again
to the correction of the ∆E value for B±→DK± events.

The LHCb collaboration published [429] a simultaneous measurement of the GLW observ-
ablesRCP+ and ACP+ and the ADS observablesRADS and AADS inB±→DK± andB±→Dπ±

decays, based on their 2011 data set corresponding to an integrated luminosity of 1 fb−1 col-
lected in pp collisions at a center-of-mass energy of 7 TeV. Neutral D meson candidates were
formed from two tracks with transverse momentum pT > 0.25 GeV/c that fulfilled kaon or
pion identification criteria. A third track was added to form B± candidates. This last track
was required to have transverse momentum pT > 0.5 GeV and momentum 5 < p < 100 GeV
to ensure good kaon/pion separation. The decay vertices of the B± and D candidates were
determined from a kinematic fit constraining the mass of the D candidate to the nominal
mass of the D0 meson. The selection of B± candidates was based on a multivariate classifier,
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Figure 5.108: Invariant-mass distributions of D meson candidates reconstructed in the CP even final
states K+K− and π+π−, the CP odd final states K0

Sπ
0,K0

Sω and K0
Sφ, and the flavour-specific final

state K±π±, as obtained in the BaBar measurement of GLW observables in the decay B±→DK±.
Vertical lines indicate the cuts that were applied to select candidates for the further analysis (from [425]).

Figure 5.109: Measured ∆E distributions for selected (top left) B−→DCP+K
−, (top

right) B+→DCP+K
+, (bottom left) B−→DCP−K

− and (bottom right) B+→DCP−K
+ candidates

from the BaBar measurement of GLW observables in the decay B±→DK±. The results of the max-
imum likelihood fit to the data are superimposed, where the dash-dotted green line indicates the re-
maining B±→Dπ± component and the dotted purple line indicates the sum of all other background
components. The shapes of the functions describing the B±→DK± and B±→Dπ± components were
determined by simultaneously fitting the much larger B±→Dπ± sample (from [425]).
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implemented as a Boosted Decision Tree algorithm. The algorithm used as input parameters
the transverse momenta of the final state particles, the D and the B± candidate and their
impact parameters with respect to the reconstructed pp collision vertex, the decay times, flight
distances and vertex reconstruction quality of the D and B± candidates, and the opening angle
between the reconstructed momentum vector of the B± candidate and the line connecting the
pp collision vertex with its reconstructed decay vertex. Additional background suppression
was achieved by means of an isolation variable, defined as (pT(B) −

∑
pT)/(pT(B) +

∑
pT),

where
∑
pT is the scalar sum of the transverse momenta of all reconstructed tracks in a cone

around the momentum vector of the B± candidate, excluding the final state particles assigned
to the B± candidate itself. Furthermore, a significant displacement of the reconstructed decay
vertex of the D candidate from the reconstructed decay vertex of the B± candidate vertex was
required to suppress background from charmless decays of B mesons and cross-feed where the
prompt kaon or pion from the B± decay is swapped with one of the D decay products. Finally,
vetoes on the invariant masses of different combinations of final-state particles were applied
to suppress specific backgrounds. Candidates were vetoed if the invariant mass of the prompt
particle from the decay of the B± candidate and the oppositely charged particle from the decay
of the D candidate yielded an invariant mass compatible with J/ψ mass when the muon mass
hypothesis was applied to both these particles. To suppresses cross-feed from Cabibbo-favoured
to Cabibbo suppressed D decay modes, candidates were vetoed if the invariant mass of the
Kπ pair from the decay of the D candidate was compatible with the mass of the D0 meson also
when the kaon and pion mass hypotheses were swapped. The GLW and ADS observables were
extracted from a binned maximum likelihood fit to the invariant-mass distributions of selected
candidates in a total of 16 event categories, namely B+→DK+, B−→DK−, B+→Dπ+

and B−→Dπ− decays followed by D decays to the two CP eigenstates, the favoured and
the suppressed flavour-specific final states. The invariant-mass distributions measured in the
decays to the CP eigenstates and in the favoured flavour-specific decay modes are shown in
Figure 5.110. The results for the suppressed modes are shown in the discussion of ADS analyses
below. The likelihood functions contained terms for correctly reconstructed B±→DK± sig-
nal and correctly reconstructed B±→Dπ± signal, for true B±→Dπ± events misidentified as
B±→DK± and true B±→DK± events misidentified as B±→Dπ±, for backgrounds from
partially reconstructed decays of B mesons to final states including a D meson, and for combi-
natorial background. The parameters describing the shapes of these components were defined
to be identical for the four D decay modes and were therefore precisely determined from the
abundant favoured flavour-specific modes. Moreover, the ratio of the parameters describing
the widths of the signals for correctly reconstructed B±→DK± events and correctly recon-
structed B±→Dπ± events were also fixed in the fit. Two additional components were included
in the likelihood function for the [K+K−]D sample to describe backgrounds from Λ0

b→Λ+
c K

−

and Λ0
b→Λ+

c π
− decays. The performance of the kaon/pion identification was estimated from

a large control sample of D∗±→ [π±K∓]Dπ
± events, where the charge of the low-momentum

pion from the D∗ decay unambiguously identifies the identities of the kaon and the pion from
the decay of the D meson. The probability to misidentify a true prompt pion from the B± de-
cay for a kaon was estimated to be 3.8% for an 87.6% efficiency to correctly identify a true
kaon. The results obtained for the GLW observables are listed in Figure 5.111, the results for
the ADS observable will be discussed below. The precision of the measurement was limited
by statistical uncertainties. The value of RCP+ was calculated via a double ratio in the same
manner as described for the BaBar analysis above, and systematic uncertainty from the un-
derlying assumption of vanishing CP violation in the decay B±→Dπ± was found to dominate
the systematic uncertainty on RCP+, together with the understanding of the kaon/pion iden-
tification performance and possible bias from fixing the relative width of the B±→DK± and
B±→Dπ± signals in the fits to the invariant-mass distributions. The systematic uncertainty
on ACP+ was found to be dominated by the understanding of possible charge asymmetries in
reconstruction and particle identification efficiencies.
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Figure 5.110: Invariant-mass distributions for selected B−→ [f ]DK
−, B+→ [f ]DK

+, B−→ [f ]Dπ
− and

B+→ [f ]Dπ
+ candidates reconstructed in the (top panels) CP -even final state [K+K−]D, the (middle

panels) CP -even final state [π+π−]D and the (bottom panels) favoured flavour-specific final states
[K−π+]D resp. [K+π−]D, from the LHCb measurement of GLW observables in these decay modes. The
result of the maximum likelihood fit to the data is superimposed, where dark red lines indicate the
B±→DK± component, light green lines indicate the B±→Dπ± component and shaded areas indicate
the background component from partially reconstructed B-meson decays. The effect of the CP asym-
metry in B±→ [K+K−]DK

± and B±→ [π+π−]DK
± is visible as a difference in signal yields between

B+ and B− decays. As expected, CP violating effects in B±→ [K+K−]Dπ
± and B±→ [π+π−]Dπ

± are
too small to be visible (from [429]).
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Figure 5.111: Measurements of the GLW observables, ACP and RCP in the decay modes B±→DK±,
B±→D∗K± and B±→DK∗± and their respective averages, as compiled by the Heavy Flavour Aver-
aging Group, including results available by the beginning of September 2014 (from [2]).

The latest measurements of GLW observables are summarized in Figure 5.111. The con-
straints on the CKM angle γ that have been derived from these measurements are discussed
in the final part of this section.

5.5.2 Measurements of ADS observables

Both the BaBar [437] and the Belle [438] collaborations published measurements of ADS ob-
servables in the decay B±→DK± based on their full data sets collected at the Υ(4S) reso-
nance. The related decay B±→Dπ± was employed as a control channel. Neutral D candidates
were formed by a pair of oppositely charged kaon and pion candidates, where kaon/pion iden-
tification criteria were tuned to yield an efficiency of 85% for correctly identifying a true kaon
and a probability of a few % to misidentify a true pion for a kaon. To suppress cross-feed
from Cabibbo-favoured to Cabibbo suppressed D decay modes, candidates were vetoed if the
invariant mass of the Kπ pair was compatible with the mass of the D0 meson also when the
kaon and pion mass hypotheses were swapped. A kinematic fit constraining the invariant mass
of the D candidate to the nominal mass of the D0 meson was performed on the selected candi-
dates. The D candidate was then combined with a charged kaon or pion to form B±→DK±

and B±→Dπ± candidates. To suppress background from B±→ [K+K−]Dπ
± decays in which

the K∓π± combination accidentally form an invariant mass close to the mass of the D0 me-
son, B±→ [K∓π±]DK

± candidates were rejected if the invariant mass of the K±K∓ pair was
compatible with the mass of the D0 meson. The selection of signal candidates was based on
the beam-energy substituted invariant mass of the B± candidate and its energy imbalance,
and on a multivariate classifier combining event-shape variables and topological information
of the event. In the case of the Belle analysis, also the standard flavour tagging algorithm
was applied and its response included as an input to the multivariate classifier, since flavour
tags of good quality signal B-meson decay products and therefore provide separation against
non-BB background. Eight decay categories, namely the suppressed and allowed decays of
B+ and B− candidates to DK± and to π±, were defined and the signal yields in each of
these categories were determined from a simultaneous maximum-likelihood fit to the measured
distributions of mES, ∆E and the multivariate classifier in BaBar, and to ∆E and the mul-
tivariate classifier in Belle. The likelihood function contained terms for signal, for peaking
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BB backgrounds, for combinatorial BB background and for background from non-BB events.
A significant background component in the B±→DK± samples was due to B±→Dπ± de-
cays in which the prompt pion from the B± decay was misidentified as a kaon. The fraction of
this background was fixed in the Belle analysis using an estimate of the pion misidentification
probability determined from the samples of favoured modes in collision data. In the BaBar
analysis, the fraction of this background was determined from samples of simulated events.
Other sources of peaking backgrounds are charmless decays B±→K+K−π±, in which the
Kπ pair is not produced via a D resonance, as well as remaining cross-feed from the favoured
decay modes and from B±→ [K+K−]Dπ

± decays, which fail the mass vetoes described above.
The fractions of these backgrounds were estimated from samples of simulated events in the
BaBar analysis and from sidebands in the invariant-mass distributions of D candidates in
the Belle analysis. Results were found to be compatible with zero. These backgrounds were
therefore ignored in the analysis and a systematic uncertainty was assigned for this approx-
imation. The mES distributions for the favoured and suppressed B±→DK± decay modes
obtained in the BaBar analysis are shown in Figure 5.112 and the ∆E distributions for the
suppressed B±→DK± decay modes obtained in the Belle analysis are shown in Figure 5.113.
A hint for the suppressed decay mode B±→ [π+K−]DK

± with a significance corresponding
to 2.1 Gaussian standard deviations was found in the BaBar analysis, while the Belle analysis
found evidence for a signal corresponding to 4.1 Gaussian standard deviations. Separating the
samples into B+→ [π+K−]DK

+ and B−→ [π−K+]DK
−, both analyses found a large asym-

metry in event yields between the two charge-conjugated decays. The obtained results for the
ADS observables are listed in Figure 5.115. Given the low event yields, it is not surprising
that the precision on the ADS observables was found to be limited by statistical uncertainties.
Systematic uncertainties were found in both analyses to be dominated by the understanding
of peaking backgrounds in the sample of suppressed decays.

The LHCb analysis of GLW and ADS observables [429] in the decay B±→DK± has
been described above. The obtained invariant-mass distributions for the suppressed decay
modes B+→ [π+K−]DK

+ and B−→ [π−K+]DK
− are shown in Figure 5.114. Combining the

B+ and B− samples, a signal for the suppressed mode with a significance corresponding to
10.0 Gaussian standard deviations is found, making this the first observation of the decay
mode with more than the canonical five standard deviations. Evidence for a non-vanishing
CP asymmetry is found with a significance corresponding to 4.0 Gaussian standard deviations.
The results of the measurement in terms of the ADS observables are listed in Figure 5.115.

The LHCb collaboration has also performed a measurement of ADS observables using four-
body D decays B±→ [π±K∓π+π−]DK

± [443], resulting in the first observation of ths decay
mode, with a significance of the signal corresponding to 5.1 Gaussian standard deviations. A
hint for a non-vanishing CP asymmetry was found with a significance corresponding to about
two Gaussian standard deviations.

The latest measurements of ADS observables are summarized in Figure 5.115. The con-
straints on the CKM angle γ that have been derived from these measurements are discussed
in the final part of this section.

5.5.3 Model-dependent GGSZ/Dalitz-plot analyses

The BaBar collaboration published a model-dependent GGSZ/Dalitz-plot analysis of the decay
mode B±→ [K0

Sπ
+π−]DK

± using their full data set [449], while the latest analysis published
by the Belle collaboration [446] was based on a data set corresponding to about 85% of the total
integrated luminosity collected at the Υ(4S) resonance. In both analyses, K0

S candidates were
formed by combining two oppositely charged tracks from a common vertex that was required
to be significantly displaced from the nominal e+e− interaction region. The K0

S candidate was
combined with another two oppositely charged pions to formD candidates. TheD0→K0

Sπ
+π−

decay amplitude was described by a coherent sum of two-body resonances and a non-resonant



5.5. THE ANGLE γ 247

Figure 5.112: Measured distributions of the beam-energy substituted invariant mass for selected can-
didates in (top left) the suppressed decay mode B+→ [π±K∓]DK

+, (top right) the charge-conjugated
suppressed decay mode B−→ [π±K∓]DK

−, (bottom left) their sum, and (bottom right) the favoured
modes B±→ [K±π∓]DK

±, from the latest BaBar measurement of the ADS observables AADS and
RADS in these decay modes. The result of the maximum likelihood fit to the data is superimposed,
where dotted lines indicate the non-BB background component and dashed lines indicate the sum of
all background components (from [437]).

Figure 5.113: Measured ∆E distributions for selected candidates in (left) the suppressed decay mode
B+→ [π±K∓]DK

+, (middle) the charge-conjugated suppressed decay mode B−→ [π±K∓]DK
−, and

(right) their sum, from the latest Belle measurement of the ADS observables AADS and RADS in these
decay modes. The result of the maximum likelihood fit to the data is superimposed, where thick,
red dashed lines indicate the signal component, thin, magenta dashed lines indicate the background
component from misidentified B+→ [π±K∓]Dπ

±, green dash-dotted lines indicate the component due
to other BB background and blue dotted lines indicate the non-BB background component (from [438]).
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Figure 5.114: Invariant-mass distributions for selected B−→ [f ]DK
−, B+→ [f ]DK

+, B−→ [f ]Dπ
− and

B+→ [f ]Dπ
+ candidates reconstructed in the (top panels) suppressed and (bottom panels) favoured

flavour-specific final states, from the LHCb measurement of ADS observables in these decay modes.
The result of the maximum likelihood fit to the data is superimposed, where dark red lines indicate the
B±→ [f ]DK

± component, light green lines indicate the B±→ [f ]Dπ
± component, dashed magenta lines

indicate the background component from partially reconstructed B0
s→D0K−π+ and B0

s→D0K+π−

decays and shaded areas indicate the background component from other partially reconstructed B-
meson decays (from [429]).

amplitude as

f(s+, s−) = aNRe
iξNR +

∑
ake

iξkAk(s+, s+) ,

where aNR is the magnitude and ξNR the phase of the non-resonant amplitude, ak and ξk
are the magnitude and phase of the kth resonant amplitude, and Ak(s+, s+) is the ma-
trix element that describes the dynamics of this decay amplitude. The BaBar amplitude
model included eight resonant components for K∗(892)+π−, K∗(1680)+π−, K∗2 (1410)+π−,
K∗(892)−π+, K∗2 (1410)−π+, K0

Sρ(770), K0
Sω(782) and K0

Sf2(1270). A detailed description of
the parametrizations of the matrix elements for each of these resonant amplitudes is given
in Ref. [448]. The Belle amplitude model included an additional ten resonant components
for K∗(1410)±π∓, K∗(1680)±π∓, K0

Sf0(980), K0
Sf0(1370), K0

Sρ(1450), K0
Sσ1, and K0

Sσ2. The
magnitudes and phases of the amplitudes were extracted from fits to the Dalitz-plot distribu-
tions for samples of flavour-tagged D0→K0

Sπ
+π− and D0→K0

Sπ
+π− decays. These samples

were obtained from D∗±→Dπ± decays in which the charge of the low-momentum pion from
the decay of the D∗ meson tags the flavour of the accompanying D meson as a D0 or D0.
Large samples of such decays were available since D∗± mesons were copiously produced at
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Figure 5.115: Measurements of ADS observables AADS and RADS in the decay modes B±→DK±,
B±→D∗K± and B±→DK∗± and their respective averages, as compiled by the Heavy Flavour Aver-
aging Group including results available by the beginning of September 2014 (from [2]).

the B factories via the continuum process e+e−→ cc. The measured Dalitz-plot distribution
for the flavour-tagged sample from the Belle analysis is shown in Figure 5.116 together with
the result of the amplitude fit. In both the Belle and the BaBar analyses, the fits took into
account efficiency variations and variations of backgrounds across the Dalitz plot as well as
the finite momentum resolution of the measurement. Efficiency variations were estimated from
simulation. For the GGSZ analysis itself, B±→ [K0

Sπ
+π−]DK

± candidates where selected by
combining a neutral D candidate with a track identified as a charged kaon. As usual, the
selection of B± candidates was based on the beam-energy substituted invariant mass, mES,
and the energy imbalance, ∆E, and event-shape variables were employed to suppress non-
BB background. The measured mES and ∆E distributions from the two analyses are shown
in Figures 5.118 and 5.119, respectively. The resulting Dalitz-plot distributions for B+ and
B− candidates are shown in Figure 5.121. The Cartesian observables, x± and y±, were ex-
tracted from maximum likelihood fits to mES, ∆E, the event-shape variables, and the Dalitz-
plot variables for the selected B+ and B− samples. The fit functions contained components
for the signal component, for background from B±→Dπ± decays in which the prompt pion
from the decay of the B± meson is misidentified as a kaon, for other BB background, and for
non-BB background. In the Belle analysis, the non-BB background component was further
split into separate contributions from events with and without charm. The obtained results
for the observables x± and y± are listed in Figure 5.122. The precision of the measurements
was limited by statistical uncertainties. Leading experimental systematic uncertainties were
related to the understanding of background shapes derived from samples of simulated events,
the relative background fractions, and the understanding of efficiency variations across the
Dalitz plot. Systematic uncertainties related to the amplitude model were not quoted for the
observables x± and y±, but they dominated the systematic uncertainties quoted for the values
of γ and rB that were derived from these measurements.

The LHCb collaboration published a model-dependent GGSZ/Dalitz-plot analysis based on
their 2011 data set, corresponding to an integrated luminosity of 1 fb−1 collected in pp collisions
at a center-of-mass energy of 7 TeV. The decay mode B±→ [K0

Sπ
+π−]Dπ

± was employed as
a control channel to measure acceptance and efficiency variations across the phase space. This
decay mode has a similar topology but higher branching fraction than the signal mode and
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Figure 5.116: Distributions of the squared invariant masses for (top left) K0
Sπ
−, (top right) K0

Sπ
+ and

(bottom left) π+π− pairs and (bottom right) the resulting Dalitz-plot for the D∗−→ [K0
Sπ

+π−]Dπ
−

sample from which the parameters of the isobar model for the model-dependent GGSZ/Dalitz-plot
analyses in Belle was derived. The result of the fit to the data is superimposed in the invariant-mass
projections (from [445]).

Figure 5.117: Dalitz-plot distribution and projections of the squared invariant masses and distributions
of the squared invariant masses of K0

Sπ
−, K0

Sπ
+ and π+π− pairs for selected B−→ [K0

Sπ
+π−]Dπ

−

candidates from which the parameters of the amplitude model for the model-dependent GGSZ/Dalitz-
plot analysis in LHCb was derived. The result of the fit of the BaBar amplitude model to the data is
superimposed in the invariant-mass projections (from [450]).
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Figure 5.118: Measured distribution of (left) the energy imbalance and (right) the beam-energy sub-
stituted invariant mass for selected B±→ [K0

Sπ
+π−]DK

± candidates from the latest model-dependent
GGSZ/Dalitz-plot analysis in Belle. The results of the maximum-likelihood fit to the data are super-
imposed, where shaded areas indicate the different signal and background components as denoted in
the plot legend (from [446]).

Figure 5.119: Measured distribution of (left) the beam-energy substituted invariant mass and (right)
the energy imbalance for selected B±→ [K0

Sπ
+π−]DK

± candidates from the latest model-dependent
GGSZ/Dalitz-plot analysis in BaBar. The results of the maximum-likelihood fit to the data are super-
imposed, where dashed blue lines indicate the background component from misidentified B±→Dπ±

candidates and red dotted lines indicate the sum of all other background components (from [449]).

Figure 5.120: Invariant-mass distributions for selected B±→ [K0
Sπ

+π−]DK
± candidates reconstructed

using (left) “long” and (right) “downstream” K0
S candidates from the model-independent GGSZ/Dalitz-

plot analysis in LHCb. The result of the maximum-likelihood fit to the data is superimposed, with the
different fit components indicated as denoted in the plot legend (from [454]).
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Figure 5.121: Dalitz-plot distributions for selected (left) B+→ [K0
Sπ

+π−]DK
+ and (right)

B−→ [K0
Sπ

+π−]DK
− candidates from (top) the latest Belle model-dependent analysis based on about

85% of the full Belle data set, (middle) the latest BaBar model-dependent analysis based on the full
BaBar data set and (bottom) the LHCb model-independent analysis based on the combined run I data
set (from [446,449,454]).
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CP violating effects are expected to be small compared to the precision that the measurement
could aim for. Two types of K0

S→π+π− candidates were employed in the analysis: for “long”
candidates, the tracks of both final-state pions were reconstructed using information from the
vertex locator, while for “downstream” candidates no information from the vertex locator was
used in the reconstruction of these tracks. “Downstream” candidates are typically due to
K0
S mesons that decay outside the acceptance of the vertex locator. They are less precisely

reconstructed than “long” K0
S candidates, leading to worse vertex and invariant mass resolu-

tions. Selected K0
S candidate were combined with a pair of oppositely charged tracks to form

neutral D candidates and these were combined with another track that was required to have
good associated particle identification information to form B±→ [K0

Sπ
+π−]DK

± signal candi-
dates or B±→ [K0

Sπ
+π−]Dπ

± candidates for the control sample. The selection of candidates
for both samples was based on kinematic and topological properties of the decay chain, such as
the impact parameters of the final-state particles with respect to the reconstructed pp collision
vertex, the invariant masses of the B±, D and K0

S candidates, their reconstructed momentum
vectors and the displacement of their reconstructed decay vertices. The decay vertex of the
K0
S candidate was required to be well separated from the decay vertex of the D candidate,

which in turn was required to be downstream of the B± vertex. The B± vertex had to be
well separated from pp collision vertex. Moreover, the reconstructed momentum vectors of the
K0
S and B± candidates were required to have a small opening angle with respect to the lines

connecting the pp collision vertex and the respective decay vertices. To improve the resolution
on the measurement of Dalitz-plot variables, a kinematic fit was performed on the selected can-
didates, constraining the invariant masses of the K0

S and D candidates to the known masses of
the K0

S meson and the D0 meson and constraining the B± momentum vector to point back to
the pp collision vertex. Possible background contributions in the sample of selected candidates
were estimated from samples of simulated events. The dominating background contributions
were found to be due to B±→ [K0

Sπ
+π−]Dπ

± decays in which the prompt pion from the decay
of the B± meson was misidentified as a kaon, and partially reconstructed decays including a
true D→K0

Sπ
+π− decay, such as B±→D∗K± followed by D∗→Dπ0 or D∗→Dγ, where the

slow pion or the photon escapes detection, or B0→DK∗0, B0
s→DK∗0 or B±→Dρ±, where

a kaon or pion from the decay of the K∗0 or ρ± escaped detection. The fraction of these
backgrounds was estimated from a maximum likelihood fit to the invariant-mass distributions
of the selected candidates. This fit was performed separately for the samples reconstructed
using “long” and “downstream” K0

S candidates to account for the different invariant-mass
resolutions in the two samples. The fraction of B±→Dπ± background relative to the signal
yield was fixed in the fits using the known ratio of the branching fractions for the two decay
modes and measured kaon/pion identification efficiencies and misidentification probabilities.
The kaon/pion identification performance was measured from collision data employing large
samples of D∗±→ [K∓π±]Dπ

± decays, in which the true identity of the two daughter particles
from the D decay is given by the charge of the accompanying prompt low-momentum pion
from the decay of the D∗ meson. The signal and background fractions determined from the fit
to the invariant-mass distributions were then fixed in the fit to the Dalitz-plot distributions to
extract the Cartesian observables x± and y±. The Dalitz-plot fit used the BaBar amplitude
model as measured in [456] and the B±→ [K0

Sπ
+π−]Dπ

± sample was employed to estimate
efficiency variations across the Dalitz plot. The results obtained for x± and y± are listed in
Figure 5.122. The precision of the measurement was limited by statistical uncertainties. Lead-
ing contributions to the systematic uncertainty were found to be due to the understanding
of the fraction of combinatorial background in the selected candidate sample, efficiency varia-
tions across the Dalitz plot and a small bias in the fit results that was observed in simulated
experiments.
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Figure 5.122: Measurements of the Cartesian observables x± and y± as obtained in model-dependent
GGSZ/Dalitz-plot analyses in the decay modes B±→ [K0

Sπ
+π−]DK

±, B±→D∗K± and B±→DK∗±

and their respective averages, as compiled by the Heavy Flavour Averaging Group (from [2]).

Figure 5.123: Confidence-regions in the x± and y± plane from (left) model dependent and (right) model
independent GGSZ/Dalitz-plot analyses in the decay mode B±→ [K0

Sπ
+π−]DK

±, and their respective
averages, as compiled by the Heavy Flavour Averaging Group (from [2]).
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5.5.4 Model-independent GGSZ/Dalitz-plot analyses

Model-independent GGSZ/Dalitz-plot analyses in the decay mode B±→ [K0
Sπ

+π−]DK
± have

been published by the Belle [421] and LHCb [454] collaborations.

The Belle analysis [421] was based on their full data set collected at the Υ(4S) resonance
and employed the Dalitz-plot binning shown in Figure 5.107. The values of the coefficients si
and ci were taken from the already mentioned CLEO-c measurement [422]. The coefficients
Ki were measured using large samples of flavour-tagged D0→K0

Sπ
+π− and D0→K0

Sπ
+π−

candidates, which were obtained from D∗±→Dπ± decays in which the charge of the low-
momentum pion from the decay of the D∗ meson tags the flavour of the accompanying D meson
as a D0 or D0. The selection of K0

S candidates and neutral D candidates was similar to that
described for the model-dependent analyses described above. A clean sample of D∗±→Dπ±

candidates was selected based on the invariant mass of the D candidate and the difference
between the invariant masses of the D∗ candidate and the D candidate. The selection of
B±→DK± candidates was based on the beam-energy substituted invariant mass, mES, and
the energy imbalance, ∆E, of the B± candidate and two event-shape variables. The values
of the Cartesian coordinates x± and y± were extracted from a combined four-dimensional
maximum likelihood fit to these four selection variables. The likelihood function contained
terms for the signal component, for a background component from B±→ [K0

Sπ
+π−]Dπ

± decays
in which the prompt pion from the decay of the B± meson was misidentified as a kaon, for
peaking backgrounds from other decays of B mesons, which were found to be dominated by
B±→D∗π± decays in which the pion or photon from the decay D∗→Dπ or D∗→Dγ escaped
detection, for combinatorial background from BB events and for combinatorial background
from non-BB events. The total signal yield was found to be 55% larger than that obtained
in the model-dependent GGSZ/Dalitz-plot analysis described above. An increase in event
yields by about 17% is expected due to the use of a larger data set in this analysis, the
remainder was attributed to improvements in track reconstruction algorithms. Reconstruction
efficiencies and efficiency variations as a function of the Dalitz-plot variables cancel in the
determination of x± and y± as long as the efficiency variations are identical for the signal
sample and for the samples employed in the calculation of the coefficients Ki, si and ci. In the
case of the parameters Ki, this was achieved to good approximation by selecting the sample of
D∗±→Dπ± candidates such that the average momentum of the D candidates in this sample
matched that in the signal sample. In the case of the coefficients si and ci, the Belle efficiency
profile measured in the model-dependent analysis described above was employed to apply
appropriate corrections to the values published by CLEO-c. The results of this measurement
in terms of the parameters x± and y± are shown in Figure 5.123. Again, the precision of the
measurement is limited by statistical uncertainty. The largest contributions to the systematic
uncertainties are due to the knowledge of the coefficients si and ci, the modeling of the signal
component in the likelihood fit, and the understanding of the BB background contamination
in the selected signal sample. The combined systematic uncertainties quoted for x± and y±
are about 50% larger than the experimental systematic uncertainties quoted for the model-
dependent analysis described above. However, the systematic uncertainties quoted for the
model-dependent analysis did not include the uncertainty due to the model dependence.

The model-independent LHCb analysis [454] was based on the combined run-I data set,
consisting of a total integrated luminosity of 3 fb−1 collected in pp collisions at center-of-mass
energies of 7 TeV and 8 TeV. The same Dalitz-plot binning scheme was employed as in the
Belle analysis described in the previous paragraph, and the values of the coefficients si and ci
were also taken from the CLEO-c measurement [422]. The values of the coefficients Ki were
measured using a large sample of flavour-tagged D0→K0

Sπ
+π− and D0→K0

Sπ
+π− candidates

produced via semileptonic decays B→D∗±µ∓νµ with D∗±→Dπ±. The flavour of the neutral
D meson is tagged here both by the charge of the muon from the decay of the B meson and
by the charge of the low-momentum pion from the decay of the D∗ meson. The selection of
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B±→ [K0
Sπ

+π−]DK
± signal candidates and a B±→ [K0

Sπ
+π−]Dπ

± control sample was based
on similar topological and kinematic variables as those employed in the model-dependent LHCb
analysis described above. To further improve the discrimination power, several of these vari-
ables were combined here into a multivariate classifier using a Boosted Decision Tree algorithm.
Selection criteria for the flavour-tagged sample from semileptonic decays of B mesons were cho-
sen to be as similar as possible to those for the signal candidates to mimimize differences in
the respective efficiency profiles as a function of the Dalitz-plot variables. All samples included
“long” K0

S candidates and “downstream” K0
S candidates as defined in the description of the

model-dependent analysis above. The signal yields in the flavour-tagged sample were deter-
mined for each Dalitz-plot region from a combined fit to the distributions of the invariant mass
of the selected D candidates and of the difference between the invariant masses of the D∗ can-
didate and the D candidate. The two distributions are shown in Figure 5.120 together with the
result of the fit. The B±→ [K0

Sπ
+π−]DK

± signal yields were extracted from a combined max-
imum likelihood fit to the invariant-mass distributions for the selected B±→ [K0

Sπ
+π−]DK

±

and B±→ [K0
Sπ

+π−]Dπ
± candidates. The likelihood function contained terms for the signal

component, for a background component from B±→Dπ± decays in which the prompt pion
from the decay of the B± meson was misidentified as a kaon, a background component for par-
tially reconstructed decays of B mesons and a component for combinatorial background from
random combinations of tracks. The fraction of background from misidentified B±→Dπ± de-
cays was fixed in the fit to a value calculated from the signal yields measured in the B±→Dπ±

sample and the kaon/pion identification efficiencies and misidentification probabilities. Like
in the model-dependent analysis, the kaon/pion identification performance was determined
from collision data using large samples of flavour-specific D∗±→ [π±K∓]Dπ

± decays. The
probability to misidentify a true pion from the decay B±→Dπ± for a kaon was estimated to
be 4% for an efficiency of 86% to correctly identify a true kaon from the decay B±→DK±.
The fit was performed in a first step to the full data sample, integrated over the Dalitz-plot
variables, to determine the parameters of the likelihood function. To extract the Cartesian
observables x± and y±, the fit was then repeated separately for each of the Dalitz-plot re-
gions, with the parameters of the likelihood functions fixed to the values obtained in the global
fit. As discussed in the previous paragraph, the effect of reconstruction efficiencies cancels in
the determination of x± and y± only if efficiency variations as a function of the Dalitz-plot
variables are identical for the signal sample and for the event samples that were employed to
determine the coefficients Ki, si and ci. Differences between the efficiency profiles for the signal
sample and the semileptonic sample that was employed to calculate the coefficients Ki were
corrected using samples of simulated events. The possible effect of corrections to the si and
ci coefficients published by CLEO-c was checked using samples of simulated events, generated
according to the BaBar amplitude model that had also been employed in the model-dependent
LHCb analysis. No significant effect was observed and therefore no correction was applied,
but a systematic uncertainty was assigned. The results of this measurement in terms of the
parameters x± and y± are shown in Figure 5.123. Again, the precision of the measurement
is limited by statistical uncertainty. The largest contributions to the systematic uncertainties
are due to the correction of the efficiency profile in the case of the observables x± and by the
knowledge of the coefficients si and ci in the case of the observables y±.

The results of model-dependent and model-independent measurements are strongly corre-
lated since they are based on the same data and use similar reconstruction algorithms. They
can therefore not be combined to derive constraints on the angle γ.

5.5.5 Constraints on the angle γ

The BaBar [457], Belle [427] and LHCb [458, 459] collaborations have each published con-
straints on the CKM angle γ from combinations of their latest measurements of GLW, ADS and
GGSZ/Dalitz-plot observables. BaBar include in their average measurements in B±→DK±,
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B±→D∗K± and B±→DK∗±. Belle include results from B±→DK± and B±→D∗K±.
The Belle combination uses the result of their model-dependent GGSZ/Dalitz-plot analysis.
The latest LHCb combination includes GLW, ADS and GGSZ/Dalitz-plot observables from
B±→DK±, including their measurements in D→K±π∓π+π− and D→K0

SK
±π∓, ADS and

GLW observables from B0→DK∗0 and their measurement of γ−2βs from the time-dependent
CP asymmetry in the decay B0

s→D±s K
∓. The GGSZ/Dalitz-plot result from the model-

independent measurement was used in this case. The BaBar and Belle averages neglected pos-
sible biases from D0−D0 mixing and CP violating effects in the D0D0 system, while the LHCb
combination corrected for these effects using the world average values of the D0−D0 mixing
parameters and CP violating asymmetries.

The BaBar and Belle collaborations also published a joint combination [112] while combi-
nations of results from all three experiments have been performed by the CKMfitter [3] and
UTfit [211] groups. The results are summarized in Table 5.3.

To conclude the survey of the Unitarity Triangle, Figure 5.126 shows the determination of
its apex using only measurements of the three angles, as compiled by the CKMfitter group [3].

Table 5.3: Averages for γ as determined from various combinations of direct measurements and from
Standard Model fits of CKM parameters, excluding direct measurements of γ, as prepared by the
CKMfitter [3] and UTFit [211] groups. The values quoted by the CKMfitter group include results
presented up to the CKM2014 conference in the beginning of September 2014, values quoted by the
UTfit group include results presented up to the ICHEP2014 conference in the beginning of July 2014.

BaBar [457] Belle [427] LHCb [459] CKMfitter [3] UTFit [211]

direct (69 + 17
− 16))◦ (68 + 15

− 14)◦ (73 + 9
− 10)◦ (73.2 + 6.3

− 7.0)◦ (68.4 ± 7.5)◦

CKM fit - - - (66.9 + 1.0
− 3.7)◦ (69.5 ± 3.9)◦
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Figure 5.124: (from [3]).

Figure 5.125: (from [3]).

Figure 5.126: (from [3]).



Chapter 6

Showdown: Challenging the
Standard Model in B0

s−B0
s Mixing

and Rare B Decays

It was beauty killed the beast.

— Carl Denham

The consistent picture that emerges from the survey of the Unitarity Triangle described
in the previous chapter have established the CKM mechanism of the Standard Model as the
dominant source of CP violation in the quark sector. The main focus of the experimental
effort in heavy-quark flavour physics is now to perform precision measurements of observables
that provide good sensitivity to possible subdominant contributions from physics beyond the
Standard Model.

Of particular interest for such searches are observables in flavour-changing processes that
involve loop diagrams, such as penguin decay diagrams or the box diagrams mediating particle-
antiparticle mixing. Additional, heavy particles that are predicted in most extensions of the
Standard Model can appear in such processes as virtual particles inside the loops and can
lead to deviations in the values of observables from their Standard Model predictions. The
sensitivity to such additional contributions is best in processes that are strongly suppressed in
the Standard Model and in observables that the Standard Model predicts to be close to zero
with good precision. Four examples of such processes and observables will be discussed in this
chapter.

The CP violating phase φs in the decay mode B0
s→ J/ψφ is to good approximation equal,

in the Standard Model, to the complex phase of the B0
s−B0

s mixing amplitude and both are
related to the small angle in one of the squashed unitarity triangles. Standard Model fits lead
to an estimate of only −2◦ for the CP violating phases. The phenomenology of the decay
B0
s→ J/ψφ is similar to that of the “golden” decay mode B0→ J/ψK0

S that was employed to
measure the angle β of the Unitarity Triangle as described in Section 5.3. The measurement
of the CP violating phase in B0

s→ J/ψφ presents addditional challenges due to the fact that
the J/ψφ pair is not produced in a CP eigenstate and that the decay-width difference, ∆Γs,
between the two mass eigenstates in the B0B0 system is not negligibly small. Moreover, the
measurement requires the ability to resolve the rapid B0

s−B0
s oscillations. Measurements of φs

were performed by the CDF and D0 collaborations at the Tevatron and are now being pursued
at the LHC, where the most precise results have been reported by the LHCb collaboration.

The semileptonic asymmetry assl measures the magnitude of CP violation in B0
s−B0

s mixing
and is predicted to be as small as 2 × 10−5 in the Standard Model. It is defined as the
relative difference between the rate of B0

s mesons to decay into positive leptons and the rate
of B0

s mesons to decay into negative leptons. Both processes can occur only if the B0
s or

259
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B0
s meson had mixed into its antiparticle at the time of its decay. A non-zero value of the

asymmetry implies that the mixing process is not symmetric and that CP is therefore violated
in the mixing. The semileptonic asymmetry adsl in the B0B0 system is defined in the same
manner and is predicted to have a value of about 4×10−4 in the Standard Model. One way to
measure semileptonic asymmetries is via the so-called same-sign dilepton charge asymmetry,
which exploits the fact that associated production leads to the creation of a bb pair. Looking at
events in which the created b and b hadron both decayed semileptonically, the observation of a
pair of positive leptons implies that the b quark must have hadronized into a B0 or B0

s meson
and that this must then have mixed into its antiparticle at the time of its decay. Likewise, the
observation of a pair of negative leptons implies that an initial B0 or B0

s meson had mixed into
its antiparticle when it decayed. The relative difference in the rates of positive and negative
same-sign dilepton events measures adsl at the B factories, where no B0

s and B0
s mesons are

produced, and a linear combination of adsl and assl at hadron colliders. The D0 collaboration
published measurements of the same-sign dimuon charge asymmetry that indicate a significant
deviation from Standard Model predictions. Since direct measurements of adsl yielded values
that were in good agreement with the Standard Model prediction, it was speculated that the
result of the D0 measurement could be an indication for a possible sign of contributions from
New Physics in B0

s−B0
s mixing. Direct measurements of assl at D0 and LHCb agree with the

Standard Model prediction but are also compatible within their precision with the same-sign
dimuon charge asymmetry measured by the D0 collaboration.

Decays that involve a flavour-changing neutral current b→ s or b→ d transition are forbid-
den at tree level by the GIM mechanism discussed in Section 2.6 and can proceed only via loop
diagrams. As these processes are suppressed in the Standard Model, branching fractions and
other observables in such decays can be significantly affected by possible contributions from
New Physics. A key measurement is that of the branching fraction of the very rare decays
B0
s→µ+µ− and B0→µ+µ−. These processes are not only flavour-changing neutral current

decays, but they are further suppressed by helicity violation due to the V − A character of
the weak interaction. Their branching fractions are predicted to be of the order of 3 × 10−9

and 1× 10−10, respectively, in the Standard Model and are sensitive to New Physics. The first
observation of the decay B0

s→µ+µ− has recently been reported by the CMS and LHCb collab-
orations and the measured branching fraction is in good agreement with the Standard Model
prediction, putting severe constraints on the parameter space for models of New Physics. First
evidence for the decay B0→µ+µ− has also been found but uncertainties on the measurement
of its branching fraction are significant.

The rare decay B0→K∗0µ+µ− is a flavour-changing neutral current process that is medi-
ated via electroweak penguin diagrams. This decay has been widely studied because angular
distributions of the final-state particles in this decay give rise to a number of observables that
exhibit good sensitivity to possible contributions from New Physics. Measurements of such
observables have been performed at BaBar, Belle and CDF and more recently at ATLAS and
CMS, but the most precise results stem from measurements at LHCb. Results are in general
in good agreement with Standard Model predictions, except for an intriguing devation that
was found in one of the angular observables. This observation has stirred some interest in
the theory community but on its own provides too weak a signature to make serious claims
regarding possible New Physics contributions. The published LHCb result is based on the data
set collected in 2011, an analysis of the full run I data set is still pending.

In the next sections, measurements of the phase φs in B0
s→ J/ψφ will be described first,

followed by a disussion of measurements of the semileptonic asymmetries adsl and assl, the
measurement of the B0

s→µ+µ− branching fraction and the search for the decay B0→µ+µ−

and, finally, the measurement of angular observables in the rare decay B0→K∗0µ+µ−.
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Figure 6.1: Dominating tree diagrams for the decays (left) B0
s→ J/ψφ and (right) B0

s→ J/ψφ.
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Figure 6.2: Leading penguin diagrams for the decay B0
s→ J/ψφ. Note the similarity in both the tree

diagrams shown above and the penguin diagrams shown here with the corresponding diagrams for the
decay Bs→ J/ψK0

S discussed in Section 5.3. The only change is that of the spectator quark from a
down to a strange quark.
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tb +
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6.1 The CP violating phase φs

A time-dependent CP asymmetry in the decay B0
s→ J/ψφ can be caused by the interference

of mixing and decay as described in Section 3.3. The final state J/ψφ can be reached through
decays of B0

s mesons and of B0
s mesons, where the decay amplitudes are dominated by the tree

diagrams shown in Figure 6.1. Neglecting subdominant penguin decay amplitudes, the relative
weak phase between the direct decay B0

s→ J/ψφ and the decay after mixing, B0
s→B0

s→ J/ψφ,
is then given by

φs ≡ λJ/ψφ = −
(
q

p

)
B0
s

·
(
AJ/ψφ
AJ/ψφ

)
= −

(
VtsV

∗
tb

V ∗tsVtb

)
·
(
VcbV

∗
cs

V ∗cbVcs

)
= −2 · arg

(
VtsV

∗
tb

V ∗cbVcs

)
.

The phase

βs ≡ arg

(
VtsV

∗
tb

VcsV
∗
cb

)
also describes one of the angles in the unitarity triangle that follows from applying the unitarity
condition to the second and third rows of the CKM matrix,

VusV
∗
ub + VtsV

∗
tb + VcsV

∗
cb = 0 .

The first term on the left side of the equation is proportional to λ4, while the other two terms
are proportional to λ2 in terms of the Wolfenstein parameter λ ≈ 0.23. The triangle is therefore
squashed and, as illustrated in Figure 6.3, the angle βs is small. A global CKM fit, performed
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by the CKMfitter group [3] in autumn 2014, yields the Standard Model prediction

βs = 0.01826 + 0.00059
− 0.00064 rad .

By extention, the CP violating phase in the decay B0
s→ J/ψφ, φs = −2βs, is expected to

be small in the Standard Model. Finally, to good approximation, βs is also equal to the
weak CP violating phase of the B0

s−B0
s mixing amplitude. As discussed in Section 3.3, the

CP violating phase in mixing is given by the relative weak phase between the dispersive part,
M12, and the absorptive part, Γ12, of the mixing amplitude, which in the B0

sB
0
s system are

dominated by the box diagrams with internal top quarks and the box diagrams with internal
charm quarks, respectively. The relative weak phase between M12 and Γ12 is then

arg

(
M12

Γ12

)
= arg

(
VtsV

∗
tb

V ∗cbVcs

)
= βs .

It is therefore often stated in the literature that the CP violating phase in the decay B0
s→ J/ψφ

measures theB0
s−B0

s mixing phase. This statement is, however, true only up to approximations
that the B0

s→ J/ψφ decay amplitude receives no contributions with weak phase different from
that of the tree amplitude and that the dispersive and absorptive parts of the B0

s−B0
s mixing

amplitude receive no contributions with weak phases different from those of the top and charm
loops, respectively. In practice, these approximations are fulfilled to good precision in the
Standard Model, but can be violated if New Physics contribute to the B0

s→ J/ψφ decay
amplitude or in B0

s−B0
s mixing.

The fact that the Standard Model decay amplitude for the decay B0
s→ J/ψφ is dominated

by the phase of the tree amplitude can be demonstrated in the same manner as for the decay
B0→ J/ψK0

S discussed in Section 5.3. The leading Standard Model penguin diagrams for the
decay B0

s→ J/ψφ are shown in Figure 6.2. Denoting with T , Pt, Pc, and Pu the amplitudes
of the tree process and the penguin processes with intermediate top, charm and up quarks,
respectively, and exploiting one of the unitarity conditions of the CKM matrix to substitute

V ∗tbVts = −V ∗cbVcs − V ∗ubVus

the decay amplitude can be expressed as

AJ/ψφ = (T + Pc) · (V ∗cbVcs) + Pu · (V ∗ubVus) + Pt · (V ∗tbVts)

= (T + Pc − Pt) · (V ∗cbVcs) + (Pu − Pt) · (V ∗ubVus)

and the term proportional to the phase of V ∗cbVcs is suppressed by the ratio of the magnitudes
of the CKM elements,

|V ∗ubVus|
|V ∗cbVcs|

∝ λ4

λ2
= λ2 ,

with, again, the Wolfenstein parameter λ ≈ 0.23.
The good sensitivity to possible New Physics contributions in B0

s−B0
s mixing, combined

with a reasonably large visible branching fraction,

BF (B0
s→ J/ψφ) × BF (J/ψ→µ+µ−) × BF (φ→K+K−) ≈ 3× 10−5 ,

and the clear event signature of two oppositely charged muons from a J/ψ decay and two op-
positely charged kaons from the same decay vertex, make the measurement of the CP violating
phase φs in the decay B0

s→ J/ψφ a benchmark analysis for the study of CP violating effects
in the B0

sB
0
s system. However, the measurement poses a few additional challenges compared

to the “golden” decay mode B0→ J/ψK0
S that allowed the B factories to establish CP viola-

tion in the B0B0 system and to perform precision measurements of the CKM angle sin (2β).
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Firstly, of course, B0
s mesons are not produced at the Υ(4S) resonance and the B0

s production
rate in hadron collisions is about a factor of four lower than that for B0 mesons. The mea-
surement of the decay-time dependent CP asymmetry requires the ability to resolve the rapid
B0
s−B0

s oscillations, i.e. the decay-time resolution of the experiment plays an important role in
the measurement. The decay width difference, ∆Γs, between the two mass eigenstates in the
B0
sB

0
s system is not negligibly small and has to be extracted from the measurement simultane-

ously with the phase φs. Finally, the final state J/ψφ is not a CP eigenstate and a decay-time
dependent angular analysis has to be performed to statistically separate the CP even and
CP odd components. The decay B0

s→ J/ψφ is a decay of a pseudoscalar particle with spin
J = 0 to two vector particles with spin J = 1. Angular momentum conservation in the decay
allows the J/ψφ pair to be produced with relative angular momentum L = 0, 1 or 2. The states
with L = 0 and L = 2 are CP even, while the state with L = 1 is CP odd. In addition, there
can be a non-resonant S-wave component of K+K− pairs with relative angular momentum
LKK = 0, which happen to have an invariant mass close to the mass of the φ meson but
which were not produced via an intermediate φ resonance. In this case, the relative angular
momentum between the K+K− pair and the J/ψ meson has to be L = 1 and the final state
is CP odd.

The angular analysis is conveniently performed in the so-called transversity basis, that
was already introduced in Section 5.3 in the context of a time-dependent angular analysis of
the decay mode B0→ J/ψK∗0. In this basis, the resonant decay amplitude is decomposed
in terms of linear polarization states of the two vector mesons relative to their direction of
motion, i.e. relative to the B0

s→ J/ψφ decay axis in the rest frame of the decaying B0
s meson.

The amplitude A0 describes the state in which the two vector mesons are polarized longitu-
dinally along the decay axis, while the amplitudes A‖ and A⊥ describe the states of parallel
and orthogonal polarization in the plane perpendicular to the decay axis. Each of the three
polarization states has a well-defined CP symmetry: the amplitudes A0 and A‖ are CP even

and the amplitude A⊥ is CP odd. The three transversity angles, ω ≡ (ψT , θT , φT ), employed
in most analyses are defined in Figure 6.4. In the latest LHCb analyses, the decay amplitudes
are instead expressed in terms of the helicity angles (cos θK , cos θµ, ϕh), defined in Figure 6.5.
The reason for this is that the helicity angles were found to be better suited for background
and acceptance corrections in view of the forward geometry of the LHCb detector. The helicity
amplitudes, h0, h+ and h−, are related to the transversity amplitudes by

h0 = A0 ; h+ =
1√
2

(A‖ +A⊥) ; h− =
1√
2

(A‖ −A⊥) .

A full derivation of the time-dependent decay rate in terms of the transversity amplitudes
is given in Ref. [460]. Neglecting effects of CP violation in B0

s−B0
s mixing, which are expected

and measured to be negligibly small compared to the current precision of measurements of φs,
the differential decay rate as a function of the decay time and the decay angles can be written
as

d4Γ (B0
s→ J/ψφ)

dt dω
∝

10∑
k=1

{
Nk fk(ω) × e−Γst

[
ak cosh

(
∆Γs

2 t
)

+ bk sinh
(

∆Γs
2 t

)
+ q { ck cos (∆mst) + dk sin (∆mst) }

] }
,

where q = +1 for an initial B0
s meson and q = −1 for an initial B0

s meson, Γs is the average
decay width in the B0

sB
0
s system and ∆ms is the B0

s−B0
s oscillation frequency. The coefficients

Nk are given by the magnitudes, |A0|, |A‖|, |A⊥| and |AS |, of the four polarization amplitudes

at time t = 0, the dependence on the decay angles is contained in the functions fk(ω), and
the coefficients ak, bk, ck and dk contain information on the the CP violating phase φs and
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Figure 6.4: Definition of the transversity angles (ψT , θT , φT ) as employed in most time-dependent
angular analyses of the decay B0

s→ J/ψφ: the angle ψT is measured between the K+ momentum
vector and the direction opposite to the B0

s momentum vector in the rest frame of the φ meson, while
θT and φT are the polar and azimuthal angles of the positive lepton in a coordinate system defined
by the K+K− decay plane and the direction of the B0

s momentum vector in the rest frame of the
J/ψ meson (from [163]).

Figure 6.5: Definition of the helicity angles (θK , θµ, ϕh) employed in recent angular analyses of the
decay B0

s→ J/ψφ by the LHCb collaboration: the angle θK is measured between the K+ momentum
vector and the direction opposite to the B0

s momentum vector in the rest frame of the K+K− pair, the
angle θµ is measured between the µ+ momentum vector and the direction opposite to the B momentum
vector in the rest frame of the µ+µ− pair, and ϕh is the angle between the K+K− and µ+µ− decay
planes (from [204]).

the strong phases δ0, δ‖, δ⊥ and δS . The expressions for the angular functions fk(ω) are given
in Table 6.1 both in terms of the transversity angles and in terms of the helicity angles. The
expressions in terms of transversity angles are similar to those listed in Section 5.3 for the
angular analysis in the decay mode B0→ J/ψK∗0. Explicit expressions for the coefficents Nk,
ak, bk, ck and dk are given in Table 6.2, where

A ≡
1− |λJ/ψφ|2

1 + |λJ/ψφ|2
; S ≡ −

2 |λJ/ψφ| sinφs
1 + |λJ/ψφ|2

; D ≡ −
2 |λJ/ψφ| cosφs

1 + |λJ/ψφ|2
.

Neglecting direct CP violation in the decay, which could be caused by interference with the
subdominant penguin amplitudes but is expected to be small, |λJ/ψφ| = 1 and

A = 0 ; S = − sinφs ; D = − cosφs .

This approximation is made in most analyses, while the latest analyses by the LHCb collabo-
ration include measurements of |λJ/ψφ|.

Due to the finite decay-width difference, ∆Γs, the terms proportional to cosh (∆Γs
2 t) and

sinh (∆Γs
2 t) allow to extract information on the CP phase φs from the untagged differential

decay rate, without the need to distinguish between initial B0
s mesons and initial B0

s mesons.
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Table 6.1: Compilation of the angular functions fk(ω) in the terms of the transversity an-
gles (ψT , θT , φT ), and in terms of the helicity angles (θK , θµ, ϕh) employed in the latest LHCb analysis
of the decay B0

s→ J/ψK+K−.

k transversity angles (ψT , θT , φT ) helicity angles (θK , θµ, ϕh)

1 2 cos2 ψT (1 − sin2 θT cos2 φT ) 2 cos2 θK sin2 θµ
2 sin2 ψT (1− sin2 θT cos2 φT ) sin2 θK (1− sin2 θµ cos2 ϕh)

3 sin2 ψT sin2 θT sin2 θK (1− sin2 θµ sin2 ϕh)

4 − sin2 ψT sin (2θT ) sinφT sin2 θK sin2 θµ sin (2ϕµ)

5 1
2

√
2 sin (2ψT ) sin2 θT sin (2φT ) 1

2

√
2 sin (2θK) sin (2θµ) cosϕh

6 1
2

√
2 sin (2ψT ) sin (2θT ) cosφT −1

2

√
2 sin (2θK) sin (2θµ) sinϕh

7 2
3 (1 − sin2 θT cos2 φT ) 2

3 sin2 θµ
8 −1

3

√
6 sinψT sin2 θT sin (2φT ) 1

3

√
6 sin θK sin (2θµ) cosϕh

9 1
3

√
6 sinψT sin (2θT ) cosφT −1

3

√
6 sin θK sin (2θµ) sinϕh

10 4
3

√
3 cosψT (1 − sin2 θT cos2 φT ) 4

3

√
3 cos θK sin2 θµ

Table 6.2: Compilation of the coefficients Nk, ak, bk, ck and dk that appear in the description of the
differential B0

s→ J/ψφ decay rate as a function of the decay time and decay angles.

k Nk ak bk ck dk

1 |A0|2 1 D C −S
2 |A‖|

2 1 D C −S
3 |A⊥|2 1 −D C S

4 |A‖||A⊥| C sin (δ⊥ − δ‖) S cos (δ⊥ − δ‖) sin (δ⊥ − δ‖) D cos (δ⊥ − δ‖)
5 |A0||A‖| cos (δ‖ − δ0) D cos (δ‖ − δ0) C cos (δ‖ − δ0) −S cos (δ‖ − δ0)

6 |A0||A⊥| C sin (δ⊥ − δ0) S cos (δ⊥ − δ0) sin (δ⊥ − δ0) D cos (δ⊥ − δ0)

7 |AS |2 1 −D C S

8 |AS ||A‖| C cos (δ‖ − δS) S sin (δ‖ − δS) cos (δ‖ − δS) D cos (δ‖ − δS)

9 |AS ||A⊥| sin (δ⊥ − δS) −D sin (δ⊥ − δS) C sin (δ⊥ − δS) S sin (δ⊥ − δS)

10 |AS ||A⊥| C cos (δ0 − δS) S sin (δ0 − δS) cos (δ0 − δS) D sin (δ0 − δS)

Better sensitivity to φs is, however, provided by flavour-tagged analyses, which give access to
the terms proportional to ± cos (∆mst) and ± sin (∆mst).

The expression of the differential decay rate is invariant under the simultaneous transfor-
mation (

φs,∆Γs, δ0, δ‖, δ⊥, δS

)
↔

(
π − φs,−∆Γs,−δ0,−δ‖, π − δ⊥,−δS

)
,

leading to a two-fold ambiguity in the determination of φs and ∆Γs. This ambiguity has been
resolved by a measurement at LHCb of the evolution of the relative strong phase between the
S-wave amplitude and the P -wave amplitudes as a function of the K+K− invariant mass in
the region of the J/ψ resonance. The approach is similar to that of the BaBar measurement
in the decay B0→ J/ψK∗0, described in Section 5.3, which allowed to resolve a sign ambiguity
in the determination of the angle β of the Unitarity Triangle.

The LHCb collaboration performed measurements of φs also in the decay modeB0
s→ J/ψπ+π−.

The branching fractions for this decay is smaller than that for the decay B0
s→ J/ψφ, but no

angular analysis is required, here, because the final state is an almost pure CP eigenstate.

Measurements of φs and ∆Γs in the decay modes B0
s→ J/ψφ and B0

s→ J/ψK+K− will
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be described next, followed by short descriptions of the analysis of strong phases in this decay
mode and of the measurement of φs in the decay mode B0

s→ J/ψπ+π−. The section concludes
with a short summary of the resulting constraints on φs.

6.1.1 Measurements in B0
s→ J/ψφ and B0

s→ J/ψK+K−

Measurements of φs and ∆Γs in the decay B0
s→ J/ψφ with J/ψ→µ+µ− and φ→K+K−

have been performed at the CDF [163,164,461,462] and D0 [165,463,464] experiments at the
Tevatron and by the ATLAS [465, 466], CMS [467] LHCb [204, 206, 468] experiments at the
LHC. Early measurements at the Tevatron [461–464] seemed to hint at a possible discrepancy
with the Standard Model prediction for φs, but the deviation was not confirmed by the later
measurements, which are in good agreement with Standard Model expectations. The CDF
collaboration published a final analysis [164] based on the full CDF II data sample, corre-
sponding to an integrated luminosity of 9.6 fb−1, while the latest analysis published by the
D0 collaboration [165] was based on a partial data set corresponding to an integrated lumi-
nosity of 8 fb−1. The latest measurement published by the ATLAS collaboration was based
on their data collected in 2011, corresponding to an integrated luminosity of 4.9 fb−1. The
LHCb collaboration recently published a measurement [206] based on their full run-I data set
corresponding to 3 fb−1 collected at pp collision energies of 7 TeV in 2011 and 8 TeV in 2012.
The CMS collaboration presented preliminary results [467] based a data set corresponding to
an integrated luminosity of 20 fb−1, collected in 2011 and the first half of 2012.

All measurements followed a similar general approach. Event selections at the trigger level
were based on the signature of one or two muons with significant transverse momentum. In
the case of CDF, CMS and LHCb, the invariant mass of the muon pair was also employed
in the trigger decision. The CMS trigger required furthermore that the muon pair originated
from a common vertex and that this vertex was significantly displaced from the reconstructed
pp interaction vertex. The LHCb trigger required either an opposite-charge muon pair with
large invariant mass or a single muon candidate with high transverse momentum and with
large impact parameter with respect to the reconstructed pp interaction vertex.

The offline selections required two oppositely charged muons compatible with originating
from a common vertex and with an invariant mass compatible with the known mass of the
J/ψ meson, and two additional, oppositely charged, tracks compatible with originating from
the same vertex. In the CDF and LHCb analyses, kaon identification requirements were applied
on these two tracks, while the D0, ATLAS and CMS detectors do not provide adequate kaon
identification capability and all tracks that were not identified as muons were considered here.
In all analyses, a kinematic fit was performed, constraining the four tracks to a common
vertex and the invariant mass of the dimuon pair to the mass of the J/ψ meson. Selection
requirements were applied on the quality of this fit and on kinematic properties of the final
state particles and the B0

s candidate. In the CDF and D0 analyses, discriminating variables
were combined into multi-variate classifiers, employing an artificial neural network algorithm
in the case of the CDF analysis and Boosted Decision Tree algorithms in the case of the DO
analysis. In the CMS analysis, the reconstructed proper decay length of the B0

s candidate
was required to be larger than 200 µm in order to avoid possible biases due to the decay-time
dependent acceptance of the trigger condition. In the CDF, D0, ATLAS and CMS analyses,
the invariant mass of the kaon pair was required to be within a window of about ±10 MeV/c2

around the known mass of the φ meson, while the LHCb analysis made use of kaon pairs in a
wider invariant-mass window, from 990 MeV/c2 to 1050 MeV/c2.

The physics observables of interest were extracted from multidimensional maximum like-
lihood fits using as input variables the reconstructed invariant mass and decay time or decay
length of the signal candidates, the estimated uncertainty on the decay time or decay length
measurement, the measured decay angles of the final-state particles, the response of flavour
tagging algorithms, and the estimated flavour mistag probability. The analyses at CDF and
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ATLAS included in addition the estimated uncertainty on the invariant-mass reconstruction
as an input variable to the fit. The different inputs to the fit are described in the following.

The measured invariant-mass distributions of the selected B0
s candidates from all five analy-

ses are shown in Figure 6.6, together with the results of the maximum likelihood fits. The mass
distribution of the signal component was described by a Gaussian function in the D0 analysis
and by the sum of three Gaussian functions with common mean in the CMS analysis. The CDF
and ATLAS analyses employ a Gaussian probability density function with standard deviations
derived on an event-by-event basis from the estimated uncertainty on the reconstructed invari-
ant mass. The LHCb analysis, finally, employs a modified Gaussian function [469] to take into
account the effects of final-state radiation and event-to-event fluctuations in the uncertainty
on the measured invariant mass. The background component is dominated by combinatorial
background and its invariant-mass distribution was modelled by linear, quadratic or exponen-
tial functions. A specific background source are B0→ J/ψK∗0 and B0→ J/ψK+π− decays in
which the final-state pion is misidentified as a kaon. This background component was included
in the ATLAS analysis with a fraction and with shapes determined from simulated samples
of events. In the LHCb analysis, this background was dealt with by injecting an appropriate
fraction of simulated events into the data sample and assigning these events a negative weight
in the fit. The numbers of B0

s→ J/ψK+K− signal candidates as extracted from the maximum
likelihood fits to collision data are listed in Table 6.3.

In the LHCb analysis, the results of the fit to the J/ψK+K− invariant mass spectrum
were employed to derive a probability for each J/ψK+K− candidate to belong to the signal or
background component. Based on these probabilities, appropriate positive or negative weights
were then assigned to each candidate in the maximum likelihood fit to the remaining input
variables, such that the background component was effectively subtracted statistically and did
not need to be modelled in that fit. The method is known by the ugly name of sP lot and was
first described in Ref. [470]. The sP lot technique is based on the assumption that the variables
employed in the maximum likelihood fit are uncorrelated with the variable from which the
weights are derived. Simulation studies demonstrated that this assumption is fulfilled to good
approximation for the J/ψK+K− invariant mass and the decay-time, flavour tagging and
angular variables used in the maximum likelihood fit. A systematic uncertainty was assigned.

The decay time of the B0
s candidate was calculated in the CDF, D0, ATLAS and CMS

analyses as t = mB0
s
Lxy / pT, where mB0

s
is the nominal mass of the B0

s meson, Lxy is the

measured distance between the reconstructed decay vertex of the B0
s candidate and the as-

sociated pp or pp interaction vertex, projected onto the reconstructed momentum vector of
the B0

s candidate in the plane transverse to the beam axis, and pT is the magnitude of that
momentum vector. In the LHCb analysis, the decay time was calculated from a kinematic
fit of the full decay chain of the signal candidate, constraining the momentum vector of the
B0
s candidate to point back to the associated pp interaction vertex. The uncertainty on the

decay-time measurement is not negligibly small compared to the B0
s−B0

s oscillation period
of 2π/∆ms ≈ 350 fs and therefore leads to a dilution of the oscillation amplitude. A precise
modelling of the decay time resolution is therefore essential in order to extract the CP violating
phase φs from the observed time-dependent asymmetry. In all analyses, the decay time reso-
lution was modelled by a Gaussian probability density function, or the sum of two Gaussian
probability density functions, with standard deviations that were derived on an event-by-event
basis from the estimated uncertainty on the reconstructed decay time. A constant correction
factor was applied to the estimated uncertainty to compensate for imperfections in the recon-
struction. This correction factor was determined from samples of simulated events in the case
of the D0 and CMS analyses. In the CDF and ATLAS analyses, it was a free parameter in the
maximum likelihood fit to the data. In the LHCb analysis, it was determined from collision
data, employing large samples of fake J/ψK+K− candidates formed by a prompt J/ψ meson
and two kaons produced directly in the pp collision. The true decay time for these candidates
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Figure 6.6: Measured J/ψK+K− invariant-mass distributions for selected candidates from the latest
(top left) CDF, (top right) D0, (middle left) ATLAS, (middle right) CMS and (bottom left) LHCb
measurements of the CP violating phase φs in the decay B0

s→ J/ψK+K−. The bottom right panel
shows the measured invariant-mass distribution of the K+K− pairs as obtained in the LHCb mea-
surement, where vertical lines indicate boundaries of mass bins employed in the analysis. In all other
panels, the results of the maximum-likelihood fit to the data are superimposed, indicating the signal
and background components as assigned by the respective fits. Note the different scales on the mass
axes that make the signal distributions look similarly wide. (from [164,165,206,466,467]).
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Table 6.3: Number of signal candidates, combined tagging power, and average decay-time resolution
quoted for the latest CDF, D0, ATLAS, CMS and LHCb measurements of φs in the decays B0

s→ J/ψφ,
respectively B0

s→ J/ψK+K−.

signal candidates tagging power
decay-time
resolution

CDF [164] 11’000
(1.39±0.05)%(OS)

(3.5±1.4)%(SS) 90 fs

D0 [165] 6’500 ≈ 3%

ATLAS [466] 22’500 (1.45± 0.05)%

CMS [467] 49’000 (0.97± 0, 03)%

LHCb [206] 96’000 (3.73± 0.15)% 46 fs

is zero and the distribution of the measured decay times gives a good estimate for the true
decay-time resolution. The decay-time distribution for background candidates was described
in the CDF, D0 and ATLAS analyses by the sum of a δ-function or a narrow Gaussian func-
tion for the prompt background component due to random combinations of particles produced
directly in the pp or pp collision, an exponential function for negative decay times to model
badly reconstructed events and two falling exponential functions for positive decay times to
model badly reconstructed events and backgrounds from decays of long-lived particles. In the
CMS analysis, the prompt background component was rejected by an explicit cut on the decay
time¿ Two exponential functions were employed, here, to model backgrounds at positive decay
times. In all cases, the functions modelling the background distributions were convolved with
a resolution function in a similar manner as the signal model.

Flavour tagging algorithms were employed in all analyses to distinguish between candi-
dates that were initially produced as B0

s meson and candidates that were initially produced as
B0
s mesons. Flavour tagging at CDF and D0 and at LHCb has been discussed in Sections 4.3

and 4.4. The CDF analysis used a combination of opposite-side lepton and jet charge tag-
ging algorithms and a same-side kaon tagging algorithm, while the D0 analysis employed a
combination of opposite-side lepton and vertex charge algorithms and the LHCb analysis used
opposite-side lepton, kaon and vertex charge algorithms and a same-side kaon tagging algo-
rithm. Flavour tagging in the ATLAS analysis was based on a combination of opposite-side
muon and jet-charge tagging algorithms and the CMS analysis relied on opposite-side muon
and electron tagging algorithms. In the ATLAS analysis, the performance of the muon tagging
algorithm was enhanced by considering not only the charge of the muon itself but also the
sum of the charges of other particles in a cone around the direction of flight of the muon.
All tagging algorithms returned in addition to a tagging decision also an event-by-event es-
timate of the probability for this decision to be wrong. A precise calibration of this mistag
probability is essential as wrong tags lead to a dilution of the measured B0

s−B0
s oscillation

amplitude and therefore affect the measurement of φs. The combined opposite-side tagging
algorithms were calibrated in all analyses, except that by the D0 collaboration, using large
samples of decays B±→ J/ψK±, in which the charge of the final-state kaon reveals the true
identify of the decaying B meson. In the D0 analsis, the calibration of the tagging algorithm
was performed by a measurement of the amplitude of the B0−B0 flavour oscillation signal
in a sample of semileptonic decays B0→D∗∓`±X. The measured amplitude should be ±1,
if the dilution due to flavour tagging and finite decay-time resolution of the experiment is
correctly accounted for. The calibration of the same-side kaon tagging algorithms employed
in the CDF and LHCb analyses has to be performed using samples of B0

s decays, since the
performance of the algorithms relies on the properties of the hadronization process that leads
to a B0

s meson. In both cases, the calibration was performed by measuring the amplitude of
the B0

s−B0
s flavour oscillation signal in flavour-specific decays B0

s→D∓s π
±. In CDF, no such
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Figure 6.7: Measured decay-time or decay-length distributions for selected candidates from the latest
(top left) D0, (top right) ATLAS and (bottom left) CMS measurements of the CP violating phase φs
in the decay B0

s→ J/ψK+K−. The bottom right panel shows the distribution of the estimated decay-
length uncertainties from the CMS measurement. Note that a cut on the decay length was imposed in
the CMS analysis, rejecting the prompt component that is prominent in the distributions from the D0
and ATLAS measurements. Projections of the maximum likelihood fit to the data are superimposed.
In the upper left panel, the dash-dotted green line indicates the signal component, the long-dashed
black line indicates the prompt background component and the short-dashed red line indicates the non-
prompt background component. For the other panels, legends are shown inside the plots. The CDF
collaboration did not publish a decay-time distribution from their final analysis, the corresponding
results from the latest LHCb analysis are shown in Figure 6.8 (from [165,466,467]).

calibration sample was available for the later part of the data taking period since the increasing
instantaneous luminosity led to low trigger efficiencies for B-meson decays to purely hadronic
final states. The same-side tagging algorithm was therefore only applied for the first part of
the data sample, corresponding to an instantaneous luminosity of 5.2 fb−1. The effect of the
flavour-tagging performance on the statistical precision of the measurement is given by the
tagging power, D = εtag(1 − 2ωtag), where εtag is the fraction of signal candidates for which
a flavour tagging decision can be assigned and ωtag is the fraction of flavour tagging decisions
that are wrong. The values of the combined tagging power measured in each of the analyses
are summarized in Table 6.3.

Finally, the angular distributions of background components were modelled in the D0, CDF,
ATLAS and CMS analyses by Legendre polynomials, sinusoidal functions or other empirical
functions. In the case of the CDF analysis, the parameters describing the shape of these
functions were fixed from a fit to candidates in the side-bands of the J/ψK+K− invariant-
mass distribution. They were treated as free parameters in the maximum likelihood fit to
the data in the case of the D0, ATLAS and CMS analyses. Acceptance and reconstruction
efficiencies as a function of the decay angles were determined in all analyses from samples of
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Figure 6.8: Measured distributions in decay time and helicity angles for the signal component in the
latest LHCb measurement of the CP violating phase φs in the decay B0

s→ J/ψK+K−. Projections of
the maximum likelihood fit to the data are superimposed, where solid blue lines indicate the full signal
contribution, long-dashed red lines indicate the CP -even P -wave component, short-dashed green lines
indicate the CP -odd P -wave component and dash-dotted purple lines indicate the S-wave component,
which is also CP -odd. The difference in lifetime between the CP even and CP odd components are
clearly visible in the decay time projection (from [206]).

simulated events.
Some results of the maximum likelihood fits to the data are shown in Figures 6.7 and 6.8. In

all analyses, fit parameters included the main observables of interest, namely the CP violating
phase φs and the decay-width difference ∆Γs, as well as the average decay width or lifetime,
Γs ≡ 1/cτs, in the B0

sB
0
s system, magnitudes and phases of the strong decay amplitudes. In

the CDF, D0, ATLAS and CMS analyses, the value of the B0
s−B0

s oscillation frequency, ∆ms,
was fixed using external input. In the LHCb analysis, ∆ms was treated as a free parameter in
the fit and the result

∆ms = 17.711 + 0.055
− 0.057 (stat) ± 0.011 (syst) ps−1

is compatible with that obtained in the dedicated LHCb measurement of ∆ms in the decay
B0
s→D−s π

+, discussed in Section 5.1. The LHCb analysis also included the parameter |λJ/ψφ|
as a free fit parameter. The result,

|λJ/ψφ| = 0.964 ± 0.019 (stat) ± 0.007 (syst) ,

is compatible with no significant direct CP violation in the decay. Finally, the LHCb analysis
also yielded the most precise result for the CP violating phase to date, namely

φs = 0.058 ± 0.049 (stat) ± 0.006 (syst) rad .

The quoted systematic uncertainty was found to be dominated by effects related to the knowl-
edge of the angular acceptance, the modelling of the decay-time resolution, the correction for
the small B0→ J/ψK∗0 background contamination, and to the assumption, inherent in the
applied sP lot technique, that the fit variables are uncorrelated with the invariant mass of the
J/ψK+K− candidate. The results of all measurements in terms of φs, and ∆Γs are compared
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in Figure 6.12. Due to the limited sizes of the signal samples, the CDF and D0 analyses
found that the results of the maximum likelihood fits to their data were affected by biases
that depended on the true values of the fit parameters themselves. Confidence regions in the
(φs,∆Γs) plane were therefore extracted using many samples of simulated “toy experiments”,
in which the values of these parameters were varied over a wide region. Due to this approach,
statistical and systematic uncertainties were not quoted separately for these measurements.
In the ATLAS and CMS analyses, the precision on φs was found to be limited by statistical
uncertainties. Leading systematic uncertainties were found to be related to the modelling of
the angular acceptance in both analyses, to the understanding of the tagging performance and
the fraction of B0→ J/ψK∗0 background in the ATLAS analysis, and to possible biases from
neglecting the possibility of direct CP violation and other model assumptions in the CMS
analysis.

6.1.2 Resolving the ambiguity in the determination of φs and ∆Γs

As discussed in the introduction to this section, the time-dependent differentialB0
s→ J/ψK+K−

decay rate is invariant under the simultaneous transformation(
φs,∆Γs, δ0, δ‖, δ⊥, δS

)
↔

(
π − φs,−∆Γs,−δ0,−δ‖, π − δ⊥,−δS

)
,

leading to a two-fold ambiguity in the determination of the CP violating phase, φs, and the
sign of the decay-width difference, ∆Γs, in the B0

sB
0
s system. This ambiguity was resolved by

an LHCb measurement [471] that investigated the evolution of the strong phases δ0, δ‖, δ⊥ and

δS as a function of the K+K− invariant mass in the region around the φ→K+K− resonance.
A similar analysis of strong phases in the decay mode B0→ J/ψK∗0 with K∗0→K+π− had
allowed the BaBar collaboration [374] to break a two-fold ambiguity in the determination of
the CKM angle β. The BaBar measurement is described here in Section 5.3.

The total B0
s→ J/ψK+K− decay rate in the region of the φ resonance is a coherent sum

of a resonant P -wave contribution, in which the K+K− pair is produced via an intermediate
φ meson and with relative angular momentum LKK = 1, and a non-resonant S-wave contri-
bution, in which the K+K− pair is produced with relative angular momentum LKK = 0. A
time-dependent angular analysis of the decay allows to extract the magnitudes and relative
strong phases of the different amplitudes, up to the mentioned two-fold ambiguity. The ambi-
guity can be broken by performing the analysis in bins of the K+K− mass across the resonance
and studying the evolution of the difference between the strong phases of the P -wave and S-
wave amplitudes. The strong phases of the P -wave amplitudes, δ0, δ‖ and δ⊥, are expected
to exhibit a large positive shift as they go through a resonance at the mass of the φ meson,
while the phase of the non-resonant S-wave amplitude, δS , is expected to evolve only slowly
as a function of the Kπ invariant mass in this region. The difference between the phase of the
S-wave and the phase of any of the P -waves, e.g. δS − δ⊥, is therefore expected to undergo
a large negative shift at the mass of the resonance. Measuring the sign of this phase shift in
data allows to distinguish between the solutions with δ⊥ and π − δ⊥ and thereby break the
ambiguity.

The LHCb measurement was based on a data set corresponding to an integrated luminosity
of 0.37 fb−1 collected in the first half of 2011. The selection of B0

s→ J/ψK+K− candidates
was based on similar criteria as in the φs measurement described above. Candidates with
a reconstructed decay time below 0.3 ps were discarded to eliminate the large component
of prompt combinatorial background from random combinations of J/ψ mesons and charged
particles from the pp interaction point. The sP lot technique, using the invariant mass of the
selected J/ψK+K− candidates as a discriminating variable, was again employed to statistically
subtract the background component in the maximum likelihood fit to the decay-time, flavour-
tagging, and angular variables. The decay-time resolution was modelled in the fit by a sum
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Figure 6.9: Results of the LHCb analysis of strong phases in the decay B0
s→ J/ψK+K−: (top

left) invariant-mass distribution of K+K− pairs for the selected B0
s→ J/ψK+K− candidates, where

vertical lines indicate the boundaries of the four invariant-mass bins for which the strong phases were
determined; (top right) number of candidates in each bin that the fit assigned to the S-wave compo-
nent; (bottom left) number of candidates in each bin that the fit assigned to the P -wave components;
and (bottom right) difference δS − δ⊥ between the strong phases of the S-wave amplitude and one of
the P -wave amplitudes. The two ambiguous solutions are shown, where solution I shows the expected
negative trend. This is the solution that corresponds to a positive value of ∆Γs and a value of φs close
to zero as predicted by the Standard Model (from [471]).

of three Gaussian functions with parameters derived from a fit to fake J/ψK+K− candidates
formed by prompt J/ψ mesons and pairs of kaons produced in the pp interaction. Flavour
tagging was based on a combination of opposite-side lepton, kaon and vertex charge algorithms
and the estimated mistag probability returned by the algorithm was calibrated on flavour-
specific B meson decays. The same-side kaon tagging algorithm employed in later analyses
had not yet been commissioned at the time of this measurement. Also untagged events, for
which the initial flavour of the B0

s meson could not be derived, where included in the fit, since
they provide sensitivity to the B0

s lifetime and decay amplitudes. The fit was performed in four
bins of the K+K− invariant mass between 988 and 1050 MeV/c2 as illustrated in Figure 6.9.
The CP violating phase, φs, the decay width difference, ∆Γs, and the relative magnitudes and
strong phases of the decay amplitudes in each of the four bins, were free parameters in the fit.
It was assumed in the fit that the three P -wave amplitudes exhibit the same dependence on
the invariant mass of the K+K− pair.

The number of candidates assigned to the S-wave component is similar in each of the four
mass bins, in agreement with the expected constant S-wave contribution across the four mass
bins. The distribution of the number of candidates assigned to the P -wave component peaks
as expected at the mass of the φ meson and agrees well with that extracted from a sample of
simulated B0

s→ J/ψφ events. The average value of the phase difference δS − δ⊥ for each of the
four bins shows a clear trend across the four bins. The significance of this trend was estimated
to correspond to 4.7 Gaussian standard deviations by performing a maximum likelihood fit of
a straight line to the four data points and calculating the increase in the log likelihood value
when the slope of the line was fixed to zero. The solution that shows the expected negative
trend is that with positive value of ∆Γs and with φs close to zero as expected in the Standard
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Figure 6.10: Tree diagram for the decay B0
s→ J/ψf0(980), followed by f0(980)→π+π−.

Model. This result implies that the lighter of the two mass eigenstates in the B0
sB

0
s system is

almost aligned with the CP even eigenstate and decays faster than the heavier of the two mass
eigenstates.

The result of this analysis was confirmed as part of an LHCb measurement of φs based on
the full 2011 data set [204], corresponding to an integrated luminosity of 1 fb−1.

6.1.3 Measurements in B0
s→ J/ψπ+π−

The decay B0
s→ J/ψf0(980) followed by f0(980)→π+π− was suggested in Ref. [472] as a

promising alternative for measuring the CP violating phase φs. The f0(980) meson is a scalar
particle that is expected to contain a significant ss component. Its mass lies just below the
K+K− threshold and it therefore decays predominantly to a pair of pions, but its coupling
to K+K− has been demomstrated by Dalitz-plot analyses of the decays B±→K±K+K− at
BaBar [473, 474] and J/ψ→φK+K− at BES [475]. The decay is expected to ve dominated
by the tree process illustrated in Figure 6.10 and involves the same CKM phases as the decay
B0
s→ J/ψφ discussed above.

The branching fraction for this decay is about a factor of five smaller than that for the
decay B0

s→ J/ψφ. However, since the f0(980) meson is a scalar particle with internal spin
J = 0, the relative angular momentum between the J/ψ and the f0(980) is fixed to L = 1.
The final state the therefore produced in a pure CP -odd eigenstate and no angular analysis is
required to separate different CP components.

The first measurement of φs in this decay mode by the LHCb collaboration [476] was based
on a data set corresponding to an integrated luminosity of 0.41 fb−1, collected in 2010 and first
half of 2011 and found a result compatible with that from the B0

s→ J/ψφ analysis, albeit with
larger statistical uncertainty. Dalitz-plot analyses of the decay B0

s→ J/ψπ+π− by the LHCb
collaboration [477] then showed that the decay to this final state could be well described by a
combination of resonant ss components, in particular the f0(980), f0(1370), and f2(1270), with
a possible non-resonant S-wave contribution of about 8%. More than 90% of the ammplitude
were attributed to were attributed to processes that produce the π+π− pair with relative
angular momentum Lππ = 0 and therefore yield a CP odd final state. A small fraction of the
amplitude, attributed to the f2(1270) resonance, produces π+π− pairs with relative angular
momentum L = 2 and can lead to a CP odd final state if the f2(1270) and J/ψ resonances are
produced in a state with transverse relative polarization. However, the fit indicated that this
contribution is small and that the CP odd component of the final state is larger than 97.7%
at 95% confidence level.

A subsequent LHCb measurement of φs in this decay mode [478], based on the full 2011
data set corresponding to an integrated luminosity of 1 fb−1, extended the analysis to include
π+π− pairs with an invariant masses in the range from 775 to 1550 MeV/c2. The possible small
CP even component was neglected and no angular analysis was performed. The decay-time
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dependent decay rate is then simply given by

dΓq (B0
s→ J/ψπ+π−)

dt
∝ e−Γst { cosh (∆Γs t/2) + cosφs · sinh (∆Γs t/2)

+ q · sinφs · sin (∆mst) } ,

where again q = +1 for an initial B0
s meson and q = −1 for an initial B0

s meson. As noted
before, the untagged decay rate,

dΓ (B0
s→ J/ψπ+π−)

dt
∝ 2 e−Γst { cosh (∆Γs t/2) + cosφs · sinh (∆Γs t/2) }

also provides some sensitivity to φs via the non-zero value of the decay-width difference, ∆Γs.
Untagged signal candidates were therefore included in the analysis. The values of the average
decay width, Γs, the decay width difference, ∆Γs, and the B0

s−B0
s oscillation frequency, ∆ms,

were constrained to their values measured in other LHCb analyses. The statistical uncertainty
on the measurement of φs was about a factor of two larger than that obtained in the B0

s→ J/ψφ
analysis. The two central values were compatible with each other. The result of a combined
analysis using both decay modes was published in Ref. [204].

The most recent LHCb analysis of φsin the decay mode B0
s→ J/ψπ+π− [205] was based

on the full run I data set, corresponding to an integrated luminosity of 3 fb−1. In view of
the increased size of the available data sample, a full time-dependent angular analysis was
performed, avoiding the need to rely on the assumption of a purely CP odd final state. The
differential decay rate was measured as a function of the decay-time, the three decay angles, and
the invariant mass of the π+π− pair. Neglecting the effect of CP violation in B0

s−B0
s mixing,

which is known to be small compared to the precision this measurement aimed for,

dΓq (B0
s→ J/ψπ+π−)

dt dmππ dω
∝ e−Γst ×

{
|Af |

2+|Af |2

2 cosh (∆Γs
2 t) − Re

(
φsA

∗
f Af

)
sinh (∆Γs

2 t)

+ q

(
|Af |

2−|Af |2

2 cos (∆ms t) − Im
(
φsA

∗
f Af

)
sin (∆ms t)

)}
,

where q = +1 for an initial B0
s meson and q = −1 for an initial B0

s meson. The amplitudes
Af and Af describe the dynamics of the decay and contain the dependence on mππ and on
the decay angles ω. They were parametrized in a similar fashion to other Dalitz-plot analyses
described in Section 5.5. Explicit expressions have been derived in Ref. [479].

The decay-time resolution was modelled in the fit to the data by the sum of three Gaussian
probability density functions with standard deviations derived on an event-by-event basis from
the estimated measurement uncertainty returned by the reconstruction algorithm. A constant
offset and scale factors were applied to these estimates to take into account the effects of an
imperfect understanding of the measurement uncertainties. This offset and the scale factors
were derived from collision data using samples of fake B0

s→ J/ψπ+π− candidates formed by
combining prompt J/ψ candidates and two charged pions produced in the primary pp inter-
action. The dependence of the acceptance on the decay-time was modelled by an empirical
function

ε(t) =
α · (t− t0)n

1 + α · (t− t0)n
× (1 + β1t+ β2t

2) ,

where the first term describes the efficiency loss at small decay times due to trigger and selection
requirements and the second term describes efficiency loss at large decay times due to detector
acceptance and deteriorating track reconstruction efficiency. The parameters α, n, β1 and
β2 were determined from collision data using a control sample of B0→ J/ψK∗0 events with
K∗0→K±π∓. A small difference in the decay-time dependence of the acceptance between this
control channel and the signal mode B0

s→ J/ψπ+π− was estimated and corrected for using
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Figure 6.11: Measured distributions of (top left) the invariant mass of the π+π− pair, (top right) the
decay time and (bottom) the three helicity angles for selected candidates from the latest LHCb measure-
ment of the CP violating phase φs in the decay B0

s→ J/ψπ+π−. The results of the maximum-likelihood
fit to the data are superimposed, where red dashed lines indicate the signal component and black dotted
lines indicate the background component (from [205]).

samples of simulated events. The initial flavour of the B0
s or B0

s meson was derived from
the usual combination of opposite-side and same-side kaon tagging algorithms. The estimated
event-by-event mistag probability returned by the tagging algorithm was calibrated in the usual
manner on collision data, using flavour-specific control channels in the case of the opposite-
side tagging algorithms and by fitting the B0

s−B0
s oscillation amplitude in B0

s→D±s π
∓ in the

case of the same-side kaon tagging algorithm. The angular acceptance was corrected using
samples of simulated events. Following the results of the earlier time-integrates analysis [477],
the amplitude model was described by a coherent sum of five interfering amplitudes from
intermediate f0(980), f0(1500), f0(1790), f2(1270) and f ′2(1270) resonances. As a cross check,
an additional S-wave contribution was implemented and the effect on the result was found to
be small. The results of the fit to the measured π+π− invariant-mass distribution and the
measured distributions in decay time and decay angles are shown in Figure 6.11. The values
of Γs, ∆Γs and ∆ms were constrained to their values found in other LHCb analyses [204,248],
but |λ

J/ψππ
| was a free parameter in the fit, allowing for a non-zero asymmetry from direct

CP violation in the decay. The obtained results

|λ
J/ψππ

| = 0.89 ± 0.05 (stat) ± 0.01 (syst)

and

φs = 0.070 ± 0.068 (stat) ± 0.008 (syst) rad ,

are compatible with those obtained in the analysis of the decay mode B0
s→ J/ψK+K−. The

systematic uncertainty on this measurement was found to be dominated by effects related to
the resonance model and to a potential bias due to a possible B0

s−B0
s production asymmetry

in pp collisions. A measurement of this asymmetry has in the meantime been performed by
the LHCb collaboration [480] and no significant asymmetry was found Within the precision of
the measurement of about 2%.
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Figure 6.12: Constraints on the decay-width difference ∆Γs and the CP violating phase φs as compiled
by the Heavy Flavour Averaging Group at the end of summer 2014 (from [2]).

6.1.4 Constraints on φs and ∆Γs

Constraints on φs, and ∆Γs from the latest measurements at CDF, D0, ATLAS, CMS and
LHCb are shown in Figure 6.12. Only one of the two ambiguous solutions (φs,∆Γs) ↔ (π −
φs,−∆Γs) is shown, according to the result of the analysis of strong phases in B0

s→ J/ψK+K−,
that excluded the second solution with a significance corresponding to 4.7 Gaussian standard
deviations.

Combining the results available at the end of summer 2014, the Heavy Flavour Averaging
Group [2] quote a world average of

φs = −0.015 ± 0.035 rad

which is in good agreement with, but still significantly less precise than, the Standard Model
expectation [3],

φs = −2βs = −0.0365 + 0.0012
− 0.0013 rad .

It should be noted, however, that the quoted uncertainty on the Standard Model expectation
does not contain uncertainties related to the possible effects of subdominant decay amplitudes
with different CKM phases from the dominant tree amplitude. As an example, generic decay
topologies contributing to the decay B0

s→ J/ψf0(980) are illustrated in Figure 6.13, taken from
Ref. [481]. A better understanding of such subdominant contributions becomes increasingly
important as the precision of measurements improves.

6.2 The semileptonic asymmetries assl and adsl

The magnitude of the CP violating asymmetry in B0
s−B0

s or B0−B0 mixing can be measured
via the rate asymmetries in decays to flavour-specific final states f . The final state f is called
flavour specific if it can be reached via the decay of a B0 meson, but not via the decay of a
B0 meson. The charge-conjugated final state f can then be reached by the decay of a B0 meson,
but not by that of a B0 meson. The decay of an initial B0 meson to the final state f can still
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Figure 6.13: Illustration of decay topologies contributing to the decay B0
s→ J/ψf0(980)→ J/ψπ+π−

(from [481]).

occur, but only via mixing, i.e. via the process B0→B0→ f . Likewise, the decay of an initial
B0 meson to the final state f can occur via the mixing process B0→B0→ f and only via this
process. The flavour-specific charge asymmetry

adfs ≡
Γ (B0→B0→ f) − Γ (B0→B0→ f)

Γ (B0→B0→ f) + Γ (B0→B0→ f)

measures the relative difference in the mixing probabilities B0→B0 and B0→B0 and a non-
zero value of this asymmetry implies that CP symmetry is violated in B0−B0 mixing. Likewise,
the flavour-specific charge asymmetry

asfs ≡
Γ (B0

s→B0
s→ f) − Γ (B0

s→B0
s→ f)

Γ (B0
s→B0

s→ f) + Γ (B0
s→B0

s→ f)

measures the CP violating asymmetry in B0
s−B0

s mixing. Semileptonic decays are particularly
well suited for these measurements. They are flavour specific, since the conservation of electric
charge ensures that b quarks can only decay to positive leptons and b quarks can only decay
to negative leptons. Moreover, they are pure tree decays, excluding the possibility of a direct
CP violation in the decay. The flavour-specific asymmetries measured in semileptonic decays
are also called semileptonic charge asymmetries and are abbreviated by adsl and assl for the
B0B0 and B0

sB
0
s systems, respectively.

The phenomenology of particle-antiparticle mixing in the neutral meson systems has been
discussed in Sections 3.1 and 3.3. The relevant points will be repeated here for convenience,
taking again the B0B0 system as an example. The same formalism applies for the B0

sB
0
s system.

The time-dependent probabilities for the mixing transitions B0→B0 and B0→B0 are given
by

PB0→B0(t) =
1

2

∣∣∣∣qp
∣∣∣∣2 e−Γd t

{
cosh

(
∆Γd

2
t

)
− cos (∆md t)

}
and

PB0→B0(t) =
1

2

∣∣∣∣pq
∣∣∣∣2 e−Γd t

{
cosh

(
∆Γd

2
t

)
− cos (∆md t)

}
,

where Γd is the average decay width, ∆Γd the decay width difference and ∆md the mass
difference between the two mass eigenstates in the B0B0 system, and q and p define the two
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mass eigenstates in terms of the flavour eigenstates,

|BL,H 〉 = p |B0 〉 ± q |B0 〉 .

The two mixing probabilities differ, and CP symmetry is violated in mixing, if∣∣∣∣qp
∣∣∣∣ 6= 1 ,

i.e. when the two mass eigenstates are not aligned with the CP eigenstates

|BCP± 〉 =
1√
2

(
|B0 〉 ± |B0 〉

)
.

The flavour-specific charge asymmetry is given in terms of the mixing probabilities by

ad
fs =

PB0→B0(t) − PB0→B0(t)

PB0→B0(t) + PB0→B0(t)

=
|p/q|2 − |q/p|2

|p/q|2 + |q/p|2
=

1 − |q/p|4

1 + |q/p|4
,

and does not depend on the decay time.
The creation of a CP violating asymmetry in any process requires the interference of two

contributing amplitudes with different complex phase. In the case of mixing,

q

p
= −

√√√√M∗12 − i
Γ∗12
2

M12 − i
Γ12
2

(6.1)

and it is a relative phase

φd ≡ arg

(
−M12

Γ12

)
between the dispersive part, M12, and the absorptive part, Γ12, of the mixing amplitude that
can lead to |q/p| 6= 1.

The observables, ∆md, ∆Γd and adfs are related to the mixing amplitudes via

∆md ≈ 2 |M12|
∆Γd ≈ 2 |Γ12| cosφd

adfs = |Γ12|
|M12| sinφd ≈

∆Γd
∆md

tanφd .

The required phase φd is accommodated in the Standard Model, where the dispersive part of
the B0B0 mixing amplitude is dominated by box diagrams with intermediate top quarks while
its absorptive part is dominated by box diagrams with charm quarks. The complex phase
between the two amplitudes is given by the weak phases of the involved CKM elements,

φd = 2 arg

(
VtdV

∗
tb

VcdV
∗
cb

)
.

The same formalism applies in the B0
sB

0
s system, where

asfs ≈
∆Γs
∆ms

tanφs

and the weak phase of the mixing amplitude is in the Standard Model given by

φs = −2βs ≡ 2 arg

(
VtsV

∗
tb

VcsV
∗
cb

)
.
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As discussed in the previous section, βs is the small angle in one of the squashed unitarity trian-
gles. As also pointed out in the previous section, the CP violating phase φs in B0

s−B0
s mixing

should not be confused with the mixing-induced CP violating phase in the decay B0
s→ J/ψφ,

which is also denoted as φs. Both are equivalent to −2βs only up to the approximations of ne-
glecting subdominant contributions to the B0

s−B0
s mixing amplitude and the B0

s→ J/ψφ decay
amplitude and they can be affected differently by possible contributions from New Physics.

While the Standard Model accommodates CP violating phases in theB0−B0 andB0
s−B0

s mix-
ing amplitudes, the resulting CP violating asymmetries are expected to be very small, because
the box diagrams with intermediate top quarks dominate strongly over those with intermediate
charm quarks. The dispersive part of the mixing amplitude therefore dominates strongly over
the absorptive part, and the interference effects that are necessary to create an asymmetry
are restricted to be small. Estimates for the Standard Model values of the flavour-specific
asymmetries have been quoted [482] as

adfs = (−4.1 ± 0.6 )× 10−4

asfs = ( 1.9 ± 0.3 )× 10−5 ,

while the latest Standard Model fit by the CKMfitter group, taking into account measurements
available by September 2014, but excluding direct measurements of adsl and assl, yielded

adfs ≡ adsl = (−6.5 + 1.8
− 1.9 )× 10−4

asfs ≡ assl = ( 2.9 ± 0.8 )× 10−5 .

The smallness of the asymmetries predicted by the Standard Model, combined with the fact
that mixing proceeds through loop processes, make measurements of flavour-specific asymme-
tries a sensitive probe for possible contributions from New Physics.

The main challenges for measurements of adsl and assl are on the one hand the need to
accumulate large event samples to reach the best possible statistical precision and on the
other hand the need to understand and correct for artificial asymmetries due to backgrounds,
detection and reconstruction effects.

Two approaches have been followed in recent measurements at the B factories, at D0 and
at LHCb. The first of these is to measure the asymmetry in the rate of like-sign dilepton pairs,

Asl ≡
Γ (`+`+) − Γ (`−`−)

Γ (`+`+) + Γ (`−`−)
.

If one of the two leptons is due to the semileptonic decay of a b hadron and the other lepton
is due to the semileptonic decay of the pair-produced b hadron, the observation of two leptons
of the same charge sign implies that either the b hadron or the b hadron had mixed into its
antiparticle at the time of its decay. Measuring different rates of positive and negative dilepton
pairs implies that CP is violated in the mixing. At the B factories, mixing can appear only in
the B0B0 system and Asl is therefore measures directly the semileptonic asymmetry adsl. At
hadron colliders, mixing in both the B0B0 and B0

sB
0
s systems has to be considered and Asl

measures a linear combination of adsl and assl. The advantage of this approach is the large event
yields, the main drawback is in the large backgrounds from other sources of charged leptons
and possible asymmetries in these backgrounds.

Clean samples of semileptonic decays can be obtained by reconstructing the D(∗)∓ or
D∓s meson that is usually produced together with the charged lepton. However, the small
branching fractions for charm decays to specific final states lead to a large loss in event yields
if this charmed meson has to be fully reconstructed in any given final state. The BaBar collab-
oration published a measurement in which the charmed meson itself was not reconstructed but
its presence was implied by the signature of a low-momenum pion from the decay D∗±→Dπ±.
This low-momentum pion was required to be of opposite charge to that of the charged lepton
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Figure 6.14: Illustration of use of kaon tagging in the BaBar measurement of the semileptonic asym-
metry. Without mixing, the lepton on the signal side and the kaon on the tagging side carry opposite
charge. Selecting events

as appropriate for semileptonic decay to D∗∓`±X followed by D∗∓→Dπ∓. Flavour-specific
information from the decay of the accompanying B meson in the event has to be employed to
assign the initial flavours of the B0 and B0 meson pair and thereby isolate the semileptonic
decays that proceeded via mixing. This was done in the BaBar measurement by searching
for charged kaons from the decay of the accompanying B meson. As discussed in Section 4.1,
B0 mesons decay predominantly to positive kaons while B0 mesons decay predominantly to
negative leptons. As illustrated in Figure 6.14, the combination of a lepton and kaon of the
same charge sign indicates a mixed event. The BaBar measurement is described in more detail
below.

A similar approach does not seem feasible at hadron colliders due to the less clean event
signatures and the lower flavour tagging efficiency. The approach chosen in measurements of adsl
and assl published by the D0 and LHCb collaborations is to fully reconstruct the charmed meson
in the semileptonic decay but to not tag the initial flavour of the decaying B0 or B0

s meson.
Taking this time the B0

sB
0
s system as an example, the time-dependent decay rate to D+

s `
−

pairs is then proportional to the sum of the mixing probabilities

PB0
s→B0

s
(t) + PB0

s→B0
s
(t) =

1

2
e−Γs t

{(
1 +

∣∣∣∣qp
∣∣∣∣2
s

)
cosh

(
∆Γs

2
t

)
+

(
1−

∣∣∣∣qp
∣∣∣∣2
s

)
cos (∆ms t)

}

or, using

assl =
1 − |q/p|4

s

1 + |q/p|4
s

⇔
∣∣∣∣qp
∣∣∣∣4
s

=
1 − assl
1 + assl

and the approximation

∣∣∣∣qp
∣∣∣∣2
s

=

√
1− assl
1 + assl

=

√
( 1− assl )2

1− ( assl )2
≈ 1− assl ,

the time-dependent decay rates to D∓s `
± pairs are

dΓ (D∓s `
±)

dt
∝ e−Γs t

{(
1± assl

2

)
cosh

(
∆Γs

2
t

)
∓ assl

2
cos (∆ms t)

}
.

Finally, the decay-rate asymmetry becomes

dΓ
dt (D−s `

+) − dΓ
dt (D+

s `
−)

dΓ
dt (D−s `

+) + dΓ
dt (D+

s `
−)

=
assl
2
− assl

2

cos (∆ms t)

cosh (∆Γs t/2)
.
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The same results apply of course for decays to D(∗)∓`± pairs in the B0B0 system, except that
the decay-width difference ∆Γd is negligibly small and the final equations simplify to

dΓ (D(∗)∓`±)

dt
∝ e−Γd t

{
1 ± adsl

2
∓ adsl

2
cos (∆md t)

}
.

and
dΓ
dt (D(∗)−`+) − dΓ

dt (D(∗)+`−)
dΓ
dt (D(∗)−`+) + dΓ

dt (D(∗)+`−)
=

adsl
2
− adsl

2
cos (∆md t) .

Measurements of adsl have been performed at LEP, CLEO, the Tevatron, BaBar and Belle, and
LHCb. All measurements are compatible with a vanishingly small CP violating asymmetry in
B0−B0 mixing and are in good agreement with Standard Model predictions. The most precise
results stem from recent measurements at BaBar, D0and LHCb.

The D0 collaboration published several measurements of the same-sign dilepton charge
asymmetry that indicate a significant deviation from the Standard Model prediction. The
effect persisted with increasing size of the analysed data sample and despite the inclusion in
the analysis of additional sources of potential background asymmetries. As discussed above,
the same-sign dilepton charge asymmetry measures a linear combination of adsl and assl and in
view of the good agreement between measurements and Standard Model predictions in the
B0B0 system it has been speculated that the observed deviation could be an indication for
contributions from New Physics in B0

s−B0
s mixing.

Direct measurements of assl have recently been performed at D0 and LHCb. In particular
the LHCb result agrees well with the Standard Model prediction of a very small asymmetry.
Within their precision, both results are also compatible with the large same-sign dilepton
asymmetry measured at D0.

The most recent measurements of adsl will be described next, followed by the new mea-
surements of assl and the D0 measurement of the same-sign dilepton charge asymmetry. The
section will conclude with a brief summary.

6.2.1 Measurements of adsl

Measurements of the semileptonic charge asymmetry in the B0B0 system have been published
by the ALEPH and OPAL collaborations at LEP [218, 483], by the CLEO collaboration [213,
484,485] and the CDF I [486] collaboration, and by the BaBar [487–492], Belle [493], D0 [494]
and LHCb [495] collaborations. All measurements are compatible with a vanishingly small
CP violating asymmetry in B0−B0 mixing and are in good agreement with Standard Model
predictions. The most precise results stem from the recent measurements at BaBar, D0 and
LHCb.

One of the recently published measurements [491] by the BaBar collaboration has already
been mentioned in the introduction to this section. This measurement was based on the full
data set collected at the Υ(4S) resonance and employed the combination of a charged lepton
with an oppositely charged low pion to imply a semileptonic decay to D∗∓`±X followed by
D∗∓→Dπ∓. In addition to this `±π∓ pair, the presence of a charged kaon was required in
the remainder of the event.

If this kaon was produced in the decay of the second B meson in the event, the sign of its
charge contains information on the initial flavour of the signal B meson, and therefore allows to
distinguish between mixed and unmixed signal candidates as illustrated in Figure 6.14 above.
Such kaons will be referred to as KT . However, charged kaons can also be produced in the
decay of the signal B meson itself, for example in the decay of the D meson. Such kaons,
referred to as KR in the following, do not contain any information on the initial flavour or
mixing state of the signal B meson but can be employed to extract detection asymmetries from
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data. COnsidering only the signature of the semileptonic decay, the measured time-integrated
asymmetry is given by

Araw ≡
N(`+)−N(`−)

N(`+) +N(`−)
= a` + adsl χd ,

where a` is a charge asymmetry due to differences in detection efficiency for positive and
negative leptons, and χd is the time-inegrated mixing probabiliy in the B0B0 system. A
signal-side kaon does not add any information but leads to an additional term due to the
charge asymmetry, aK , in the kaon detection efficiency,

AR ≡
N(`+K+

R )−N(`−K−R )

N(`+K+
R ) +N(`−K−R )

= a` + aK + adsl χd .

The combination with a charged kaon from the tagging side allows o separate mixed and
unmixed events and, neglecting for now the effect of wrong tags, the measured raw asymmetry
becomes

AT ≡
N(`+K+

T )−N(`−K−T )

N(`+K+
T ) +N(`−K−T )

= a` + aK + adsl .

The combination of these measurements allows to extract adsl together with a` and aK . The
reconstructed trajectories of the lepton candidate and the low-momentum pion candidate were
required to be compatible with the two particles originating from a common decay vertex. The
momentum of the D∗∓ candidate was estimated from the measured momentum of the low-
momentum pion, which is produced almost at rest in the rest frame of the D∗∓, due to the small
amount of energy that is released in the decay D∗∓→Dπ∓. The mass of the missing neutrino
from the semileptonic decay was then estimated as m2

ν ≡ (Ebeam − ED∗ − E`)2 − (~pD∗~p`)
2,

where Ebeam is the precisely known beam energy in the rest frame of the e+e− collision and
~p` is the reconstructed momentum vector of the lepton candidate. The value of m2

ν defined in
this manner should be close to zero for signal candidates and can assume arbitrary values for
background. The measured m2

ν distribution is shown in Figure 6.15 together with the estimated
signal and background contributions. The contribution from non-BB continuum was estimated
from collision data collected at a centre-of-mass energy below the Υ(4S) resonance. The
combinatorial background from BB events was determined from the fit to the m2

ν distribution.
The D∗∓→Dπ∓ signal component contains a fraction of events from processes of the type
B→D∗∓X`±ν`. This component is labelled D∗∗ in the figure. A fraction of this type of
events will be due the decay of non-oscillating B± mesons and this fraction was fixed in the
fit 66% assuming conservation of isospin. The remaining backgrounds were estimated from
samples of simulated events. Kaon candidates were selected by applying particle identification
criteria that were tuned to yield a probability of 3% to misidentify a true pion for a kaon,
for an efficiency of 85% to correctly identify a true kaon. Two discriminating variables were
employed to distinguish betweenKT andKR candidates, namely the cosine of the opening angle
between the reconstructed momentum vectors of the charged lepton and the kaon, cos θ`K , and
the distance along the beam axis between the position of the `±π∓ vertex and the point of
origin of the kaon candidate. The latter was estimated as the point of closest approach of the
kaon trajectory to the beam axis. The distance between these two positions was translated into
a decay time difference ∆t using the Lorentz boost of the Υ(4S) rest frame in the laboratory
system. The sample of selected signal candidates was split into the four lepton categories,
e± and µ±, and eight tagging categories, e±K±, e±K∓, µ±K± and µ±K∓. The candidates
in each category were then binned according to their measured values of cos θ`K , ∆t, the
estimated uncertainty on ∆t, and the momentum of the kaon candidate. The measurement
of adsl was extracted from a combined four-dimensional fit to these binned distributions. The
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signal components in bin j of the same-sign categories were parametrized as

G`+K+(j) = (1 + a`) (1 + aK) ×
{

(1− f++
KR

)
[

(1− ω+
T )GB0B0(j) + ω−T GB0B0(j)

]
+ f++

KR
(1− ω+

R)GKR
(j) (1 + χd a

d
sl)
}

and as

G`−K−(j) = (1− a`) (1− aK) ×
{

(1− f−−KR )
[

(1− ω−T )GB0B0(j) + ω+
T GB0B0(j)

]
+ f−−KR

(1− ω−R)GKR
(j) (1− χd adsl)

}
,

where f±±KR
describes the fractions of KR kaons in each sample as a function of the momentum of

the kaon candidate, while ω±T and ω±R describe the mistag fractions for KT and KR candidates,
respectively. The function GKR

describes the decay-time evolution for `±K±R candidates and

its shape was derived from a subsample of the selected events enriched in such candidates.
The functions GB0B0 , GB0B0 , GB0B0 and GB0B0 describe the decay-time evolution for `±K±T
candidates. They were parametrized by convolving the theoretical equations that describe the
time evolution of B0B0 mixing with a decay-time resolution function. The theoretical equations
were expanded, as prescribed in Ref. [496], to include the small effect of interference between
Cabibbo-favoured and doubly Cabibbo suppressed decays on the tagging side. The decay-
time resolution was described by a combination of several Gaussian functions convolved with
an exponential function to take into consideration the finite lifetime of intermediate charmed
mesons. The fit functions contained a total of 168 parameters, including adsl and the detection
asymmetries a` and aK , that were determined from the fit to the data. Possible biases due
to the fit procedure were investigated using samples of simulated events and were found to be
negligible. The result of the measurement is listed in Table 6.4. Its precision was found to
be limited by systematic uncertainties related to the understanding of the composition of the
sample of selected candidates.

The BaBar collaboration recently submitted for publication a measurement of adsl that uses
same-sign dilepton pairs and is based on the full data set collected at the Υ(4S) resonance [492].
Signal candidates were selected by requiring the two tracks with the highest and the second
highest reconstructed momentum in the event to be identified as an electron or as a muon.
Event-shape variables were employed to reduce background from non-BB continuum events.
To suppress backgrounds further, selection criteria were applied on the values of the momenta
and particle identification information for the two lepton candidates, their invariant mass, the
opening angle between the two tracks and the distance between their points of closest approach
to the beam axis. Lepton candidates that gave an invariant mass compatible with the mass
of the J/ψ resonance or with being due to a photon conversion were rejected. Several of
these selection criteria were combined into a multivariate classifier. The two lepton candidates
were ordered by the magnitudes of their reconstructed momenta and a total of sixteen event
categories were defined according to the charge sign and flavour of each of the two candidates:
e+e+, µ+µ+, e+µ+, and µ+e+, the same four categories for negative same-sign dilepton pairs,
and another eight categories for pairs of opposite-sign dilepton candidates. In each category,
the background component due to non-BB continuum events was subtracted using collision
data collected at a centre-of-mass energy below the Υ(4S) resonance. The remaining number
of candidates after this background subtraction in each of the eight same-sign event categories
was parametrized as

N±±`1`2 ≡
1

2
N0
`1`2 (1 +R±±`1`2

[
1±A`1 ±A`2 ±

1 + (c±±`1`2 − w
±±
`1`2

)R±±`1`2
1 +R±±`1`2

adsl

]
χ
`1`2

,
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Figure 6.15: Results of the BaBar measurement of adsl employing partially reconstructed D∗∓ candidates
and kaon tagging. The panel on the left shows the distribution of the estimated neutrino mass that
was employed to determine the composition of the candidate sample; the results of the fit are super-
imposed as described by the plot legend. The panels on the right show ∆t distributions for different
tagging categories, after subtraction of the non-BB background component, as well as the resulting raw
asymmetry between `+K+ and `−K− candidates; “Tag Side” and “Reco Side” refer to `KT and `KR

candidates, respectively (from [491]).

where N0
`1`2

is a normalization factor, A`1 and A`2 are the charge asymmetries in the detection
efficiencies for the higher- and lower-momentum lepton candidate, respectively, R is the yield
ratio between the remaining BB background and the signal component for this event category,
c and w are the probabilities for a background event in this category to accidentally yield the
correct, respectively wrong, charge sign assignment, and χ

`1`2
is the effective time-integrated

mixing probability, including acceptance effects. The number of candidates in each of the eight
opposite-sign event categories was parametrized as

N±∓`1`2 ≡
1

2
N0
`1`2 (1 +R±∓`1`2)

[
1±A`1 ∓A`2

]
(1− χ

`1`2
+ rB) ,

where rB is the ratio between the number of charged and neutral BB meson pairs. The pa-
rameters R, c and w are different for each of the sixteen event categories and were determined
from samples of simulated events, while the four parameters Aµ1 , Aµ2 , Ae1 and Ae2 , the four
parameters N0

`1`2
and the four parameters χ

`1`2
are shared between the different charge as-

signments and were determined simultaneously with adsl from a fit to the measured numbers
of events in each of the sixteen categories. An additional constraint was obtained from mea-
suring the charge asymmetry in a sample of events in which only a single charged lepton was
required, such that a total of 17 observables were available to determine the thirteen unknown
parameters. The result of the measurement is listed in Table 6.4. Its precision is limited by the
statistical uncertainty, which is about a factor of two larger than that of the tagged analysis,
which was based on the same data set. The quoted systematic uncertainty, on the other hand,
is almost a factor of two smaller, here. It was found to be dominated by effects related to
possible biases from the simulation and to uncertainties in the determination of the lepton
misidentification probabilities.

The measurement of adsl published by the D0 collaboration [494] is based on the full run-
II data set, corresponding to an integrated luminosity of 10.4 fb−1. Signal candidates were
selected in the semileptonic decays of neutral B mesons to D∓µ±X with D∓→K±π∓π∓ and
to D∗∓µ±X with D∗∓→Dπ∓ and D→K±π∓. No attempt was made to tag the initial flavour
of the neutral B meson. The trigger selection for both samples was based on a combination
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of single and dimuon triggers that did not impose requirements on the impact parameter of
the muon candidates. The offline selections required a well identified muon and three tracks
with appropriate charge assignments and a topology compatible with the respective decay
chain. Combinations of thirteen, respectively 22 discriminating variables were employed in
the selections, including the transverse momenta of the final-state particles, their angular
separation and a variable measuring their track isolation, the quality of vertex fits for D, D∗,
and B decay vertices and the displacement of these vertices, as well as the invariant masses of
the D and B candidates and, in the case of the decay to D∗∓µ±X, the difference between the
invariant masses of the D∗∓ candidate and the D candidate. Invariant-mass distributions for
the selected candidates in the two samples are shown in Figure 6.16 together with the results
of a fit to extract the signal yields. The measured raw charge asymmetries are

Araw ≡
N(D(∗)−µ+)−N(D(∗)+µ−)

N(D(∗)−µ+)−N(D(∗)+µ−)
= AD + fosc × adsl ,

where AD describes the charge asymmetry due to differences in trigger and detection efficien-
cies and fosc is the fraction of the selected D(∗)µ pairs that are actually due to decays of
neutral B mesons after mixing. The detection asymmetry aD was estimated from collision
data as described below, while fosc was determined from samples of simulated events, taking
into account contributions from the decays of unmixed B0 and B0 mesons and B±, B0

s and
B0
s mesons, as well as D(∗)∓ mesons from associated cc production. Since the B0−B0 oscil-

lation frequency and the B0 decay width are of similar size, the fraction of neutral B mesons
that have undergone mixing at the time of their decay varies significantly as a function of the
decay time. The sensitivity of the measurement to adsl can therefore be improved by performing
a decay-time dependent measurement, despite the fact that the value of adsl itself is decay-time
independent. In this measurement, the decay time of the neutral B meson was estimated as

t ≈
LxymB

pT(D(∗)µ)
,

where mB is the mass of the B0 meson, pT(D(∗)µ) is the reconstructed transverse momentum
of the D∓µ± or D∗∓µ± pair, and Lxy is the measured distance between the pp interaction
vertex and the decay vertex of the B candidate, projected onto the direction of the transverse
momentum vector. The precision of this estimate is limited by the missing momentum of
the undetected neutrino and therefore the measurement was performed only in six bins of the
proper decay length, ct, between -0.1 cm and 0.6 cm. Negative decay lengths can be measured
due to resolution effects. The first two of these bins, around ct = 0 cm, have negligible
contribution from decays after mixing and served as control regions for the determination of
the detection asymmetry. The raw asymmetry in each decay-length bin was determined by
performing separate fits to the difference and the sum of the invariant-mass distributions for the
D(∗)−µ+ and D(∗)+µ− candidates in this bin. Examples of these fits are shown in Figure 6.16.
Possible charge asymmetries related to the geometry and performance of the detector were
reduced by reversing the polarity of the spectrometer magnets in regular intervals. Moreover,
selected candidates were appropriately weighted in this analysis to compensate for differences
in the sizes of the data sets collected with the different magnet polarities. Assuming that
remaining detection-related charge asymmetries were small and that second-order effects could
therefore be neglected, the detection asymmetry was decomposed into the contributions for
each of the four final-state particles as

AD ≈ Aµ + AK − 2Aπ ,

where the kaon charge asymmetry is expected to dominate due to the different hadronic inter-
action cross sections for positive and negative kaons in the material of the detector. Negative
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Figure 6.16: Distributions of (left) the invariant mass of D∓ candidates in the D∓µ± sample and
(right) the difference between the invariant masses of the D∗∓ and D candidates in the D∗∓µ± sample
employed in the D0measurement of adsl. The upper panels show the distribution for the full selected
samples, while the lower panels show the difference between the distributions for D(∗)−µ+ and D(∗)+µ−

candidates in the fifth of the six decay-length bins employed in the analysis. In all four panels, the
results of the fit to the data is superimposed, where dashed lines or magenta triangles indicate the
background components (from [494]).

kaons contain a u quark that can undergo annihilation with u quarks in the detector material,
while there is no equivalent process for positive kaons. A larger fraction of negative kaons
is therefore expected to be lost due to hadronic interactions, resulting in a lower reconstruc-
tion efficiency than for positive kaons. The size of this effect was estimated from collision
data using samples of K∗0→K+π− and K∗0→K−π+ candidates. An overall positive kaon
asymmetry of about 1% was indeed found, in agreement with expectation. A possible charge
asymmetry for pion candidates can be due to different track reconstruction efficiencies for pos-
itive and negative particles, but was expected to be largely compensated for by the regular
reversal of the magnetic field. The effect was studied in collision data using control samples of
K0
S→π+π− and K∗±→K0

Sπ
± candidates and was indeed found to be negligibly small. Finally,

the muon-detection charge asymmetry was studied using samples of J/ψ→µ+µ− candidates.
A small but significant effect was observed and corrected for. The complete analysis was per-
formed separately for the two decay modes and the four decay-length bins. The eight results
were compatible with each other within their uncertainties and a weighted average, using the
sum of the squares of the statistical and systematic uncertainties as weights, was calculated
to obtain the final result shown in Table 6.4. The precision of this measurement was found to
be limited by the statistical uncertainty. The quoted systematic uncertainty was estimated by
performing a large number of simulated experiments in which all input parameters were varied
within their estimated uncertainties. No individual contributions were therefore quoted.

The recently published measurement of adsl by the LHCb collaboration [495] is based on
the combined run I data set, corresponding to an integrated luminosity of 3 fb−1. The anal-
ysis used the same decay signatures as the D0 measurement described above, namely decays
of neutral B mesons to D∓µ+X with D∓→K±π∓π∓ and D∗∓µ+X with D∗∓→Dπ∓ and
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D→K±π∓. Also here, no attempt was made to tag the initial flavour of the neutral B meson.
Signal candidates were selected at the trigger level by requiring a muon with large transverse
momentum and a significant impact parameter with respect to the reconstructed pp interac-
tion vertex and a second reconstructed track that was consistent with the generic topology of
a b hadron decay when combined with the muon. The offline selection required four tracks
that were well identified as muon, kaon and pions by the particle identification systems and
did not point back to any reconstructed pp interaction vertex. Further selection requirements
exploited the topology and kinematics of the decay, requiring well reconstructed D, D∗, and
B-meson decay vertices, cutting on the reconstructed decay time of the D meson candidate
and its impact parameter with respect to the pp interaction vertex, on the invariant mass of the
Dsµ candidate and, in the case of the D∗∓µ+ sample, on the difference between the invariant
masses of the D∗∓ candidate and the D candidate. The decay time of the B meson candidate
was estimated as

t = 〈k〉 × mB

L

p(D(∗)µ)

where mB is the known mass of the B0 meson, p(D(∗)µ) is the reconstructed momentum of
the D∓µ± or D∗∓µ± pair and L is the decay length of the B meson candidate, calculated
as the distance between the pp interaction vertex and the D(∗)µ vertex. The factor 〈k〉 is
a function of the invariant mass of the D∓µ± or D∗∓µ± pair and was included to apply an
average correction for the missing momentum of the undetected final-state particles. It was
determined by calculating the ratio k between the reconstructed momentum of the D(∗)µ pair
and the true momentum of the decaying B meson in samples of simulated events and fitting a
second-order polynomial to the observed distribution as a function of the invariant mass of the
D(∗)µ pair. The distribution of k/〈k〉 is employed to model the decay-time resolution in the fit
to the collision data. The value of adsl was extracted from a two-dimensional fit to the binned
distributions of the reconstructed B-meson decay time and the invariant mass of charm-meson
candidate. The fit model included contributions for the signal component, for combinatorial
background and for a background component from decays of B± mesons to D∗∓µ±X± final
states. Since it is difficult to distinguish this background from the signal, its fraction was
determined from simulated samples of events and fixed in the fit to the data. The decay-time
distribution for the signal component was described as

ND(∗)∓`±(t) ∝ e−Γd t

{
1 ± AD ±

adsl
2
∓
(
AP +

adsl
2

)
cos (∆md t)

}
,

convolved with the decay-time resolution function discussed above. The parameter AD de-
scribes the charge asymmetry due to differences in trigger and detection efficiencies and AP
describes a possible small charge asymmetry in the production rates of B0 and B0 mesons in
pp collisions. The value of AP was a free parameter in the fit to the data, while the detection
asymmetry AD was estimated from collision data using independent control samples. To reduce
detector-related asymmetries, also in the LHCb experiment the polarity of the spectrometer
magnet was reversed in regular intervals during the data taking periods, and similar sizes of
data sets were collected for each of the two polarities. To estimate the remaining detection
asymmetry, the final-state kaon was paired together with the lower-pT pion and the final-state
muon was paired together with the higher-pT pion. The charge asymmetry for the K±π∓ pair
was estimated from samples of prompt D∓→K±π∓π∓ candidates and D∓→K0π− candi-
dates with K0→π+π−. The same particle-identification requirements were applied to the
final-state particles as in the signal sample and candidates in the control sample were assigned
weights such that the weighted momentum and pseudorapidity distributions of the final-state
particles reproduced those of the kaon and pion in the signal sample. The effect of a possi-
ble D± production asymmetry was cancelled out by combining the measurements in the two
different decay modes. As expected, the largest effect was found in the kaon reconstruction
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Figure 6.17: Decay-time distributions and raw asymmetries as a function of the decay time for selected
(left) D∓µ± and (right) D∗∓µ± candidates from the LHCb measurement of adsl. The results of the fit
to the data are superimposed, indicating signal and background components as described in the plot
legends. Note that the observed raw asymmetry is dominated by the detection asymmetry for positive
and negative kaons (from [495]).

efficiency, where the difference in hadronic interactions in the detector material caused a charge
asymmetry of about 1 %. A possible charge asymmetry in the track reconstrucion efficiency
for the µ±π∓ pair was essentially eliminated by assigning appropriate weights to each signal
candidate such that the distributions in transverse momentum and pseudorapidity for the two
particles were effectively equalized. This weighting caused an effective loss of 40% in statisti-
cal precision but made the two oppositely charged particles appear almost symmetric to the
tracking system. The charge asymmetry caused by the particle identification requirements
applied in the selection of the high-pT pion were determined from an unbiased control sample
of D∗∓→Dπ∓ candidates with D→K∓π±. Again, candidates in the control sample were
assigned appropriate weights such that the transverse-momentum and pseudorapidity distri-
bution of the pions matched those in the signal sample. The charge asymmetry due to muon
trigger and identification requirements was estimated from a sample of appropriately weighted
J/ψ→µ+µ− decays, which had been selected without imposing any trigger or identification
requirements on one of the two muons. In the fit for adsl, the decay-time distribution and the
detection asymmetries for the B± background component were treated in the same way as for
the signal component, except that the oscillatory term in the decay-time dependence was set
to zero. The B± production asymmetry was fixed to its value found in the dedicated LHCb
measurement. The time-dependence of the combinatorial background component was again
described by the same way as for the signal component, except that the value of adsl was in
this case set to zero. A possible production asymmetry was considered as a free parameter
in the fit. The fit was performed separately for the two magnet polarities, for the data sets
collected in 2011 and 2012, and for the D∗∓µ± and D∓µ± samples. Appropriatetly weighted
averages were calculated to determine the final result. The result of the adsl measurement is
listed in Table 6.4 below. Its precision was found to be limited by the systematic uncertainty,
where the dominant contribution was due to the measurement of the detection asymmetries,
which in turn was limited by the size of the available control samples. The second largest
contribution to the quoted systematic uncertainty was due to the current knowledge of the
B+/B− production asymmetry. The B0/B0 production asymmetries were measured to be
AP (7 TeV) = (−0.66 ± 0.26 (stat) ± 0.22 (syst)) % in the data set collected at a pp collision
energy of 7 TeV in 2011 and AP (8 TeV) = (−0.48 ± 0.15 (stat) ± 0.17 (syst)) % in the data set
collected at a pp collision energy of 8 TeV in 2012. The results are consistent with each other
and compatible with the result of a dedicated measurement by the LHCb collaboration [480]
of this production asymmetry at 7 TeV collision energy.
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Figure 6.18: (Left) sum and (right) differences of the time-integrated invariant mass distributions for
K+K−π− and K+K−π+ candidates from the D0 measurement of assl in decay modes B0

s→D∓s µ
±X

(from [499]).

6.2.2 Measurements of assl

Measurements of the semileptonic asymmetry in decays of B0
sB

0
s system have been published

by the D0 [497–499] and LHCb [500] collaborations. An early measurement by the CDF
collaboration [486], based on data collected during run I of the Tevatron is not competitive
with these more recent results.

The most recent measurement by the D0 collaboration [499] was based on the full run-II
data set, corresponding to an integrated luminosity of 10.4 fb−1, and employed the decay mode
B0
s→D∓s µ

±X with D∓s →φπ∓ and φ→K+K−. Again, no attempt was made to reconstruct
the initial flavour of the B0

s or B0
s meson. The trigger selection was based on a combination

of single and dimuon triggers that did not impose requirements on the impact parameter of
the muon candidates. The offline selection required a well identified muon candidate, two
oppositely charged tracks that under the kaon mass hypothesis yielded an invariant mass com-
patible with the known mass of the φ meson, and a third track of opposite charge to that of
the muon candidate. To form a D∓s candidate, the three tracks were required to be compatible
with originating from a common vertex, which had to be displaced from the reconstructed
pp interaction vertex. To form a B0

s or B0
s candidate, the reconstructed D∓s candidate and the

muon candidate had to be compatible with originating from a common vertex, which also had
to be displaced from the pp interaction vertex. Further selection requirements were applied on
the transverse momentum of the K+K− pair, the helicity angle between the K± and D∓s mo-
mentum vectors, the quality of the D∓s vertex fit, the invariant mass and the isolation of the
D∓s µ

± candidate, and the angles between the reconstructed momentum vectors of the D∓s and
B0
s/B0

s candidates and the lines connecting the pp interaction vertex with the corresponding
decay vertices. Due to the fast flavour oscillation in the B0

sB
0
s system, no gain can be ex-

pected from a time-dependent analysis in this case and the asymmetry was therefore extracted
from a fit to the sum and differences of the time-integrated invariant mass distributions for
K+K−π− and K+K−π+ candidates as shown in Figure 6.18. The fit considered contribu-
tions from the signal component, a background component due to the Cabibbo-suppressed
decay D∓→K±π∓π∓, and combinatorial background from random combinations of tracks.
Assuming that the individual asymmetries are small and that second-order effects can be
neglected, the charge asymmetry for the signal component was expressed as

Araw ≡
N(D−s µ

+)−N(D+
s µ
−)

N(D−s µ
+)−N(D+

s µ
−)

= Atrack + AKK + Aµ + fosc × adsl ,

where Atrack, AKK and Aµ describe possible asymmetries in the track reconstruction, kaon and
muon detection efficiencies for positive and negative particles, while fosc describes the fraction
of D∓s µ

± pairs that were actually due to decays of B0
s or B0

s mesons after mixing. Separate
asymmetry parameters were allowed for the D∓ and combinatorial background components.



6.2. THE SEMILEPTONIC ASYMMETRIES ASSL AND ADSL 291

The value of fosc was determined from samples of simulated events, taking into account contri-
butions from decays of mixed and unmixed B0

s orB0
s mesons and from B±, B0 and B0 mesons,

as well as promptD∓s mesons from associated cc production. Charge asymmetries related to the
geometry and performance of the detector could again be expected to be small due to the reg-
ular reversal of the polarity of the spectrometer magnets. The remaining track reconstruction
asymmetry was estimated from control samples of K0

S→π+π− and K∗±→K0
Sπ
± candidates

in the same manner as in the measurement of adsl described above, and again the effect was
found to be negligible. The asymmetry in the reconstruction efficiency of negative and pos-
itive kaons, which dominated the raw charge asymmetry in the case of the adsl measurement
described above, is suppressed here since the final state K+K− is charge symmetric. However,
a small asymmetry remains due to the fact that the momentum distributions of the negative
and positive kaon from the decay of the φ meson are not identical. The effect was estimated
using a control sample of K∗0→K+π− and K∗0→K−π+ candidates. The muon trigger and
identification asymmetry was studied in a control sample of J/ψ→µ+µ− candidates, as a
function of the transverse momentum and the pseudorapidity of the muons. The total detec-
tion asymmetry was found to be Atrack + AKK + Aµ = (0.13 ± 0.06 %. The result for assl is
shown in Figure 6.22 below. The precision of the measurement was found to be limited by
the statistical uncertainty, where the quoted systematic uncertainty included the contribution
from the measurement of the detection asymmetry and a contribution of similar size due to
the fitting procedure.

The only measurement of assl so far published by the LHCb collaboration [500] was based
on the data set collected in 2011, corresponding to an integrated luminosity of 1 fb−1. A
measurement making use of the full run I data set has not been published yet.

The analysis was based on the time-integrated charge asymmetry in the decay mode
B0
s→D∓s µ

±X with D∓s →φπ∓ and φ→K+K−, where and no attempt was made to tag the
initial flavour of the B0

s orB0
s meson. Signal candidates were selected at the trigger level by

requiring a muon with large transverse momentum and either one or two additional tracks that
were consistent with the generic topology of a b hadron decay when combined with the muon,
or a pair of tracks consistent with a φ→K+K− decay. The offline selection again exploited
the topology of the decay chain. The muon candidate as well as the three other tracks used in
forming the candidate were required to be incompatible with originating from the reconstructed
pp interaction vertex. Two of the tracks had to be identified as oppositely charged kaons and
had to yield an invariant mass compatible with the mass of the φ meson. To form a D∓s candi-
date, the three tracks were required to be compatible with originating from a common vertex
that was significantly displaced from the pp interaction vertex. A further requirement was
placed on the sum of the transverse momenta of the three particles. To form a B0

s or B0
s candi-

date, the D∓s candidate and the muon had to be compatible with originating from a common
vertex that was required to be downstream of the pp interaction vertex. The reconstructed
momentum vectors of the B0

s/B0
s candidate and the D∓s candidate had to be roughly aligned

with the lines connecting the pp interaction vertex and the D∓s µ
± and K+K−π∓ vertices,

respectively. Finally, a loose cut was applied on the invariant mass of the B0
s/B0

s candidate.
The D−s µ

+ and D+
s µ
− event yields, N(D−s µ

+) and N(D+
s µ
−), were extracted from separate

fits to the K+K−π− and K+K−π+ invariant mass distributions as shown in Figure 6.19. As
mentioned above, the polarity of the LHCb dipole magnet was reversed regularly during data
taking to average out possible charge asymmetries due to detector geometry or performance.
The complete analysis was performed separately for the two data sets collected with different
magnet polarity and the measured values for assl were averaged to obtain a final measurement.

The measured charge asymmetry was defined as

Ameas ≡
N(D−s µ

+) − N(D+
s µ
−) × ε(µ+)/ε(µ−)

N(D−s µ
+) + N(D+

s µ
−) × ε(µ+)/ε(µ−)

− Atrack − Abkg ,

where ε(µ+)/ε(µ−) describes the ratio of muon trigger and identification efficiencies, Atrack is
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Figure 6.19: Distributions of (left) the K+K−π+ invariant mass for selected K+K−π+µ− candidates
and (right) the K+K−π− invariant mass for selected K+K−π−µ+ candidates from the LHCb mea-
surement of assl. The upper and lower panels show the distributions for data collected with the two
polarities of the LHCb spectrometer magnet. The results of the fit to the data are superimposed, where
the light, yellow shaded areas indicate the signal component, the dark, red shaded areas indicate the
background component from D∓→K+K−π∓ decays and dashed lines indicate the component due to
combinatorial background. The axis label for the panels on the left is wrong (from [500]).

the charge asymmetry due to a difference in track reconstruction efficiencies for positive and
negative particles, and Abkg is a charge asymmetry induced by D∓s µ

± background contribu-
tions. The time-integrated charge asymmetry defined in this way is related to assl as

Ameas =
assl
2

+

(
AP −

assl
2

)
×

∫∞
0 e−Γst cos (∆ms t) ε(t) dt∫∞

0 e−Γst cosh(∆Γs t/2) ε(t) dt
,

where AP is the B0
s−B0

s production asymmetry in pp collisions, which has been shown in an
independent measurement by the LHCb collaboration [480] to be no larger than a few percent.
This small initial asymmetry is further diluted by the rapid B0

s−B0
s oscillation. Taking into

account the known values of the average decay width Γs, the mass difference ∆ms and the
decay-width difference ∆Γs in the B0

sB
0
s system as well as the decay-time acceptance ε(t) of

the LHCb experiment, the ratio of the two time integrals on the right-hand side of the equation
evaluates to approximately 0.2 %. The effect of the production asymmetry is therefore no larger
than a few times 104, which is negligible compared to the precision that the measurement of
assl aimed for. Therefore, for the purpose of this measurement,

Ameas =
assl
2
.

The ratio of trigger and muon identification efficiencies, ε(µ+)/ε(µ−), was determined from
collision data employing control samples of J/ψµ+µ− candidates and a control sample of
D∓µ± candidates with D∓→K±π∓π∓, which was selected by employing similar trigger re-
quirements as those used in the selection of the signal candidates. To avoid possible biases due
to different momentum distributions or spatial distributions of the muons in the control and
signal samples, the analysis was performed in three-dimensional bins of the muon momentum
and two spatial coordinates. As a cross check, two different binning schemes were employed to
describe the spatial distribution of the muons: one based on a Cartesian coordinate system,
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which is better matched to the detector geometry, and one based on transverse momentum
and azimuthal angle, which is more closely related to the properties of the particles. The
charge asymmetry Atrack, related to track reconstruction efficiencies, was estimated from colli-
sion data employing control samples of D∗∓→Dπ∓ candidates with D0→K−π+π+(π−) and
D0→K+π−π−(π+). The clear event signature allowed to extract clean samples of candidates
without explicitly reconstructing the (π∓), allowing to measure the track reconstruction effi-
ciencies for these particles. The effect of the different interaction cross sections of negative and
positive kaons in the detector material was estimated from a comparison of D±→K∓π+π−

and D+
s →K0

Sπ
+ control samples. Efficiency differences largely cancel in the reconstruction

of the π∓µ± and K+K− pairs and the remaining asymmetry was indeed found to be small,
Atrack = (0.02 ± 0.13) %. Three sources of backgrounds were considered that could cause an
asymmetry Abkg. These were combinations of a true D∓s meson from a b hadron decay with
a misidentified muon, D∓s mesons produced in decays of a b hadron to a D∓s meson and a
second charmed hadron, followed by a semileptonic decay of this charmed hadron, and prompt
D∓s mesons from associated cc production. All these contributions were found to be small and
the resulting background asymmetry was estimated to be Abkg = (0.05 ± 0.05) %. A possible
asymmetry due to backgrounds without a true D∓s candidate had been eliminated statistically
by fitting separately the invariant mass distributions for D−s µ

+ and D+
s µ
− candidates. The

final result of the measurement was calculated by performing the weighted average of the re-
sults obtained in bins of the muon momentum and spatial coordinates and by averaging the
asymmetries measured for the two magnet polarities. The result is shown in Figure 6.22 below,
where the statistical uncertainty is slightly larger than the quoted systematic uncertainty. The
latter was dominated by the uncertainty in the determination of the small charge asymmetry
related to track reconstruction efficiencies.

6.2.3 Measurement of the same-sign dimuon charge asymmetry

The D0 collaboration published several analyses of the same-sign dimuon charge asymme-
try [501–504]. The latest of these measurements was based on the full run-II data set, corre-
sponding to an integrated luminosity of 10.4 fb−1. Samples of 6× 106 same-sign dimuon pairs
and 2×109 inclusive single muon candidates were collected using inclusive and dimuon triggers,
respectively. Muon candidates were required to have matching track segments reconstructed
in the central tracking system and the muon system. The inclusive muon sample was employed
as a control channel to estimate background fractions and charge asymmetries that were then
employed for the actual measurement in the same-sign dimuon sample. To take into account
variations in the background fractions and asymmetries due to kinematic properties of the
particles, the analysis was performed in bins of the transverse momentum and pseudorapidity
of the candidates. Moreover, the analysis was performed separately for three regions in the
impact parameter of the reconstructed track with respect to the reconstructed pp interaction
vertex. Due to the significant lifetime of b hadrons, the subsamples with larger track impact
parameter are expected to contain larger fractions of true muons from b hadron decays.

The raw charge asymmetry in bin i of the inclusive muon sample is

airaw ≡
n+
i − n

−
i

n+
i + n−i

= aiCP + aibkg ,

where n+
i and n−i are the numbers of reconstructed positive and negative muon candidates in

this bin, aiCP is the charge asymmetry due to CP violating effects and aibkg describes the charge
asymmetry due to different reconstruction efficiencies for positive and negative muons and
different background contaminations in the positive and negative samples. The asymmetries
aiCP are expected to be negligibly small in the inclusive muon sample and their measurement
provides a cross check for the understanding of the background asymmetries. These can be
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parametrized as

aibkg = (1− f iK − f iπ − f ip) aiµ + f iKa
i
K + f iπa

i
π + f ipa

i
p ,

where f iK , f iπ and f ip are the fractions of muon candidates in bin i that are due to misidentified
kaons, pions and protons, rspectively, aiK , aiπ and aip are the charge asymmetries in these back-
grounds, and aiµ is the charge asymmetry in the identification of true muons. All these parame-
ters were determined from collision data using various control samples. The largest background
asymmetry is expected from misidentified kaons, where positive kaons have a smaller interac-
tion cross section in the detector material than negative kaons and decays in flight K+→µ+νµ
are therefore more likely than decays in flight K−→µ−νµ. Two algorithms were employed
to estimate this asymmetry. The first of these was based on samples of K∗0→K+π− and
K∗0→K−π+ candidates in combination with samples of K0

S and K∗±→K0
Sπ
± candidates

with K0
S→π+π−. The fraction of K∗0→K+π− and K∗0→K−π+ candidates, in which the

kaon is wrongly identified as a muon can be measured and is related to f iK via

f iK∗0 = εi0 ·RiK∗0 · f
i
K ,

where RiK∗0 is the fraction of all produced charged kaons that is due to decays of K∗0 mesons,
while εi0 is the efficiency for reconstructing the accompanying pion under the condition that
the misidentified kaon has already been reconstructed. The number of selected K∗±→K0

Sπ
±

candidates is related to the total number of selected K0
S candidates as

N i(K∗±→K0
Sπ
±) = εic ·RiK∗± ·N

i(K0
S) ,

where RiK∗± is the fraction of all produced K0
S mesons that is due to K∗± decays, while εic is the

efficiency for reconstructing the accompanying pion under the condition that the K0
S meson has

already been reconstructed. The selection criteria that were applied to collect the two control
samples were symmetrized as much as possible, including the requirement that one of the two
charged pions from the decay of the K0

S decay had to be identified wrongly as a muon. The
assumption was then made that the efficiencies for reconstructing the accompanying pion were
identical in the two samples. Exploiting isospin invariance between the charged and neutral
kaon systems, it was further assumed that the fraction of K± from K∗0 decays and the fraction
of K0

S from K∗± decays were equal. Putting these two assumptions together,

εi0 ·RiK∗0 = εic ·RiK∗± =
N i(K∗±→K0

Sπ
±)

N i(K0
S)

and the fraction f iK could be calculated as

f iK =
N i(K0

S)

N(K∗±→K0
Sπ
±)
· f iK∗0 .

The second method exploited the fact that the track segment reconstructed in the main track-
ing system tends to measure the trajectory of the kaon before its decay in flight, while the track
segment in the muon system measures the trajectory of the muon after the decay. Since the
muon is emitted under a finite angle with respect to the flight direction of the decaying kaon,
the track angle measured in the muon system should deviate from that measured in the main
tracking system. The difference between the two track angles therefore provides a discrimi-
nating variable that should allow to distinguish on a statistical basis between true muons and
muons from decays in flight. A second such discriminating variable is the difference between
the momenta measured in the main tracking system and in the muon system. As the neutrino
carries away part of the energy of the decaying kaon, the momentum measured in the muon
system should be lower than that measured in the main tracking system. The distributions
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of these two variables for true and misidentified muons were measured using control samples
of D→K∓µ±ν candidates on the one hand and φ→K+K− and K0

S→π+π− candidates on
the other hand. The shapes of the distributions measured in these control samples were then
employed in a fit to the distributions measured in the inclusive muon sample in order to esti-
mate the fraction of misidentified muons in this sample. The results of the two methods were
roughly consistent with each other and the observed differences were assigned as a systematic
uncertainty for the determination of the f iK . The fractions f iπ were derived from f iK as

f iπ ≡
P i(π→µ)

P i(K→µ)
· n

i
π

niK
· f iK ,

where P i(π→µ) and P i(K→µ) are the probabilities for misidentifying a true pion or kaon
for a muon, while niπ and niK are the mean multiplicities of charged pions and kaons in bin i
of the inclusive muon sample. The multiplicities were determined from samples of simulated
events, while the misidentification probabilities was determined from data as

P i(π→µ)

P i(K→µ)
≡

N i
µ(K0

S→π±π∓)/N i(K0
S→π±π∓)

N i
µ(φ→K±K∓)/N i(φ→K±K∓)

whereN i(K0
S→π±π∓) andN i(φ→K+K−) are the total numbers of reconstructedK0

S→π±π∓

and φ→K+K− candidates with a pion or kaon falling into bin i, while N i
µ(K0

S→π±π∓) and
N i
µ(φ→K+K−) are the numbers of such candidates in which this pion or kaon was wrongly

identified as a muon. The fraction f ip was derived from f iK in the same manner using the

fractions of Λ→ pπ− and Λ→ pπ+ candidates in which the proton or antiproton was wrongly
identified as a muon. Finally, it was concluded that the inclusive muon sample contained 16% of
misidentified kaons, 30% of misidentified pions, 0.5% of misidentified protons and about 53%
of true muons.

The charge asymmetries aiK were determined from control samples of K∗0/K∗0→K±π∓

and φ→K+K− candidates in which either the positive or the negative kaon was wrongly
identified as a muon. The asymmetries aiπ was determined in the same manner from a con-
trol sample of K0

S→π+π− candidates and the asymmetries aip were determined from control

samples of Λ→ pπ− and Λ→ pπ+ candidates. All asymmetries were determined from the
collected data and therefore included effects from trigger, selection and reconstruction asym-
metries. The muon identification asymmetries aiµ, finally, were determined from samples of
J/ψ→µ+µ− candidates that had been selected without imposing requirements on muon iden-
tification criteria. The charge asymmetry due to different track reconstruction efficiencies for
positive and negative muon candidates was assumed to be negligible, based on the results of
previous studies. Track reconstruction asymmetries cancel to first order due to the regular
reversal of magnet field polarities during data taking.

Comparisons of the estimated background asymmetries aibkg and the measured raw charge

asymmetries airaw in all transverse-momentum and pseudorapidity bins and all three impact-
parameter ranges are shown in Figure 6.20. They are in good agreement with each other as
expected for a vanishing CP asymmetry in the inclusive muon sample. Forming the weighted
average over all bins,

aCP ≡
∑
i

{
n+
i +n−i∑
i
(n+
i +n−i )

(airaw − aibkg)

}
= (−0.032 ± 0.042 (stat) ± 0.061 (syst) ) % .

In the same-sign dimuon sample, the raw asymmetry for candidates with one muon in bin i
and the second muon in bin j is

Aijraw ≡
N++
ij −N

−−
ij

N++
ij +N−−ij

,
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Figure 6.20: Values of the asymmetry aiCP ≡ araw − abkg as calculated in the nine bins in transverse
momentum and pseudorapidity for (top left) all candidates in the inclusive muon sample, and for
candidates in (top right) the inner, (bottom left) the intermediate, and (bottom right) the outer impact-
parameter region employed in the latest D0 analysis. Horizontal dashed lines indicated the weighted
averages, while vertical dashed lines separate between bins corresponding to different pseudorapidity
regions (from [504]).

where the numbers of positive and negative same-sign dilepton pairs can be expressed as

N±±ij =
1

2
(N++

ij +N−−ij ) · (1±AijCP ) (1± aibkg) (1± ajbkg) .

Here, AijCP describes the charge asymmetry due to CP violating effects for this subsample of

candidates and aibkg and ajbkg are the background asymmetries for the muon candidates in bin
i and bin j, respectively. These background asymmetries were determined in the same manner
as in the analysis of the inclusive muon sample. For bin i,

aibkg ≡ (1− F ik − F iπ − F ip) aiµ + F ik a
i
k + F iπ a

i
π + F ip a

i
p ,

where the values for the charge asymmetries aik, a
i
π, aip, a

i
µ were taken from the analysis of the

inclusive muon sample and the fractions F ik, F
i
π and F ip of misidentified muons from kaons, pions

and protons were re-calculated for the dimuon sample using the same methods as described
above. The number of positive and negative muon candidates in bin i are

N±i = N±±ii +
∑
j

N±±ij ,

where the term N±±ii appears inside and outside the sum to take into account that it describes
the case where two muon candidates fall into bin i. The raw charge asymmetry for muon
candidates in bin i is then

Airaw ≡
N+
i −N

−
i

N+
i +N−i

=
(N++

ii −N
−−
ii ) +

∑
j(N

++
ij −N

−−
ij )

(N++
ii +N−−ii ) +

∑
j(N

++
ij +N−−ij )

and the contribution to this asymmetry due to CP violation is

AiCP =
(N++

ii +N−−ii )AiiCP +
∑
j

{
(N++

ij +N−−ij )AijCP

}
(N++

ii +N−−ii ) +
∑
j(N

++
ij +N−−ij )
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The total CP asymmetry, calculated as the weighted average of the terms AiCP ,

ACP ≡
∑
i

{
N+
i +N−i∑

i
(N+

i +N−i )
AiCP

}
= (−0.235 ± 0.064 (stat) ± 0.055 (syst) ) %

was found to deviate significantly from zero. The only source of systematic uncertainties
discussed in the publication is that on the determination of the background fractions, fK , fπ
and fp.

The asymmetries aCP and ACP were by construction determined as asymmetries over all
muon candidates contained in the inclusive muon and same-sign dimuon samples, respectively.
However, a fraction of these candidates are backgrounds from misidentified kaons, pions and
protons. The charge asymmetries due to misidentified muons were corrected for as described
above. However, their presence in the samples of candidates leads to a dilution of the observed
CP asymmetry that needs to be compensated for. To this end, the measured asymmetries
were expressed as

aCP = aSfS

and

ACP = FSSAS + FSLas ,

where aS and AS are the CP asymmetries considering only true muons. The factor fS is the
fraction of true muons in the inclusive muon sample, while FSL and FSS are the fractions of
candidates with one and two true muons, respectively, in the same-sign dimuon sample. The
values of these factors were calculated from the background fractions fK , fπ, fp, FK , Fπ and Fp,
with additional input from samples of simulated events. Note that it was implicitly assumed,
here, that the sources of misidentified muons themselves do not contribute to a CP asymmetry.

Two Standard-Model sources of CP violation were considered in the latest D0 publica-
tion. The first of these is mixing in the B0B0 and B0

sB
0
s systems, which leads to a combined

semileptonic asymmetry

Absl ≈ 0.58 adsl + 0.42 assl ,

where the factors 0.58 and 0.42 take into account the fragmentation fractions for a b or b quark
to hadronize into a neutral or strange B meson as well as the mixing parameters in the
B0B0 and B0

sB
0
s systems. The expected contributions to the observed asymmetries are

as = cbA
b
sl

and

As = CbA
b
sl ,

where the dilution factors cb and Cb correct for the fact that only a fraction of all true muons
are actually due to decays of neutral or strange B mesons after mixing, The two factors were
determined from samples of simulated events and found to be cb = 6.3% and Cb = 52% on
average. Both factors increased as expected from the inner to the outer impact-parameter
region considered in the analysis. The second source of CP violation was first pointed out in
Ref. [505]. It is due to decays of neutral B mesons to flavour-symmetric final ccdd states such
as D(∗)±D(∗)∓, followed by a semileptonic decay of one of the charmed mesons. As illustrated
in Figure 6.21, this final state can be reached from decays of B0 mesons as well as from decays
of B0 mesons. A CP violating asymmetry can therefore be caused by the interference of
mixing and decay. This source of CP violation does not contribute to as, since the final state
D(∗)±D(∗)∓ is charge-symmetric and semileptonic decays of D(∗)± mesons and D(∗)∓ mesons
are equally probable. In combination with a semileptonic decay of the opposite-side b hadron,
however, a difference in the probabilities of initial B0 mesons and initial B0 mesons to decay to
this final state does cause a charge asymmetry in the same-sign dilepton sample. Estimates for
the possible size of this effect were made in Ref. [505] as well as in the latest D0 publication, and
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Figure 6.21: Illustration of the external tree decays (left) B0→D(∗)+D(∗)− and
(right) B0→D(∗)+D(∗)−.

Table 6.4: Results of the most recent measurements of the semileptonic charge asymmetry, adsl, in
B0B0 mixing.

BaBar (π∓D∗`
±) [491] ( 0.06 ± 0.17 (stat) +

−
0.38
0.32 (syst) )%

BaBar (`±`±) [492] ( -0.39± 0.35 (stat)± 0.19 (syst) )%

D0 [494] ( 0.68 ± 0.45 (stat)± 0.14 (syst) )%

LHCb [495] ( -0.02± 0.19 (stat)± 0.30 (syst) )%

both found it to be a factor of four to five larger than the asymmetry expected from mixing.
The equivalent process exists also for decays of strange B mesons to final states such as D±s D

∓
s ,

but the generated CP violating asymmetry is expected to be negligibly small in the Standard
Model. Taking into account the two described Standard Model sources of CP violation, the
D0 collaboration find a discrepancy between their measurement and the expected asymmetry
at the level of 3.6 Gaussian standard deviations.

6.2.4 Comparison of results

Constraints on the semileptonic asymmetries adsl and assl, dominated by the latest measurements
at BaBar, D0 and LHCb described above, are shown in Figure 6.22. Direct measurements of the
semileptonic asymmetry adsl in the B0B0 system are in excellent agreement with the Standard
Model prediction, while the D0 measurement of the same-sign dimuon charge asymmetry,
which is sensitive to a linear combination of adsl and assl, shows a significant deviation. Direct
measurements of the semileptonic asymmetry assl in the B0

sB
0
s system agree with the Standard

Model prediction, but are also compatible within their precision with the anomalous same-
sign dimuon charge asymmetry claimed by the D0 collaboration. An LHCb measurement of
assl using the full run I data set is pending.

6.3 The branching fraction of the very rare decay B0
s→µ+µ−

Decays of B0 and B0
s mesons to pairs of charged leptons are strongly suppressed in the Stan-

dard Model. Firstly, they involve a flavour-changing neutral current b→ s or b→ d transition
and can therefore proceed only via suppressed loop diagrams, such as those shown in Fig-
ure 6.23. Moreover, these decays are also helicity suppressed. Neutral and strange B mesons
are pseudoscalar particles with internal spin J = 0 and the conservation of angular momentum
in the decay forces the lepton-antilepton pair to be produced with spins pointing into opposite
directions. On the other hand, conservation of momentum in the rest frame of the decaying
B meson forces the lepton-antilepton pair to be produced with momenta pointing in opposite
directions. The decay therefore produces a lepton and an antilepton of same helicity, which
is suppressed by the V − A nature of the weak interaction. A possible scalar coupling due
to penguin diagrams with an intermediate Standard-Model Higgs boson exists but is strongly
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Figure 6.22: Comparison of measurements of the semileptonic asymmetries in the B0B0 and B0
sB

0
s sys-

tems, denoted here as ASL(B0) and ASL(B0
s ), respectively, as compiled by the Heavy Flavour Averaging

Group from results available by the beginning of September 2014. In the left panel, shaded vertical and
horizontal bands indicate allowed regions from direct measurements of adsl and assl, respectively, while
the green ellipse indicates constraints from the D0 measrement of the same-sign dilepton asymmetry
and the red ellipse indicates the result of a fit to all measurements. The Standard Model prediction with
its uncertainty is indicated by the red dot close to (0, 0). The panel on the right shows a compilation
of measurements of assl, where the error bars of the CDF I measurement stretch across about ten times
the width of the shown range (from [2]).
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Figure 6.23: Illustration of Standard Model processes that mediate the very rare decay B0
s→µ+µ− via

(left) penguin or (right) box diagrams.

suppressed by a factor m2
B/m

2
W , where mB and mW are the mass of the decaying B meson

and the mass of the W boson, respectively. The helicity suppression scales with the square of
the mass of the final-state leptons and is therefore strongest for decays to e+e− pairs and least
strong for decays to τ+τ− pairs. Since the reconstruction of τ leptons presents experimental
challenges, it is the decays to pairs of muons that offer the best chances of observing these
decays and putting to the test Standard Model predictions of their branching fractions. These
branching fractions can be significantly affected in many proposed extentions of the Standard
Model, in particular in models with an extended Higgs sector such as supersymmetric mod-
els [506–513], but also in models introducing leptoquarks [514] or extra dimensions [515, 516].
As an example, a possible decay diagram involving charged and neutral Higgs bosons is shown
in Figure 6.24. A significant enhancement of the branching fraction is expected in the Minimal
Supersymmetric Standard Model (MSSM) if the ratio, tanβ, of the vacuum expectation values
of the two predicted Higgs boson doublets is large [517–521]. In general, interference effects
can, however, also lead to a further suppression of the branching fraction compared to the
Standard Model prediction [522,523].

Predictions of the branching fraction are based on Heavy-Quark Effective Field Theories
using local Operator Product Expansion (OPE). A detailed and comprehensible description
of the technique can be found in Ref. [524]. Heavy-Quark Effective Field Theories exploit the
fact that the strong coupling constant is still reasonably small at the mass scale of the b quark,
allowing short-distance effects to be calculated perturbatively. Choosing an appropriate fac-
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Figure 6.24: Example of a possible loop process that could contribute to theB0
s→µ+µ− andB0→µ+µ−

decay amplitudes in extentions of the Standard Model with charged and neutral Higgs bosons. Note,
that the helicity suppression inherent in the Standard Model is bypassed here due to the scalar nature
of the intermediate Higgs boson.

Table 6.5: The six electroweak penguin operators that could play a role in the decays B0
s→µ+µ− and

B0→µ+µ−. In the Standard Model, only Q10 contributes significantly to the decay amplitude, while
extentions of the Standard Model can also allow contributions from Q′10, the scalar operators QS and
Q′S and the pseudoscalar operators QP and Q′P .

Q10 ≡ e2

g2

(
s γµ(

1−γ5
2 ) b

) (
` γµγ5 `

)
Q′10 ≡ e2

g2

(
s γµ(

1+γ5
2 ) b

) (
` γµγ5 `

)
QS ≡ e2

16π2 mb

(
s (

1+γ5
2 ) b

) (
` `
)

Q′S ≡ e2

16π2 mb

(
s (

1−γ5
2 ) b

) (
` `
)

QP ≡ e2

16π2 mb

(
s (

1+γ5
2 ) b

) (
` γ5 `

)
Q′P ≡ e2

16π2 mb

(
s (

1−γ5
2 ) b

) (
` γ5 `

)

torization scale, µ, typically taken to be of the order of a few GeV, an effective Hamiltonian,
Heff , is defined in which these perturbative short-distance effects are factorized out from the
low-energy long distance effects that have to be determined using non-perturbative methods.
Following a proof by Wilson and Zimmermann [525], this effective Hamiltonian can be ex-
panded into a set of local, renormalized operators Qi(µ) and complex-valued effective coupling
constants Ci(µ),

Heff =
GF√

2

∑
i

{
V i

CKMCi(µ)×Qi(µ)
}
,

where GF is the Fermi coupling constant and V i
CKM describes the CKM matrix elements

involved in the process. The coefficients Ci(µ), called Wilson coefficients, contain the short-
distance dynamics due to effects above the chosen factorization scale µ, while the operators
Qi(µ) contain the low-energy, long distance effects. In analogy to the Fermi theory of muon
decay, the operators can be regarded as four-fermion interaction vertices and the Wilson coeffi-
cients as the respective effective coupling constants. The amplitude for a given process M → f
is then given by integrating over the effective operators, i.e.

A(M→ f) = 〈 f |Heff |M 〉 =
GF√

2

∑
i

{
V i

CKMCi(µ)× 〈 f |Qi(µ)|M 〉
}
.

The six electroweak penguin operators that could in principle play a role in the decays
B0
s→µ+µ− and B0→µ+µ− are listed in Table 6.5. Due to the V − A character of the weak

interaction, the only significant contribution in the Standard Model is due to the axial-vector
coupling C10, leading to the prediction for the branching fraction

BF (B0
s→µ+µ−) =

GF
π
|V ∗tbVts|

2 |C10|2 ×
(

αem

4π sin2 θW

)2

τB0
s
f2
B0
s
mB0

s
m2
µ

√√√√ 1−
4m2

µ

m2
B0
s

,
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where αem is the electromagnetic coupling constant and θW the Weinberg angle of the elec-
troweak interaction, τB0

s
and mB0

s
are the lifetime and mass of the decaying B0

s meson and
mµ is the mass of the muon. Long-distance QCD effects are contained in the decay constant
f2
B0
s
, which has to be calculated in Lattice QCD [526] and dominates the uncertainty on the

prediction of the cross section [527]. The prediction for the decay B0→µ+µ− is obtained
by replacing the appropriate CKM matrix elements as well as the mass, lifetime and decay
constant for the B0 meson. The magnitude of the Wilson coefficient, |C10|, is given at leading
order by the Inami-Lim function [109]

Y0(x) =
x

8

(
4− x
1− x

+
3x

(1− x)2
lnx

)
,

where x = m2
t (µ)/mW , reflecting the fact that the loop diagrams with internal top quarks

dominate. As pointed out in Ref. [528], the estimates as defined above yield the CP averaged
branching fractions evaluated for time t = 0 and, in the case of the decay B0

s→µ+µ−, this
estimate needs to be scaled by a correction factor

1

1−∆Γs/(2Γs)

in order to compare it with the time-integrated decay rate that is measured in experiments.
In the case of the decay B0→µ+µ− no such correction is needed due to the vanishingly small
value of the decay width difference, ∆Γd, in the B0B0 system. Including this scale factor in
the estimate for the decay B0

s→µ+µ−, the latest Standard Model predictions are [529]

BF (B0
s→µ+µ−) = ( 3.66 ± 0.23 )× 10−9

and
BF (B0→µ+µ−) = ( 1.06 ± 0.09 )× 10−10 .

The first search for the decay B0→µ+µ− was reported in 1984 by the CLEO collaboration [530]
and resulted in an upper limit on its branching fraction of 0.02% at 90% confidence level. Sub-
sequent searches for the decay B0→µ+µ− were performed at CLEO [531, 532], Argus [533],
Belle [534] and BaBar [535, 536], while searches for B0→µ+µ− and B0

s→µ+µ− were per-
formed at UA1 [537], L3 [538], CDF I [539, 540], CDF II [541–545] and D0 [546–549], and at
ATLAS [550], CMS [551] and LHCb [552–554]. The first evidence for the decay B0

s→µ+µ−

with a significance corresponding to more than three Gaussian standard deviations was re-
ported by the LHCb collaboration [555] in 2012, followed by measurements of its branching
fractions by the LHCb [556] and CMS [557] collaborations. A combination of the latest LHCb
and CMS measurements [558] resulted in the first observation of the decay B0

s→µ+µ− with
a significance exceeding five Gaussian standard deviations. The measured branching fraction
is in good agreement with the Standard Model prediction, leading to stringent constraints on
the allowed parameter space for proposed extentions to the Standard Model.

The LHCb measurement [556] was based on the full run I data set, corresponding to an
integrated luminosity of 3 fb−1. A sample of signal candidates was collected by a combination
of single-muon and dimuon triggers, followed by a loose offline selection that required two
well identified and oppositely charged muon candidates, which fulfilled requirements on their
momenta and transverse momenta, had significant impact parameters with respect to any
reconstructed pp interaction vertex, and were compatible with originating from a common
vertex that was displaced from the pp interaction vertices. The sample of selected candidates
was then split into subsamples of different signal sensitivity according to the response of a
multivariate classifier that combined a total of twelve discriminating variables related to the
topology and kinematic properties of the decay. These variables included the reconstructed
transverse momentum and decay time of the B meson candidate and its impact parameter
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with respect to the associated pp interaction vertex, two variables related to the isolation
of the B meson candidate and the two muon candidates, and several variables related to
the decay angles of the muon candidates. The response of this multivariate classifier was
calibrated on collision data using candidates from the dimuon invariant mass sidebands as a
proxy for background and an ensemble of charmless two-body B0 and B0

s decays to K±π∓,
π+π− and K+K− as a proxy for the signal component. The masses of muons, pions and
kaons all being small compared to the mass of the decaying B0

s or B0 meson, the topology
and kinematic properties of these charmless two-body decays of B mesons are similar to those
of the signal decays. Possible biases due to the different trigger and particle identification
requirements applied in the selections of the signal and calibration samples were corrected for
using additional control samples. The method is described in detail in Ref. [559].

The B0
s→µ+µ− and B0→µ+µ− signal yields in each of the subsamples defined by the

response of the multivariate classifier were then determined from a simultaneous fits to the
invariant-mass distribution of the muon pairs. The expected shape of the invariant mass dis-
tribution for the signal components was described in this fit to the data by modified Gaussian
functions with power-law tails to describe radiative tails and a small fraction of poorly recon-
structed candidates. The parameters describing these power-law tails were determined from
simulated signal events, while the parameters describing the Gaussian functions were deter-
mined from collision data employing samples of charmless two-body B0 and B0

s decays and
dimuon decays of charmonium and bottomonium resonances. The measured invariant-mass
distributions for these control samples are shown in Figures 6.25 and 6.26. The means of the
two Gaussian functions were determined directly from a combined fit to the four invariant-mass
distributions of the charmless two-body decays. The width of the signal distributions in these
control samples, however, cannot be used directly as an estimate for the expected signal width
in B0

s→µ+µ− and B0→µ+µ−. If tight particle identification criteria are applied to obtain
clean samples of π+K−, K+π−, π+π− and K+K− candidates, the momentum-dependence of
the particle-identification performance will lead to a bias on the momentum distribution of the
selected candidates, the invariant-mass resolution and the width of the observed signal. If loose
particle identification criteria are applied, misidentified pions and kaons will cause cross-feed
between the four final states, resulting in a broadening of the signal distribution. The method
that was employed to correct for these biases and determine the expected width of the signal
distribution for B0

s→µ+µ− and B0→µ+µ− decays is again described in detail in Ref. [559].
To cross-check the results of this method, a second approach was developed in Ref. [559] to
determine the expected width of the signal at the B0 and B0

s masses by interpolating between
the measured widths of the J/ψ→µ+µ− and ψ(2s)→µ+µ− signals at lower mass and the
Υ(1S), Υ(2S) and Υ(3S)→µ+µ− signals at higher masses. The interpolation used a power-
law function to describe the invariant-mass resolution as a function of the invariant mass. The
validity of this model in the invariant-mass range of interest was verified using simulated sam-
ples of pp→µ+µ−X Drell-Yan events. Both approaches yielded compatible results, estimating
the width of the B0

s→µ+µ− signal to be about 23 MeV/c2. The two results were averaged to
fix the width of the Gaussian function employed in the fit to the data.

The dominant source of background in the sample of selected candidates were combinations
of two muons from events in which both the b hadron and the b hadron decayed semileptonically
and, as illustrated in Figure 6.28, the trajectories of the two produced muons happened to
be compatible with coming from a common vertex. This component was described in the
fits to the invariant-mass distributions by falling exponential functions. In addition to the
signal components and the component for combinatorial background, the fit function contained
components for charmless two-body B0 and B0

s decays in which both final-state kaons or pions
were misidentified as muons, for B0→π−µ+νµ and B0

s→K−µ+νµ decays in which the pion
or kaon was misidentified as a muon and for B→πµ+µ− decays in which the pion escaped
detection. The latter two sources of background yield invariant dimuon masses below the
B0 and B0

s→µ+µ− signals, but their inclusion in the fit is important as it affects the fraction
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Figure 6.25: Measured invariant-mass distributions for (top left) π+π−, (top right) π+K−, (bottom
left) K+π− and (bottom right) K+K− candidates in the control sample of charmless two-body decays
of B mesons employed to determine the signal shape in the LHCb analysis of the very rare decays
B0
s→µ+µ− and B0→µ+µ−. The results of a fit to the data are superimposed, where solid and

dashed red lines indicate dominant and subdominant B0 and B0
s signal components, respectively, dashed

blue lines indicate the component from combinatorial background and black solid lines indicate the
component from partially reconstructed backgrounds (from [559])

Figure 6.26: Measured invariant-mass distributions of dimuon pairs in the vicinity of the masses of the
(left) J/ψ, (middle) ψ(2s) and (right) Υ(1S), Υ(2S) and Υ(3S) resonances (from [559])

Figure 6.27: Interpolation of the dimuon invariant-mass resolution fitting a power-law function to the
values extracted from the analysis of the charmonium resonances shown in Figure 6.26 above. The panel
on the left shows the full mass range, indicating the masses of the B0 and B0

s mesons, while the middle
and right panels show the same interpolation in the restricted mass ranges around the charmonium and
bottomonium resonances, respectively. Blue lines indicate the result of the interpolation, blue shaded
areas its statistical uncertainty (from [559])
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Figure 6.28: Illustration of the dominant source of background in the search for the very rare decays
B0→µ+µ− and B0

s→µ+µ−: both b hadrons produced in the event decay semileptonically and two
oppositely charged muons are produced which accidentally point back to a common vertex that is
displaced from the pp interaction vertex.

of the yield that the fit assigns to combinatorial background underneath the signals. The
shapes of the invariant-mass distributions for these sources of background were determined
from simulation. Their expected yields were estimated from the known branching fractions of
the decays and from measured misidentifications probabilities. and then constrained to these
estimates in fit to the data. The result of the fit to candidates with high signal sensitivity
according to the response of the multivariate classifier is shown in Figure 6.29. Summed
over the full range of the multivariate classifier response, an excess of B0

s→µ+µ− candidates
over the no-signal hypothesis was observed with a significance corresponding to 4.0 Gaussian
standard deviations. A smaller and not significant excess was found for B0→µ+µ−. To
avoid systematic uncertainties related to the knowledge of the bb production cross section
and the determination of the integrated luminosity, and to reduce uncertainties related to the
determination of trigger, reconstruction and selection efficiencies, the extracted event yield was
converted into a cross section measurement using appropriately chosen normalization channels
with well known branching fractions. The branching fraction was expressed as

BF (B0
s→µ+µ−) ≡ BFnorm

fnorm

fs

εnorm

εB0
s→µ+µ−

NB0
s→µ+µ−

Nnorm

≡ αnorm ×NB0
s→µ+µ− ,

where BFnorm is the known branching fraction of the normalization channel, the fragmentation
fractions fs and fnorm describe the probabilities for a b or b quark to hadronize into strange,
neutral or chargedB mesons, εB0

s→µ+µ−
and εnorm describe the combined trigger, reconstruction

and selection efficiencies for B0
s→µ+µ− candidates and for candidates in the normalization

channels, respectively, and NB0
s→µ+µ−

and Nnorm are the measured signal yields in the two
samples. Trigger, track reconstruction and particle identification efficiencies were determined
from collision data, while the ratio of acceptance and selection efficiencies were determined
from samples of simulated events. The ratio of fragmentation fractions, fs/(fu + fd), was
taken from an independent LHCb measurement [138, 560] and it was assumed that fu = fd.
The two decay modes B0/B0→K±π∓ and B±→ J/ψK± with J/ψ→µ+µ− were chosen as
normalization channels. The first of these has a very similar decay topology to the signal
decays, leading to similar acceptance and reconstruction efficiencies, but its selection relied on
different trigger algorithms and particle identification criteria than that for the signal decays.
The decay B±→ J/ψK± with J/ψ→µ+µ− has an extra final-state track compared to the
signal decays, but can be selected using similar trigger and particle-identification requirements.
The normalization factors αnorm derived from the two normalization channels were found to
be in good agreement with each other. Despite the lack of a clear signal, a branching fraction
measurement was derived in the same manner for the decay B0→µ+µ− and the results of the
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Figure 6.29: Measured invariant-mass distribution for signal-like µ+µ− candidates, with an assigned
value of the multivariate classifier of BDT > 0.7, from the LHCb measurement of the decays B0

s→µ+µ−

and B0→µ+µ−. The results of the simultaneous fit to candidates in all BDT bins is superimposed,
where red long-dashed line indicates the B0

s→µ+µ− signal component, green dashed lines indicate
the B0→µ+µ− signal component, blue dashed lines the component from combinatorial background,
magenta dotted lines the background component from misidentified charmless two-body decays of
B mesons, blue dot-dashed lines the background component from B→πµ+µ− and black dot-dashed
lines the background component from B0→π−µ+νµ, and B0

s→K−µ+νµ. The panel on the left shows
the result of the full fit, while the panel on the right shows the result of a fit in which the B0

s→µ+µ− sig-
nal component was removed from the fit function to illustrate the deterioration in agreement with the
data (from [556]).

two measurements were quoted as

BF (B0
s→µ+µ−) = ( 2.9 + 1.1

− 1.0 (stat) + 0.3
− 0.1 (syst) )× 10−9

BF (B0→µ+µ−) = ( 3.7 + 2.4
− 2.1 (stat) + 0.6

− 0.4 (syst) )× 10−10 .

The statistical uncertainty on the measurement was obtained by fitting the data with all
nuisance parameters fixed to their nominal values. The fit was then repeated adding Gaus-
sian constraints for all nuisance parameters, including the normalization factor αnorm, with
the standard deviations of these constraints set to the estimated uncertainty on the nuisance
parameter. This second fit will result in a larger uncertainty on the branching fraction measure-
ment and the difference in quadrature between this uncertainty and the statistical uncertainty
as determined in the first fit was assigned as the systematic uncertainty.

The CMS analysis was based on a data set corresponding to an integrated luminosity of
25 fb−1, about 80% of which were collected at a pp collision energy of 8 TeV in the year 2012,
while the remaining 20% were collected at a collision energy of 7 TeV in the year 2011. The
trigger required two muon candidates that fulfilled requirements on their transverse momentum
and invariant mass and were compatible with originating from a common vertex. In the offline
selection, tight muon identification requirements were applied on the two candidates and the
fraction of misidentified hadrons was further reduced by means of a multivariate classifier that
combined kinematic properties of the candidates with information on track reconstruction
quality and information from muon detectors. A second multivariate classifier employed to
suppress background, combining a total of up to twelve discriminating variables, including the
distance of closest approach of the two muon candidates, the quality of the dimuon vertex fit
and two variables related to its displacement from the associated pp interaction vertex, the
transverse momentum and pseudorapidity of the dimuon candidate and the impact parameter
of its reconstructed momentum vector with respect to the associated pp interaction vertex, the
opening angle between the momentum vector of the dimuon candidate and the line connecting
the pp interaction vertex with the dimuon vertex, and four variables related to the isolation of
the two muon candidates and of the combined dimuon candidate.

The selection was applied separately for candidates with both muons pointing into central
region of the detector and candidates for which at least one muon pointed into the forward or
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Figure 6.30: Measured invariant-mass distribution for signal-like µ+µ− candidates with an assigned
value of the multivariate classifier b > 0.44 and (left) both muon candidates in the central region of the
detector or (right) at least one of the two muon candidates in the forward or backward region of the
detector, from the CMS measurement of the decays B0

s→µ+µ− and B0→µ+µ−. The results of the
fits to the full data samples are superimposed with signal and background fractions indicated as listed
in the plot legend (from [557]).

backward region. This separation was done to take into account the superior reconstruction
quality in the central region of the CMS detector. For example, according to simulation studies,
the dimuon invariant-mass resolution deteriorates from 32 MeV/c2 for B0

s→µ+µ− candidates
pointing into the central region of the detector to 75 MeV/c2 for B0

s→µ+µ− candidates point-
ing into the forward and backward regions. Similar to the LHCb analysis described above, the
event sample was further split into several categories according to the response of the multi-
variate classifier. Finally, a simultaneous fit to a total of twelve categories of candidates was
performed to extract the B0

s→µ+µ− and B0→µ+µ− signal yields. The signal components and
a background component for misidentified charmless two-body decays of B mesons were de-
scribed in the fit by Gaussian functions with power-law tails. All parameters of these functions
were derived from an analysis of simulated events. In addition, the fit function contained a
component for combinatorial background, which was modelled by first-order polynomials, and
backgrounds from misidentified semileptonic b hadron decays to π∓µ±νµ, K∓µ±νµ, π±µ+µ−,
K±µ+µ−, pµ+νµ and pµ−νµ. These background components were also estimated from sam-
ples of simulated events. The result of the fit for the event category with the highest signal
sensitivity according to the response of the multivariate classifier is shown in Figure 6.30.
Combining all twelve categories, an excess of B0

s→µ+µ− candidates over the background-only
hypothesis was found with a significance corresponding to 4.3 Gaussian standard deviations.
No significant excess of B0→µ+µ− candidtaes was found. Similar to the LHCb measurement,
the decay mode B±→ J/ψK± with J/ψ→µ+µ− was employed as normalization channel to
convert the signal yields into a measurement of the branching fraction. All efficiencies were
determined from simulated events and the LHCb measurement of the ratio of fragmentation
fractions [138, 560] was employed. The CMS experiment probes bb production in a different
range of pseudorapidity and transverse momentum from the LHCb experiment and the frag-
mentation fractions could depend on these variables. A possible dependence was investigated
using a control sample of B0

s→ J/ψK+K− candidates, but no significant effect was found.
Also the CMS collaboration decided to derive a branching fraction for the decay B0→µ+µ−

despite the absence of a significant signal. The results of the two measurements were quoted
as

BF (B0
s→µ+µ−) = ( 3.0 + 1.0

− 0.9 )× 10−9

BF (B0→µ+µ−) = ( 3.5 + 2.1
− 1.8 )× 10−10 ,

The quoted uncertainties include statistical and systematic unertainties. Sources of systematic
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were the knowledge of the hadron-to-muon misidentification probability and the knowledge of
branching fractions and normalization of the peaking background component in the fit to the
data. They were included in the fit as Gaussian constraints, with the standard deviations of
these constraints set to the value of the estimated uncertainty.

The two measurements were combined [558], resulting in the first observation of the decay
B0
s→µ+µ− with a significance exceeding five Gaussian standard deviations. First evidence for

the decay B0→µ+µ− was also claimed with a significance corresponding to three Gaussian
standard deviations. The measured branching fractions were reported as

BF (B0
s→µ+µ−) = ( 2.8 + 0.7

− 0.6 )× 10−9

and
BF (B0→µ+µ−) = ( 3.9 + 1.6

− 1.4 )× 10−10 ,

where quoted uncertainties include statistical and systematic contributions and are dominated
in both cases by the statistical uncertainty. In the case of the decay B0

s→µ+µ−, the result
is in good agreement with the Standard Model prediction and puts severe constraints on
the allowed parameter space for many extentions of the Standard Model. In the case of the
decay B0→µ+µ−, the reported central value of the measurement is somewhat higher than the
Standard Model prediction but the uncertainty is large.

The next goal for measurements in these decay modes will be to determine the ratio of
their two branching fractions. This ratio provides an even more stringent test of the Standard
Model and proposed extensions with minimal flavour violation [561]. A log-likelihood profile
as a function of this ratio as obtained by the combination of the current LHCb and CMS
measurements is shown in Figure 6.33. The result is compatible with the Standard Model
prediction within 2.3 Gaussian standard deviations.

6.4 Angular observables in the rare decay B0→K∗0µ+µ−

The decay B0→K∗0µ+µ− is due to the flavour-changing neutral current process b→ sµ+µ−

and can occur in the Standard Model only via loop processes as illustrated in Figure 6.34. First
evidence for this decay was found by the BaBar collaboration [562] and the first observation
with a significance exceedigng five Gaussian standard deviations was reported by the Belle [563]
collaboration soon after. The 2014 edition of the Review of Particle Physics [1] quotes the
branching fraction as

BF (B0→K∗0µ+µ−) = ( 1.05 ± 0.10 ) × 10−6 .

The main interest in studying this decay mode lies in the fact that the angular distribution of
the final-state particles is sensitive to the interference between different short-distance contri-
butions in the decay amplitude. A number of observables can be constructed from the angular
distribution that exhibit good sensitivity to possible contributions from physics beyond the
Standard Model.

With K∗0→K+π−, the decay is characterized by a total of four final-state particles and
can be fully described by four parameters. These are usually defined as the squared momentum
transfer, q2, to the µ+µ− pair, which also defines its invariant mass, and three helicity angles,
θK , θ` and φ. A definition of the helicity angles is shown in Figure 6.36 but different conventions
have been used in literature. In measurements, the angle θ` is often defined with respect to
the positive muon for the decay B0→K∗0µ+µ− and with respect to the negative muon in the
charge-conjugated decay B0→K∗0µ+µ−, while theory papers usually employ a convention
in which θ` is defined with respect to the postive muon in both cases. A similar confusion
exists regarding the definition of the angle φ between the two decay planes. These different
conventions lead to swaps in the sign of some of the observables.
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Figure 6.31: Weighted invariant-mass distribution for all µ+µ− candidates from the combined LHCb
and CMS measurements of the decays B0

s→µ+µ− and B0→µ+µ−. Each candidate was weighted with
the average signal fraction, S/(S + B), for the category to which it belonged. The result of the fit to
the data is superimposed with signal and background fractions indicated as listed in the plot legend
(from [558]).

Figure 6.32: Measured invariant-mass distribution for signal-like µ+µ− candidates in (Results
of the combined fit to the run I LHCb and CMS measurements of the B0

s→µ+µ− and
B0→µ+µ− branching fractions. The panel on the left shows curves of constant likelihood in the
BF (B0

s→µ+µ−)−BF (PBz→µ+µ−) plane, while the two panels on the right show the projections
onto the two axes. Here, dark and light shaded areas indicate the confidence intervals corresponding
to one and two Gaussian standard deviations, respectively. The red cross in the left panel and the
vertical red bars in the panels on the right indicate the values predicted in the Standard Model with
their uncertainties [558]).

Figure 6.33: Log-likelihood as a function of the assumed value of the branching fraction ratio R ≡
BF (B0→µ+µ−)/BF (B0

s→µ+µ−) as obtained from a combined fit to the run I LHCb and CMS data.
Dark and light shaded areas indicate the confidence intervals for R corresponding to one and two
Gaussian standard deviations, respectively. The vertical red bar indicates the value of R predicted in the
Standard Model and in extentions of the Standard Model with minimum flavour violation (from [558]).
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Figure 6.34: Illustration of Standard Model processes that mediate the rare decay B0→K∗0µ+µ− via
(top left and right) penguin or (bottom) box diagrams.
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Figure 6.35: Illustration of the tree process that dominates the decay amplitude to the final state
K∗0µ+µ− for values of the squared momentum transfer q2 corresponding to the masses of the charmo-
nium resonances, J/ψ and ψ(2s).

At values of the dimuon invariant mass, q2 corresponding to the charmonium resonances,
the tree decays B0→ J/ψK∗0 and B0→ψ(2s)K∗0 with J/ψ and ψ(2s)→µ+µ−, as illustrated
in Figure 6.35, constitute an overwhelming irreducible background. The corresponding ranges
in q2 therefore have to be excluded from analyses. At values of q2 above the ψ(2s) resonance,
the decay amplitude could be affected by possible broad charmonium resonances, though it
has been argued that these effects on the angular observables could cancel [565] if they are
integrated over a sufficiently large q2 range. In general, theory predictions are regarded to be
most reliable for values of q2 between 1 GeV2/c2 and 6 GeV2/c2 and most analyses concentrate
on this range. Calculations are performed using Operator Product Expansion as already
discussed in the previous section. The decay rate is expressed as

A(B0→K∗0µ+µ−) =
GF√

2

∑
i

{
V i

CKMCi × 〈K∗0µ+µ− |Qi|B0 〉
}
,

where the twelve operatorsQi listed in Table 6.6 can in principle contribute to theK∗0→K+π−

decay amplitude. In the Standard Model, only the operators Q7, Q9 and Q10 are relevant.
Possible contributions from physics beyond the Standard Model could modify the values of
the Wilson coefficients Ci with respect to their Standard Model predictions. The precision
of these predictions is limited by low-energy long distance effects involved in the B0→K∗0

transition. These are parametrized as hadronic form factors that have to be calculated using
non-perturbative methods. At the high end of the q2 spectrum, they are best obtained from
Lattice-QCD calculations [566, 567], while at values of q2 below the charmonium resonances
they are calculated using light-cone sum rules [274,568]. The uncertainties on these calculations
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Figure 6.36: Definition of the helicity angles (left) θ` and θK and (right) φ as employed in the
LHCb analysis of angular observables in the decay B0→K∗0µ+µ−. For the charge-conjugated pro-
cess B0→K∗0µ−µ+, the angles θ` and θK are defined with respect to the negative muon and kaon,
respectively, and the angle φ changes its direction (from [564]). Different conventions are used in liter-
ature. The angle θ`, for example, is often defined with respect to the positive muon for the B0 decay
and with respect to the negative muon for B0 decays. These different conventions lead to changes in
the definitions of the sign for some observables.

Table 6.6: The twelve operators that could in principle play a role in the decay B0→K∗0µ+µ−. In the
Standard Model, only Q7, Q9 and Q10 contribute significantly to the decay amplitude.

Q7 ≡ e
g2
mB

(
s σµν(

1+γ5
2 ) b

)
Fµν Q′7 ≡ e

g2
mb

(
s σµν(

1−γ5
2 ) b

)
Fµν

Q8 ≡ 1
g mb

(
s σµνT

α(
1+γ5

2 ) b
)
Gµν α Q′8 ≡ 1

g mb

(
s σµνT

α(
1−γ5

2 ) b
)
Gµν α

Q9 ≡ e2

g2

(
s γµ(

1−γ5
2 ) b

) (
` γµ `

)
Q′9 ≡ e2

g2

(
s γµ(

1+γ5
2 ) b

) (
` γµγ5 `

)
Q10 ≡ e2

g2

(
s γµ(

1−γ5
2 ) b

) (
` γµγ5 `

)
Q′10 ≡ e2

g2

(
s γµ(

1+γ5
2 ) b

) (
` γµγ5 `

)
QS ≡ e2

16π2 mb

(
s (

1+γ5
2 ) b

) (
` `
)

Q′S ≡ e2

16π2 mb

(
s (

1−γ5
2 ) b

) (
` `
)

QP ≡ e2

16π2 mb

(
s (

1+γ5
2 ) b

) (
` γ5 `

)
Q′P ≡ e2

16π2 mb

(
s (

1−γ5
2 ) b

) (
` γ5 `

)

are significant. The precision of predictions and therefore the sensitivity to possible effects
from physics beyond the Standard Model can be improved by constructing observables from
the angular distributions that are independent of these form factors at leading order. Various
such observables have been proposed in literature and some have actually been measured.
Examples with be discussed below.

Factorizing the dependence on q2 and on the helicity angles, the differential decay rate can
be expressed as

d4Γ (B0→K∗0µ+µ−)

dq2 d cos θ` d cos θK dφ
=

9

32π

∑
k

{
Ik(q

2)× fk(cos θ`, cos θK , φ)
}

where all dependence on the helicity angles is contained in the functions fk(cos θ`, cos θK , ϕh)
and the coefficients Ik(q

2) contain the information on the Wilson coefficients. In the approxi-
mation of vanishing lepton mass, these coefficients can be expressed in terms of six transversity
amplitudes, AL,R0,‖,⊥, where the indices 0, ‖, and ⊥ refer to the polarization state of the K∗0 me-
son while the indices L and R describe the chirality state of the lepton current. For finite lepton
masses, a seventh amplitude, At has to be taken into account and an eighth amplitude, AS ,
enters if in addition the possibility of scalar contributions to the decay amplitude is taken into
consideration. The effects of these additional amplitudes are suppressed by a factor m2

`/q
2 and

can be neglected within the considered range of q2 and the current precision of measurements.
Explicit expressions for the angular coefficients Ik and functions fk in the approximation of
vanishing lepton mass are given in Table 6.7. Full expressions taking into account the finite
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Table 6.7: Compilation of the angular coefficients Ik and function fk(θK , θ`, φ) as employed in analyses
of angular distributions in the decay B0→K∗0µ+µ−. The angular coefficients are quoted here for the
approximation of a vanishingly small mass of the lepton. The coefficient Ic6 assumes a non-zero value if
this assumption is dropped.

k Ik(q
2) fk(θK , θ`, φ)

1s 3
4

(
|AL⊥|2 + |AR⊥|2 + |AL‖ |

2 + |AR‖ |
2
)

sin2 θK

1c |AL0 |2 + |AR0 |2 cos2 θK
2s 1

4

(
|AL⊥|2 + |AR⊥|2 + |AL‖ |

2 + |AR‖ |
2
)

sin2 θK cos (2θ`)

2c −
(
|AL0 |2 + |AR0 |2

)
cos2 θK cos (2θ`)

3 1
2

(
|AL⊥|2 + |AR⊥|2 − (|AL‖ |

2 + |AR‖ |
2)
)

sin2 θK sin2 θ` cos (2φ)

4 1√
2

Re
(
AL0A

L∗
‖ +AR0 A

R∗
‖

)
sin (2θK) sin (2θ`) cosφ

5
√

2 Re
(
AL0A

L∗
⊥ )−AR0 AR∗⊥

)
sin (2θK) sin θ` cosφ

6s 2 Re
(
AL‖A

L∗
⊥ −AR‖ A

R∗
⊥

)
sin2 θK cos θ`

6c 0 cos2 θK cos θ`
7

√
2 Im

(
AL0A

L∗
⊥ −AR0 AR∗⊥

)
sin (2θK) sin θ` sinφ

8 1√
2

Im
(
AL0A

L∗
‖ +AR0 A

R∗
‖

)
sin (2θK) sin (2θ`) sinφ

9 2 Im
(
AL‖A

L∗
⊥ +AR‖ A

R∗
⊥

)
sin2 θK sin2 θ` sin (2φ)

lepton masses can be found for example in Ref. [569]. The dependence of the decay amplitude
on the Wilson coefficients is contained in the transversity amplitudes. Explicit expressions for
the transversity amplitudes in terms of the Wilson coefficients can also be found in [569].

Note that the decay angles are expressed in terms of the helicity basis, while the decay
amplitudes are expressed in terms of the transversity basis. The relationship between these
two bases has already been discussed in Section 6.1. As a reminder, the transversity amplitudes
are related to the helicity amplitudes, h0, h+ and h−, as

A0 = h0 ; A‖ =
1√
2

(h+ + h−) ; A⊥ =
1√
2

(h+ − h−) .

Taking into account also the charge-conjugated process B0→K∗0µ+µ−, the sum of the
two decay rates is given by

d4Γ (B0→K∗0µ+µ− +B0→K∗0µ+µ−)

dq2 d cos θ` d cos θK dφ
=

9

32π

∑
k

{
Sk(q

2) × fk(cos θ`, cos θK , φ)
}
,

where
Sk(q

2) ≡ Ik(q
2) + Ik(q

2)

and the coefficients Ik are obtained from the Ik by reversing the signs of all weak phases in
the decay amplitudes. A second set of observables,

Ak(q
2) ≡ Ik(q

2) − Ik(q
2) ,

is provided by the difference between the two decay rates. The angular coefficients Ik(q
2)

and Ik(q
2), Sk(q

2) and Ak(q
2) are observables that can be extrated from the measured angular

distributions. However, they suffer from significant theory uncertainties due to the dependence
of the decay amplitudes on hadronic form factors. This theory uncertainty can be significantly
reduced by forming combinations and ratios of the angular coefficients in which the form factors
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cancel at first order. An example is the forward-backward asymmetry, AFB(q2), of the emitted
muon with respect to the flight direction of the decaying B0 meson in the rest frame of the
dimuon system, i.e. the asymmetry between the number of decays for which cos θ` > 0 and
the number of decays for which cos θ` < 0. In terms of the coefficients Ik, it is given by

AFB = −3

2

2Is6 + Ic6
3Ic1 + 6Is1 − Ic2 − 2Is2

= − 3Is6
4(Ic1 + 4Is2)

,

where the second equality holds in the limit of vanishing mass of the lepton. In the Standard
Model, the value of AFB(q2) is expected to cross from negative to positive values at around
q2 = 4 GeV2/c2. Form-factor uncertainties cancel at the location of this zero-crossing point
and the measurement of its position as a function of q2 can therefore provide a sensitive test of
the Standard Model prediction [570]. However, this cancellation of the form-factor dependence
occurs in the case of AFB(q2) only in the vicinity of the zero-crossing point. Other observables
have been proposed and studied in literature in which the form-factor dependencies cancel to
first order over a wider range in q2. A compilation of such observables is given in Table 6.8.

The six complex transversity amplitudes give rise to twelve real parameters, which are
reflected in the twelve coefficients Ik. However, these twelve parameters are not independent
from each other. In the approximation of vanishing mass of the lepton, there exist four rela-
tionships, reducing the number of independent observables to eight. Three of these relations
are obvious from the expressions in Table 6.7,

Is1 = 3Is2 ; Ic1 = −Ic2 ; Ic6 = 0 ,

while the fourth one is less obvious and was first identified in Ref. [576] from an analysis of
continuous infinitesimal symmetries in the angular distributions. An “optimal set” of eight
independent observables that fully describe the decay amplitude in the approximation of van-
ishing mass of the lepton has been proposed in Ref. [577] as{

dΓ/dq2 ; AFB ; P1 ≡ A
(2)
T ; P2 ≡

1

2
A

(re)
T ; P3 ≡ −

1

2
A

(im)
T ; P ′4 ; P ′5 ; P ′6

}
.

Hadronic form factors cancel at leading order over the full q2 range of interest in all these
observables except dΓ/dq2 and AFB.

Measurements of the angular observables

Measurements of angular observables have been performed at Belle [578, 579], BaBar [580,
581] and CDF [582, 583] and more recently at CMS [584] and LHCb [564, 585]. The ATLAS
collaboration presented a preliminary result from such an analysis [586] that has, however, not
been published since 2013.

The latest analysis published by the Belle collaboration [579] was based on about 85% of
their full data set collected at the Υ(4S) resonance. A total of 246 signal candidates were
extracted and employed to measure the differential branching fraction, the forward-backward
asymmetry, AFB, and the longitudinal polarization fraction FL in three bins of q2 below the
J/ψ resonance, one bin in between the J/ψ and ψ(2s) resonances and two bins above the
ψ(2s) resonance. The latest measurement by the BaBar collaboration [581] was based on
64 signal candidates extracted from about 80% of their full data set collected at the Υ(4S) res-
onance. These were employed to measure AFB and FL in two wide bins of q2, one below and
one above the J/ψ resonance. Finally, the CDF collaboration published a measurement of

AFB and FL as well as A
(2)
T and Aim

T , based on 165 signal candidates extracted from a data set
corresponding to an integrated luminosity of 6.8 fb−1. The CDF measurement was performed
in the same bins of q2 that had been employed in the Belle analysis. In view of the limited
statistics, the observables were extracted in all cases from single-differential decay rates in one
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Table 6.8: Compilation of angular observables proposed for measurements in the decay B0→K∗0µ+µ−

and their definitions in terms of transversity amplitudes and/or angular coefficients Ik or Sk. The
differential branching fraction, dΓ/dq2, the lepton forward-backward asymmetry, AFB , and the K∗0 po-
larization fractions FL and FT = (1−FL) exhibit sensitivity to hadronic form factors, while these cancel
to first order in the remaining observables.

Observable Amplitudes Ik or Sk

dΓ/dq2 |AL0 |2 + |AR0 |2 + |AL‖ |
2 + |AR‖ |

2 + |AL⊥|2 + |AR⊥|2
1
4(3Ic1 + 6Is1 − Ic2 − 2Is2)

AFB
3
2

Re (AL‖A
L∗
⊥ −A

R
‖ A

R∗
⊥ )

|AL0 |2+|AR0 |2+|AL‖ |
2+|AR‖ |

2+|AL⊥|2+|AR⊥|2
−3

2
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c
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|AL0 |

2+|AR0 |
2

|AL0 |2+|AR0 |2+|AL‖ |
2+|AR‖ |

2+|AL⊥|2+|AR⊥|2
Ic2

4Is2−I
c
2

FT
|AL‖ |

2+|AR‖ |
2+|AL⊥|

2+|AR⊥|
2

|AL0 |2+|AR0 |2+|AL‖ |
2+|AR‖ |

2+|AL⊥|2+|AR⊥|2
2(2Is2−I

c
2)

4Is2−I
c
2

A
(2)
T [571]

|AL⊥|
2+|AR⊥|

2−|AL‖ |
2+|AR‖ |

2
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2+|AR‖ |
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of the helicity angles, i.e. by integrating over the other two decay angles. The single-differential
cross sections are then

dΓ

d cos θK
= 3

2 FL cos2 θK + 3
4 (1− FL) (1− cos2 θK)

dΓ

d cos θ`
= 3

4 FL (1− cos2 θ`) + 3
8 (1− FL) (1 + cos2 θ`) + AFB cos θ`

dΓ

dφ
= 1

2π

[
1 + 1

2(1− FL)A
(2)
T cos (2φ) + Aim

T sin (2φ)
]
.

The CMS collaboration performed a measurement of dΓ/dq2, FL and AFB based on their
2011 data set, corresponding to an integrated luminosity of 5.2 fb−1 [584]. The analysis was
again performed in the same q2 bins as used in the Belle analysis, except that a lower cut at
q2 > 1 GeV2/c4 was employed in the lowest q2 bin. Distributions of the K±π∓µ+µ− invariant
mass of selected candidates is shown in Figure 6.37. The angular observables were extracted
from a three-dimensional fit to the measured invariant mass, cos θK and cos θ` of the selected
candidates, i.e. integrating over the angle φ. Summed over all q2 bins, the fit assigned a total of
about 415 candidates to the B0→K∗0µ+µ− signal component. The differential cross section
was expressed as

1

Γ

d3Γ (B0→K∗0µ+µ−)

dq2 d cos θ` d cos θK
=

9

16
×
{

2
3FS + (4

3AS cos θK) (1− cos2 θ`)) + (1− FS) ×
[

+ 2FL (1− cos2 θK)(1− cos2 θ`))

+1
2 (1− FL) (1− cos2 θK) (1 + cos2 θ`))

+ 4
3 AFB (1− cos2 θK) cos θ`

] }
,

where the additional parameters FS and AS were introduced to describe the effect of a possible
S-wave contribution from K+π− pairs with relative angular momentum LKπ = 0, that were not
produced via an intermediate K∗0 resonance. The parameter FS describes the fraction of this
S-wave amplitude and the asymmetry AS is caused by its interference with the longitudinallly
polarized K∗0 decay amplitude. The two parameters were found to be FS = 0.01 ± 0.01 and
AS = −0.10± 0.01 in a fit to the control channel B0→ J/ψK∗0 and were fixed to these values
in the fits to the signal candidates. The results of the fits are shown in Figure 6.38 and were
found to be in good agreement with Standard Model predictions, which were extracted from
Ref. [587].

The most precise and comprehensive measurements of angular observables to date were
presented in two publications by the LHCb collaboration. Both these publications were based
on a sample of about 900 B0→K∗0µ+µ− and B0→K∗0µ+µ− candidates that were extracted
from the 2011 data set, corresponding to an integrated luminosity of 1 fb−1. The first pub-
lication [564] described a measurement of the differential branching fraction as well as the
simultaneous determination of four angular observables from a fit to the differential decay rate
as a function of all three helicity angles in bins of q2. Again, the same six q2 bins were employed
as in the Belle analysis mentioned above. A transformation in the angle φ,

φ → φ̂ =

{
φ+ π if φ < 0
φ otherwise

was employed to effectively cancel all observables proportional to cosφ or sinφ. From the
expressions in Table 6.7 it can be seen that this eliminates the coefficients I4, I5, I7 and I8.
The remaining four independent observables were chosen as FL, AFB, S3 and A9 and the
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Figure 6.37: Measured distributions of the K±π∓µ+µ− invariant mass in six q2 bins as obtained in
the CMS analysis of angular observables in the decay B0→K∗0µ+µ−. The q2 ranges for each bin are
indicated in the legend of each panel. The result of the fit to the data is superimposed as explained
in the legends, where “Comb.bkg.” refers to the component of combinatorial background from random
combinations of final-state particles and “Peak.bkg.” refers to backgrounds from B0→ J/ψK∗0 and
B0→ψ(2s)K∗0 decays that fail to be removed by the veto on the dimuon invariant mass (from [584]).

Figure 6.38: Results of the fit for (top) the differential branching fraction, dΓ/dq2, (bottom left) the
longitudinal polarization fraction, FL, and (bottom right) the forward-backward asymmetry, AFB , in six
q2 bins as obtained in the CMS analysis of angular observables in the decay B0→K∗0µ+µ−. Standard
Model predictions extracted from Ref. [587] are superimposed, where light shaded bands indicate the
prediction with its uncertainty and dark blue rectangles show the same prediction averaged over the
corresponding q2 bin. The two gaps between the third, fourth and fifth q2 bins correspond to the regions
of the J/ψ and ψ(2s) resonances that were excluded from the analysis. No attempt was made to calculate
a Standard Model prediction for the bin in between the J/ψ and ψ(2s) resonances (from [584]).
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differential decay rate was expressed as

1

dΓ/dq2

d4Γ (B0→K∗0µ+µ−)

dq2 d cos θ` d cos θK dφ̂
=

9

16π
×
{
FL cos2 θK

+ 3
4 (1− FL) (1− cos2 θK)

−FL cos2 θK (2 cos2 θ`)− 1)

+1
4 (1− FL) (1− cos2 θK) (2 cos2 θ`)− 1)

+S3 (1− cos2 θK) (1− cos2 θ`) cos (2φ̂)

+ 34
3 AFB (1− cos2 θK) cos θ`

+ A9 (1− cos2 θK) (1− cos2 θ`) sin (2φ̂)
}
.

Two alternative fits were performed to the same data set. In one of these fits, the observables

AFB and S3 were replaced by the theoretically clean observables A
(re)
T , A

(2)
T using the relations

AFB = 3
4 (1− FL)A

(re)
T

S3 = 1
2 (1− FL)A

(2)
T ,

and in the third fit, the sign convention for the angle φ̂ was reversed in order to measure the
CP averaged observable S9 instead of the asymmetry A9. Due to a small value of the strong
phase between the two transverse decay amplitudes A⊥ and A‖, the value of S9 is expected
to be close to zero over the full range of q2 in the Standard Model and most of its extentions.
The measurement of S9 can therefore serve as a cross check of the measurement technique.

Signal candidates were selected at the trigger level by requiring first at least one muon
candidate with transverse momentum above a certain threshold, then a reconstructed track
with transverse momentum above another threshold and significant impact parameter with
respect to the reconstructed pp interaction vertex and finally two tracks that formed a dis-
placed vertex. The offline selection was based on particle identification requirements for the
muon, kaon and pion candidates and their impact parameters with respect to the pp inter-
action vertex, the invariant mass of the kaon/pion pair and that of the B0 candidate, the fit
quality of the B0 decay vertex and its displacement from the pp interaction vertex, and the
impact parameter of the B0 candidate with respect to the pp interaction vertex and the angle
between the B momentum vector and the line connecting the pp interaction vertex and the
decay vertex of the B0 candidate. Several of these variables were combined in multivariate
classifier. This multivariate classifier was trained on collision data employing a large sample
of B0→ J/ψK∗0 candidates as a proxy for signal and candidates from the upper sideband of
the K+π−µ+µ− invariant-mass distribution as a proxy for background. Care was taken in the
selection of the discriminating variables to minimize possible biases on the q2 distribution and
angular distributions of the selected candidates. For example, no requirements were made in
the offline selection on the transverse momenta of the muon candidates as such requirements
would lead to strong biases on the distribution in cos θ` at low values of q2.

The two-dimensional distribution of the invariant mass of the B0 candidate versus the
dimuon invariant mass for the selected candidates is shown in Figure 6.40, indicating the regions
in dimuon invariant mass that were vetoed to reject the large background fromB0→ J/ψK∗0 de-
cays. Appropriate invariant-mass vetoes were also applied to reject possible peaking back-
grounds from B0→ J/ψK∗0 decays in which the kaon or pion were misidentified and swapped
with one of the final-state muons, from decaysB0

s→φµ+µ− with φ→K+K− or Λb→Λ∗(1520)µ+µ−

with Λ∗(1520)→ pK− in which a kaon or the proton were misidentified as a pion, and finally
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Figure 6.39: Distribution of the invariant mass of the dimuon pair versus the the K±π∓µ+µ− invariant
mass, from the LHCb analysis of angular observables in the decay B0→K∗0µ+µ−. Horizontal lines
indicate the dimuon mass bands that were vetoed to remove the background from B0→ J/ψK∗0 and
B0→ψ(2s)K∗0 decays, while vertical lines indicate the signal window around the nominal B0 mass
(from [564]).

Figure 6.40: Measured distributions of the K±π∓µ+µ− invariant mass in six q2 bins as obtained in
the LHCb analysis of angular observables in the decay B0→K∗0µ+µ−. The q2 ranges for each bin are
indicated in the legend of each panel. The result of the fit to the data is superimposed, where grey
shaded areas indicate the component assigned to combinatorial background. Peaking backgrounds are
negligible after the dimuon invariant-mass vetoes described in the main text. Candidates were weighted
with the inverse of the assigned efficiency as described in the text (from [564]).
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from combinations of a true decay B+→K+µ+µ− with a random kaon from the decay of the
other b hadron in the event. The effects of detector acceptance and selection efficiencies as a
function of cos θ`, cos θK and φ were estimated in fine bins of q2 using large samples of simulated
events. These effects were corrected for in the analysis by weighting each selected candidate
with the inverse of the efficiency ε(cos θ`, cos θK , φ) ≡ ε(cos θ`) × ε(cos θK) × ε(φ), i.e. it was
assumed that the efficiencies in the three angular variables factorize. The validity of this as-
sumption was verified in the sample of simulated events. The differential branching fraction
dΓ/dq2 was determined by fits to the invariant-mass distribution of the B0 candidates in each
of the q2 bins. The signal component was modelled in these fits by the sum of two modified
Gaussian distributions with power-law tails to model radiative tails. The parameters of this
function were determined from collision data employing the large signal of B0→ J/ψK∗0 can-
didates. In addition to the signal component, the fit function contained contributions for
combinatorial background and for peaking backgrounds from B0

s→K∗0µ+µ− decays and from
misidentified B0

s→φµ+µ− and B0→ J/ψK∗0 decays that ecaped the invariant-mass vetoes
described above. The combinatorial background component was described by an exponential
function, the B0

s→K∗0µ+µ− component by the same functional form as the signal compo-
nent, and the other two peaking backgrounds with empirical shapes derived from samples of
simulated events. To reduce systematic uncertainties, the differential branching fraction was
measured relative to that of the decay B0

s→ J/ψK∗0 as

dBF (B0→K∗0µ+µ−)

dq2
≡ 1

∆q2

NB0→K∗0µ+µ−

NB0→J/ψK∗0

εB0→J/ψK∗0

εB0→K∗0µ+µ−
×

× BF (B0→ J/ψK∗0) × BF (J/ψ→µ+µ−)

The angular observables were determined by a simultaneous fit to the invariant mass of
the B0 candidates and the three decay angles. The angular distribution for the background
component was modelled in this fit by a product of three second-order Chebychev polynomials.
The underlying assumption that the angular distribution of the background can be factorized
into three individual components was validated on collision data employing candidates from
the upper sideband of the K+π−µ+µ− invariant-mass distribution. The results of the fit to
the data are shown in Figure 6.41 together with Standard-Model predictions extracted from
Ref. [588]. Good agreement was found in all observables. The measured values in the lowest
q2 bin, corresponding to 0 < q2 < 2 GeV2/c2, were corrected for the effect of the finite mass
of the muon, which had hitherto been neglected and causes a correction factor

1− 4m2
µ/q

2

1 + 2m2
µ/q

2
or

√
1− 4m2

µ/q
2

1 + 2m2
µ/q

2

on the angular coefficients Ik. The effect of a possible S-wave contribution from K+π− pairs
with relative angular momentum LKπ = 0 was tested by including the additional term

2

3
FS (1− cos2 θ`) +

4

3
AS cos θK (1− cos2 θ`)

in the fit to the data. The S-wave fraction FS was determined from this fit to be smaller
than 7% at a confidence level of 68% and was not further considered in the nominal fit. A
systematic uncertainty was assigned to the final results to take this approximation into account.
Additional systematic uncertainties were assigned to cover possible biases due to the modelling
of the angular efficiency. Other sources of systematic uncertainties, such as production and
detection asymmetries were studied but found to have a negligible effect. Finally, the angular
fit was also applied to the B0→ J/ψK∗0 control sample and the results were found to be in
good agreement with expectations.
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Figure 6.41: Measurements of (top left) dΓ/dq2, (top right) FL, (middle left) AFB , (middle right) S3,

(bottom left) A
(2)
T and (bottom right) Are

T in six bins of the squared momentum transfer, q2, as obtained
in the LHCb measurement of angular observables in the decay B0→K∗0µ+µ− and B0→K∗0µ+µ−.
Standard Model predictions are superimposed, where light shaded bands indicate the prediction with
its uncertainty and dark purple rectangles show the same prediction averaged over the corresponding q2

bin. The two gaps between the third, fourth and fifth q2 bins correspond to the regions of the J/ψ and
ψ(2s) resonances that were excluded from the analysis. No attempt was made to calculate a Standard
Model prediction for the bin in between the J/ψ and ψ(2s) resonances. The results for the asymmetry
A9 were found to be compatible with the expectation of vanishing asymmetry in all q2 bins and are not
shown here (from [564]).



320 CHAPTER 6. CHALLENGING THE STANDARD MODEL

The final result of this analysis was a measurement of the zero-crossing point, q2
0, of the

foward-backward asymmetry AFB(q2). As mentioned above, uncertainties due to hadronic
form-factors largely cancel in the calculation of this zero-crossing point and its position can
therefore be predicted with good precision. Different calculations [589–591] lead to predictions
between 4 and 4.3 GeV2/c4, with quoted uncertainties between 5 and 10%. The LHCb mea-
surement was performed by fitting third-order polynomials to the measured q2 distributions
for candidates with cos θ` > 0 and separately for candidates with cos θ` < 0. The position of
the zero-crossing point was then estimated by calculating the difference of the two polynomials
and dividing it by their sum. The result of the measurement,

q2
0 = ( 4.9 ± 0.9 ) GeV2/c4 ,

agrees with the Standard Model prediction within its uncertainty.
In the second publication based on the 2011 data set [585], the LHCb collaboration pre-

sented a first measurement of the form-factor independent observables P ′4, P ′5, P ′6 and P ′8. The
analysis was based on the same selection of signal candidates and used the same binning in q2

as that described in the previous paragraphs. Moreover, correction for the effects of angular
acceptance and selection efficiencies and the treatment of background components in the fit
were also implemented in the same manner. The angular distribution was describedd in terms
of the new observables as

1

dΓ/dq2

d4Γ (B0→K∗0µ+µ−)

dq2 d cos θ` d cos θK dφ̂
=

9

32π
×
{

3
4 (1− FL) sin2 θK + FL cos2 θK

+ 1
4 (1− FL) sin2 θK cos (2θ`) − FL cos2 θK cos (2θ`)

+ 1
2 (1− FL)A

(2)
T sin2 θK sin2 θ` cos (2φ)

+
√
FL(1− FL)P ′4 sin (2θK) sin (2θ`) cosφ

+
√
FL(1− FL)P ′5 sin (2θK) sin θ` cosφ

+ (1− FL)Are
T sin2 θK cos θ`

+
√
FL(1− FL)P ′6 sin (2θK) sin θ` sinφ

+
√
FL (1− FL)P ′8 sin (2θK) sin (2θ`) sinφ

+ A9 sin2 θK sin2 θ` sin (2φ)
}

and the sets of angular transformations listed in Table 6.9 were applied to reduce the number
of parameters in the fits for each of the new observables. A careful inspection of the expression
above will show that each of these sets of transformations preserves the first five terms on the
right-hand side of the equation plus the term sensitive to the observable P ′k in question, while

it cancels all other terms. The remaining expressions therefore depend only on FL, A
(2)
T and

the observable P ′k. Each of the P ′k was determined from an independent fit to the invariant
mass distribtution and the angular distributions in terms of the appropriate set of transformed

angles. The values of FL and A
(2)
T were treated as free parameters in the fit and the fitted

values agreed in all cases with those found in the earlier analysis. The results of the fits for
P ′4 and P ′5 are shown in Figure 6.42. The results for P ′6 and P ′8 were found to be close to
zero in all q2 bins as expected due to the small value of the strong phase difference between
the relevant decay amplitudes. All results as well as a detailed description of the analysis and
the treatment of systematic uncertainties can be found in Ref. [592]. In general the results
were found to be in good agreement with Standard Model predictions, with the exception of
the fit for the observable P ′5 in the bin 4.30 < q2 < 8.68 GeV2/c4, which yielded a result
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Figure 6.42: Measurements of the angular observables (left) P ′4 and (right) P ′5 in six bins of the squared
momentum transfer, q2, as obtained in the LHCb measurement of these angular observables in the
decay B0→K∗0µ+µ− and B0→K∗0µ+µ−. Standard Model predictions are indicated by the shaded
rectangles. A significant deviation between measurement and predction is apparent in the third q2 bin
for the observable P ′5 (from [585]).

that deviated significantly from expectations. Comparing in particular to the prediction from
Ref. [577], the discrepancy in this bin was estimated to correspond to 3.7 Gaussian standard
deviations. This result has triggered some interest in the theory community, where it has
become known as “the B→K∗µ+µ− anomaly”. For example, it has been shown in Ref. [593]
that a modification of the Wilson coefficient C9 with respect to its Standard Model value can
reduce this discrepancy and lead at the same time to a better agreement between prediction
and measurement also in other observables. It has been shown that the discrepancy could be
explained by the existence of a hypothetical Z ′ boson [594, 595]. On the other hand, it has
also been argued that uncertainties related to non-factorizable QCD power corrections, could
be larger [596] than estimated in Ref. [593] or that the effect could be due to previously not
considered charm-loop effects [597]. In Ref. [598], a number of proposals have been made for
measurements of complementary observables that could shed more light on the issue. While
these discussions are ongoing, an LHCb measurement of the angular observables in the decay
B0→K∗0µ+µ− is at the moment still pending1.

1Preliminary results from the analysis of the full run I data set have been presented [599] at the 2015
Moriond conference in La Thuile. They confirm the results of the published analysis and the discrepancy with
current Standard Model predictions in the observable P ′5.

Table 6.9: Sets of angular transformations that were applied in the fits for the LHCb analysis of angular
observables in the decay B0→K∗0µ+µ− to fit for each of the observables P ′4, P ′5, P ′6 and P ′8.

P ′4 P ′5

φ→ −φ for φ < 0

φ→ π − φ for θ` > π/2

θ` → π − θ` for θ` > π/2

φ→ −φ for φ < 0

θ` → π − θ` for θ` > π/2

P ′6 P ′8

φ→ π − φ for φ > π/2

φ→ −π − φ for θ` < −π/2
θ` → π − θ` for θ` > π/2

φ→ π − φ for φ > π/2

φ→ −π − φ for θ` < −π/2
θK → π − θK for θ` > π/2

θ` → π − θ` for θ` > π/2





Chapter 7

Epilogue: Preparing for the Next
Challenge

It is pertinent to remember that the great steps are always made by those who
don’t work on the most fashionable subject.

— Alvaro de Rújula as quoted in: Gary Taubes, Nobel Dreams,
Random House Inc, New York, 1986.

As shown in the previous two Chapters, we have witnessed over the last abou fifteen years
an immense progress in the understanding of heavy quark flavour physics, thanks to the great
success of the two B factories, important contributions from the two Tevatron experiments
and, more recently, the impressive results coming out of the first two years of LHCb data
taking. Tensions have been Despite a few tensions and discrepancies, which will require further
studies, the overall picture that emerges from these measurements is that the Standard Model
in general and the Cabibbo-Kobayashi-Maskawa model of flavour-changing quark interactions
in particular stand tall. The overconstraint determination of the parameters that describe
the CKM Unitarity Triangle results in a consistent picture and has established the CKM
mechanism as the dominant source of CP violation in the quark sector. The current precision
of these measurements constrains possible contributions from physics beyond the Standard
Model to the level of 10-20%. Measurements of CP violating observables in B0

s−B0
s mixing

and of observables in rare decays of B0 and B0
s mesons are in general in good agreement with

Standard Model predictions and put severe constraints on the parameter space of proposed
extentions to the Standard Model.

The main goal for the LHCb experiment and for future experiments studying flavour-
changing interactions of heavy-quarks will be to improve on the precision of the existing mea-
surements and thereby extend the sensitivity to possible sub-dominant contributions from
physics beyond the Standard Model. Obvious topics that come to mind today include

• in consistency checks of the Unitarity Triangle parameters, to further improve the preci-
sion in measurements of the angle γ (Section 5.5) and to resolve inconsistencies regarding
the length of the side Ru (Section 5.2);

• in measurements of CP violating observables in the B0
sB

0
s system, to resolve the question

of the D0 claim for an anomalous same-sign dimuon charge asymmetry Section 6.2;

• in measurements of observables in rare decays of b hadrons, to measure the branching
fraction of the rare decay B0→µ+µ− and to investigate the perceived “B0→K∗0µ+µ−

anomaly”;

but the field is large and who knows what tomorrow’s “fashionable” observable is going to be.
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The precision of most measurements has so far been limited by statistical uncertainties
and leading systematic uncertainties are often limited by the size of the available data samples
in control channels. Therefore, significant improvements can be expected from the analysis
of larger data samples. However, with the exception of the semileptonic asymmetry assl and
angular observables in the decay B0→K∗0µ+µ− where LHCb measurements using the full
run I data set are still pending1, no significant new input from experiments should be expected
for a couple of years. The two B factories as well as the Tevatron have been terminated and
most analyses of key observables published by the BaBar, Belle, CDF and D0 collaborations
have already been based on the complete or almost complete collected data samples. The LHC
has been shut down for maintenance and consolidation work of more than two years now. The
restart of the LHC is imminent in spring 2015, but it is going to take the LHCb collaboration
a few years to collect and digest a data set that will correspond to a significant increase of the
already analaysed data.

In the longer term, the prospect for improved measurements looks promising. The LHCb
collaboration expects to collect an integrated luminosity of 5 fb−1 during the three years of
LHC operation foreseen from 2015 till 2018. Taking into account the expected increase in the
bb production cross section due to the higher LHC collision energy and envisaged improvements
in the operation of the software trigger [600], this should allow to treble the available data
samples for key observables. In parallel, the LHCb collaboration works on a comprehensive
upgrade of the detector that would permit to operate at a five times higher instantaneous
luminosity, and with significantly increased trigger efficiencies for crucial decay modes to fully
hadronic final states. The stated goal of the LHCb upgrade effort is to accumulate an integrated
luminosity of 50 fb−1 over a data taking period of 10 years. The physics case of the LHCb
upgrade has been explored in Ref. [601]. Expected statistical uncertainties on key observables
are reproduced here in Table 7.1. Technical aspects of the upgrade are described in a series of
Technical Design Reports [602–606].

At the same time, a next generation B factory, Belle II, aiming for a 40 times higher
instantaneous luminosity than that achieved at KEKB, is under construction at KEK. The
planning foresees to start commissioning in 2015 and to collect integrated luminosities of
10 ab−1 by 2019 and 50 ab−1 by 2023. For comparison, the data sample collected by the
Belle experiment corresponds to 1 ab−1. The Belle upgrade project is described in detail in
Ref. [607] and its physics potential has been explored in Ref. [608]. A summary of the expected
sensitivities to various observables is reproduced here in Table 7.2.

The physics programmes for Belle II and the LHCb upgrade continue to build on the
respective strengths of the two approaches, where the main advantage for LHCb lies in the
access to observables in all b hadron systems, while the cleaner environment in e+e− collisions
will give Belle II access to final states with photons and missing particles and the potential to
perform inclusive measurements.

A word of caution before the final conclusion. In view of the high level of statistical accuracy
that Belle II and the LHCb upgrade aim for, the careful study and understanding of systematic
effects will become a more and more important issue. While the statistical treatment of the
data has seen significant improvements over the last years, with dedicated workshops being
organized on the topic, the approach to systematic uncertainties seems less well under control.
A concerted effort to establish guidelines and quality standards might be desirable.

And, of course, it will be interesting to see how well the currently stated precision of theory
predictions will prevail when challenged by more and more precise measurements. But, it is
precisely this interaction between theory and experiment that defines the beauty of this field. If
more and more precise measurements lead to significant and robust deviations from Standard

1Preliminary results of an angular analysis of the decay B0→K∗0µ+µ− employing the full run I data set
have been presented at the Moriond 2015 conference. They are compatible with the results of the published
analysis and confirm a tension with Standard Model predictions.



325

Model predictions, they give us a glimpse of physics beyond the Standard Model. The pattern
of the observed deviations might even allow to put constraints on the dynamics of the New
Physics at work. If no significant deviations are found, precise measurements by challenging
theory predictions will contribute to a better understanding of the more subtle aspects of the
dynamics at work within the Standard Model.

Enough to do, then. Let’s get back to work.
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Table 7.2: Comparison of current precision of Belle measurements and expected sensitivities for Belle II
(reproduced from [607]).
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