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Apart from mass variations, the three charged leptons in the Standard Model are exact
copies of one another, and the electroweak coupling of the gauge bosons to leptons is
independent of lepton flavor. This hypothesis is known as lepton flavor universality
(LFU) and has been thoroughly investigated. Any violation of LFU in tree level decays
would be a clear indicator of physics beyond the Standard Model. New Physics particles
that preferentially link to the 2nd and 3rd generations of leptons are very susceptible to
experimental testing of LFU in semileptonic b-hadrons or uncommon b decays.

The purpose of this study is to figure out how the e [ciehcies of the rare and resonant
decay behave.
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Chapter 1

Introduction

1.1 Standard Model

In the so-called Standard Model (SM) of particle physics, physicists have summarized
their understanding of the tiniest particles and their interactions. With the exception of
the gravitational force, it accurately represents all of the phenomena of the microcosm
that we are aware of, namely the matter particles and the forces operating between them.
The Higgs boson, which is another component of the SM, is a Higgs- eld excitation that,
simpli ed, is accountable for the reason that the other elementary particles have mass.

The interactions or forces that keep matter together are interactions or forces between
the particles of matter. The world around us would collapse into its tiny components if
this were not the case. The electromagnetic force, the weak force, and the strong force
are the interactions. They emerge as a result of the interchange of so-called gauge bosons
between matter particles. Gravity, the fourth known fundamental force, has no e ect in
the microcosm. Photons are exchanged to form the electromagnetic force, which works
across extremely long distances between charged particles, because of the photon being
massless. Inside protons and neutrons, the strong force maintains the quarks together.
The matter particles interchange gluons, which come in eight distinct varieties and have
an e ective range of just the atomic nucleus. All elementary particles, even those that
are not electrically charged, are a ected by the weak force. The weak force happens via
the interaction of Z and W bosons and has a limited range, due to the enormous masses
of the exchange particles that mediate it. The W and Z bosons are over 100 times heavier
than a proton.

There are a total of twelve matter particles, the so called fermions (particles with spin
1=2), split into six quarks and six leptons. Both groupings are made up of particles
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from three di erent generations. Each generation is made up of two quarks and two
leptons, which are known as avours. The characteristics of the particles in the various
generations are identical, but their mass di ers: matter particles in the second and third
generation are heavier than those in the rst.

Generation \ I \ [l \ 11
Quarks 3 g L
Leptons €

Furthermore, the second and third generations' elementary particles are unstable, decaying
into particles from the rst generation. Quarks are the constituents of hundreds of
composite particles, amongst them the only two stable ones protons and neutrons, which
make up the atomic nucleus. The electrical charge of the 'up-type' quarkqu;c;t) is
+2 =3, whereas that of the 'down-type' quarks(d;s;b is 1=3. Charged(e ; ; ) and
uncharged( ¢; ; ) leptons are the two types of leptons that exist. The rst type has
an electrical charge of 1, whereas the second type is uncharged and is appropriately
named neutrino.

1.2 Lepton Flavor Universality

The three charged lepton avors in the Standard Model are identical, aside from their
mass. The gauge bosons mediating the weak interaction have an identical couplings to
the three lepton avors. Therefore, leptonic decays involving the weak interaction should
also have comparable branching ratios for the various families. This phenomenon is also
known as the Lepton Flavor Universality (LFU). Any violation of this universality would

be a signal for New Physics (NP) beyond the SM. The semileptonic decays of heavy
hadrons, of all three generations, o er a great laboratory for testing LFU. Many models
that extend the SM include extra interactions that potentially violate the LFU.

Physics beyond the SM with LFU violation expect di erent couplings for di erent
generations, which means that this is ideally adapted to search for LFU violation. A
single vertex, according to the SM, may only alter a patrticle's avor from up-type to
down-type or vice versa. Therefore, there are no Flavour Changing Neutral Currents
(FCNC). In other words, according to the SM, there are no processes, where the avor of
the quark is changed without a change in the electric charge. As seen on the left side of
Fig. 1.1, these FCNC must pass through amplitudes using electroweak loop diagrams,
also known as Penguin diagrams and do not occure on tree level.
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Figure 1.1: Penguin Diagram of theB%! K **° decay and a possible NP
contribution with a new particle Z°

Since the beginning of the LHCb experiment, studies of decays mediated by the FCNC,
such asB®! K **° and others, have been analyzed.

According to current study [1], the ratio of electronic and muonic decay rates, shown
in equation 1.1, is signi cantly di erent from unity, indicating that the B has a higher
likelihood of decaying into an electron-positron pair than its muonic counterpart, breaking

LFU. In other words these results are an indicator for new physics.

B B!l K *
Rk = 1.1
K " B(BY! K e'e) (1.1)

To calculate the R value we have to take many things into account, since electrons
and muons behave di erently in the detector, especially in terms of detection e ciency.
The branching ratios are normalised with those of the resonant mode€= , which reduces
experimental systematic errors. In the analysis we looked at the following ratio:

R = B B! K * B B9 K ee 1.2)

“ T BMBOI KJ= (I * ) B(BO! KJ= (I ee) '
The resonant channels containing the decay)= ! “*° are found to be compatible with
LFU, i.e. theratio B(J= ! e'e )=B(J= ! * ) is found to be compatible with

unity, so the double ratio may be investigated rather than the single ratio. Because the
resonant and non-resonant decays have comparable experimental signatures, systematic
e ects are reduced, and the ratio's uncertainty is ultimately dominated by statistical
uncertainty.

This resonant channel's ratio also serves as a cross-check, verifying that the di erences in
experimental signatures for muons and electrons are well understood and accounted for.
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1.2.1 Known Branching Fractions

In lepton avour non-universal observables Rk and Rg , the LHCb experiment recently
discovered signs of new physics (NP).

Rk and Rk have been measured in the dilepton invariant mass squaredy 2 [1 6]GeV?,
where the measured R values are as follows [2] [3]:

Rk =0:86 0:06

Rk =0:68 0:18

The deviations from the Standard Model (SM) are only at the level of3:1 respectively
22 .BO! (K orK )I*l decays are proceed througlb! s avour changing neutral
current (FCNC) transitions at the quark level.

The individual branching ratios B B! K * andB BY! K e'e are predicted
with comparatively larger hadronic uncertainties in the SM.

1.3 Goal of the Analysis

When the same cuts are applied to both samples corresponding to data collected over
the same moment, the branching fraction should be very similar (up to a permille) [4].
The purpose of this study was to compare the branching ratios of the following decays:

~ BO1 K* e'e
~BOI KT
~BOI KY J= (I €'e)
~BOI KY J= (0 * )
In other words we compare the decay8°! K* [*| tothose ofB°! K* J= (!
I*1 ), where theJ= decays into two electrons or muons.

Analogous to Eq. 1.2, the aim of the analysis is to measure the fraction of the following

branching fractions.
B(Bo K* * )

_ B(BO K* ete)
R = B(BOI J= (I * ) (1.3)
B(BO! J= (I e*e )

SinceB®! K* J= (! I*] ) has the same nal state asB°! K* |*] and since
its branching ratio is very well measured, we can use this decay as a control channel as
mentioned before.
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The branching fractions ratio is calculated by using the number of events found by the

ts, normalised to the e ciency ratio:

B BO| K+ + _ NSigBO! K+ + BOI K+ ete (14)
B(B°! K* e*e) NSiggo, k+ e'e  BO K+ + '

We are, however, interested in the double ratio, as shown in equation 1.3, which can be
rewritten in the same way as formula 1.4 was.
As a result, we have:

B(B% K* * ) NSiggo, +  + BOI K+ ete

B(BOI K* e‘e ) _ NSiggo, g+ e*e BOI K+ + 1.5)
B(BO! J= (! + ) - Nsigg o, g + =0 *t ) BOI k+ J= (I ete ) ( '
B(BOI J= (I e'e) NSiggo, k+ 3= (1 ete ) BOI K* 3= (1 * )

This equation will play an important role in the analysis in Chapter 5.



Chapter 2

Large Hadron Colider

The Large Hadron Collider (LHC) [5] has been the most powerful particle accelerator
ever constructed and the newest addition to the CERN accelerator complex since its
inauguration on September 10, 2008, when the rst beam successfully completed a round

trip [6]. The LHC is housed in an underground tunel with an average depth ofLOOm
near the Swiss-French border.

Figure 2.1: CERN's Large Hadron Collider [7].

The LHC uses superconducting magnets cooled te271:3 C to accelerate two proton
beams in opposing directions. They travel in groupings (bunches) through pipes that are
maintained at ultrahigh vacuum pressures ranging from1 10 ’ to 10 °Pa[8]. Protons
reach speeds 099:9999%c and will ultimately collide with other protons, producing a
variety of particles called collision debris.
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Protons are produced by removing electrons from hydrogen atoms held in a tiny hydrogen
bottle. The particles are then sent through a series of increasing-energy pre-accelerators
before being injected into the LHC ring. The pre-accelerators have energies of up to
50 MeV for the Linear Accelerator 2 (LINAC2), 1.4 GeV for the Proton Synchrotron
Booster (PSB), 25 GeV for the Proton Synchrotron (PS), and 450 GeV for the Super
Proton Synchrotron (SPS).

2.1 Main detectors

The beams that go through the LHC are accelerated, twisted, and focussed by particular
magnet arrays, which also compress them seconds before they meet. These collisions take
place at four distinct Interaction Points (IPs) throughout the ring, which correspond to

the four large particle detectors: ATLAS, CMS, ALICE, and LHCb.

2.1.1 Atlas

ATLAS (A Toroidal LHC Apparatus) is

the biggest of the four detectors and one

of the two general-purpose detectors. It is

46 meters in length, 25 meters in diameter,

and weighs 7000 tons. ATLAS and CMS

reported in collaboration the discovery of

the Higgs boson 1Q] in July 2012. Fig-

ure 2.2 shows a schematic of the ATLAS Figure 2.2:  ATLAS detector [9].
detector.

21.2 CMS

CMS (Compact Muon Solenoid) is a

general-purpose detector that is based on

a solenoidal superconducting magnet that

produces a 4 Tesla magnetic eld and

weighs roughly 12000 tonnes. It measures

21 meters in length, 15 meters in width,

and 15 meters in height [L2]. Figure 2.3

shows a schematic view of the CMS detec- Figure 2.3: CMS detector [11].
tor.
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