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LHCb detector - tracking

• Excellent Impact Parameter (IP) resolution (20 µm).
⇒ Identify secondary vertices from heavy flavour decays
• Proper time resolution ∼ 40 fs.
⇒ Good separation of primary and secondary vertices.
• Excellent momentum (δp/p ∼ 0.4− 0.6%) and inv. mass resolution.
⇒ Low combinatorial background.
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LHCb detector - particle identification

• Excellent Muon identification ϵµ→µ ∼ 97%, ϵπ→µ ∼ 1− 3%
• Good K − π separation via RICH detectors, ϵK→K ∼ 95%,
ϵπ→K ∼ 5%.
⇒ Reject peaking backgrounds.
• High trigger efficiencies, low momentum thresholds. Muons:
pT > 1.76GeV at L0, pT > 1.0GeV at HLT1,
B → J/ψX : Trigger ∼ 90%.
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Legacy of B-factories
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CP violation in B0 system from B factories
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γ from B → DK
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γ from B → DK

Marcin Chrzaszcz (Universität Zürich) B(eautiful) Physics 7/21
7/21



|Vub from Λb
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|Vub| from Λb
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|Vub| from Λb
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|Vub| Puzzle
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∆ms and ∆md
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Bs/d → µµ

⇛ Golden channel for LHCb.
⇛ Normalized to the B → Kπ and
B → KJ/ψ .
⇛ The selection is achived by BDT
trained on MC and calibrated on data.

⇛ Br(B0s → µµ) = (3.0± 0.6+0.3−0.2)10
−9

7.8 σ significant!

⇛ Br(B0d → µµ) < 3.4× 10−10, 90%CL

Effective lifetime
⇛ Sensitivity to non-scalar NP.
⇛ τ(B0s → µµ) = 2.04± 0.44± 0.05ps
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Bs/d → ττ

⇛ NP sensitivity enhanced due to
the high τ mass.
⇛ More challenging: at least 2ν
are escaping.
⇛ Selecting τ → 3πν,→ 9.31 %
⇛ Normalization channel:
B → D(Kππ)Ds(KKπ).
⇛ No peak in the B mass window
→ fit the NN output.
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Λb → pπµµ

⇛ First observation of b→ d in baryon
system!
⇛ BDT selection trained on MC
⇛ Normalized to Λb → pπJ/ψ
⇛ With futher QCD improvements we will
be able to to measure |Vts||Vtd|

.

⇛ Br(Λb→pπµµ)
Br(Λb→pπJ/ψ)

= 0.044± 0.012± 0.007

⇛ 5.5 σ significance! ⇛ First observation.

Br(Λb → pπµµ) =
(6.9± 1.9± 1.1+1.3−1.0)× 10

−8
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Search for light scalars
⇛ Hidden sector models are gathering
more and more attention.
⇛ Inflaton model: new scalar then
mixes with the Higgs.
⇛ B decays are sensitive as the
inflaton might be light.
⇛ Searched for long living particle χ
produced in: B → χ(µµ)K.
⇛ Analysis performed blindly as a
peak search.
⇛ Light inflaton essentially ruled out:
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K0S → µµ
⇛ pp collisions create enormous amount
of strange mesons.
⇛ Can be used to search for K0S → µµ.
⇛ SM prediction:
Br(K0S → µµ) = (5.0± 1.5)× 10−12

⇛ Dominated by the long distance
effects.
⇛ We used two types of triggers: TIS and
TOS.
⇛ Bkg dominated by K0S → ππ. ⇛ No significant enhanced

of signal has been observed
and UL was set:

Br(K0S → µµ) <
6.9(5.8)× 10−9 at 95(90)%
CL
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B0 → K∗µ−µ+ decay

⇛ B0 → K∗µ−µ+ is a smoking gun for
NP hunting!
⇛ Reach angular observables makes
is sensitive to different NP models
⇛ In addition one can construct less
form factor dependent observables:

P ′5 =
S5√

FL(1− FL)

⇛ In single analysis observed 3.4 σ
discrepancy in the C9 WC.
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Branching fraction measurements of B0s → ϕµµ

• Recent LHCb measurement, JHEP09 (2015) 179.
• Suppressed by fsfd .
• Cleaner because of narrow ϕ resonance.
• 3.3 σ deviation in SM in the 1− 6GeV2 bin.
• Angular part in agreement with SM (S5 is not accessible).
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Theory implications of b→ sℓℓ
• A fit prepared by S. Descotes-Genon, L. Hofer, J. Matias,

J. Virto.
• The data can be explained by modifying the C9 Wilson coefficient.
• Overall there is > 4 σ discrepancy wrt. the SM prediction.
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Summary

⇛ LHCb is the new B-factory.
⇛ A lot of consistent anomalies have been observed!
⇛ Until Belle2 starts to produce results LHCb will dominate the heavy
flavour physics.
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Reminder
• Operator Product Expansion and Effective Field Theory

Heff = −
4Gf√
2
V V

′∗
∑
i

Ci(µ)Oi(µ)︸ ︷︷ ︸
left-handed

+ C
′
i(µ)O

′
i(µ)︸ ︷︷ ︸

right-handed

 ,
i=1,2 Tree

i=3-6,8 Gluon penguin

i=7 Photon penguin

i=9.10 EW penguin

i=S Scalar penguin

i=P Pseudoscalar penguin

where Ci are the Wilson coefficients and Oi are the corresponding
effective operators.
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Analysis of Rare decays

Analysis of FCNC in a model-independent approach, effective Hamiltonian:

b→ sγ(∗) : HSM∆F=1 ∝
10∑
i=1

V
∗
tsVtbCiOi + . . .

• O7 = e

16π
2mb (s̄σ

µν
PRb)Fµν

• O9 = e
2

16π
2 (s̄γµPLb) (ℓ̄γµℓ)

• O10 = e
2

16π
2 (s̄γµPLb) (ℓ̄γµγ5ℓ), ...

• SM Wilson coefficients up to NNLO + e.m. corrections at µref = 4.8 GeV [Misiak et
al.]:

CSM7 = −0.29, C
SM
9 = 4.1, C

SM
10 = −4.3

• NP changes short distance Ci − C
SM
i = C

NP
i and induce new operators, like

O′7,9,10 = O7,9,10 (PL ↔ PR) ... also scalars, pseudoescalar, tensor operators...
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B0 → K∗µ−µ+ kinematics

⇛ The kinematics of B0 → K∗µ−µ+ decay is described by three angles
θl, θk, ϕ and invariant mass of the dimuon system (q2).

⇛ cos θk: the angle between the
direction of the kaon in the K∗ (K∗)
rest frame and the direction of the
K∗ (K∗) in the B0 (B0) rest frame.
⇛ cos θl: the angle between the
direction of the µ− (µ+) in the
dimuon rest frame and the
direction of the dimuon in the B0

(B0) rest frame.
⇛ ϕ: the angle between the plane
containing the µ− and µ+ and the
plane containing the kaon and pion
from the K∗.
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B0 → K∗µ−µ+ kinematics

⇛ The kinematics of B0 → K∗µ−µ+ decay is described by three angles
θl, θk, ϕ and invariant mass of the dimuon system (q2).

d
4
Γ

dq
2
dcos θK dcos θl dϕ

=
9

32π

[
J1s sin

2
θK + J1c cos

2
θK + (J2s sin

2
θK + J2c cos

2
θK) cos 2θl

+J3 sin
2
θK sin

2
θl cos 2ϕ + J4 sin 2θK sin 2θl cosϕ + J5 sin 2θK sin θl cosϕ

+(J6s sin
2
θK + J6c cos

2
θK) cos θl + J7 sin 2θK sin θl sinϕ + J8 sin 2θK sin 2θl sinϕ

+J9 sin
2
θK sin

2
θl sin 2ϕ

]
,

⇛ This is the most general expression of this kind of decay.
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Transversity amplitudes
⇛ One can link the angular observables to transversity amplitudes

J1s =
(2 + β

2
ℓ )

4

[
|AL⊥|

2
+ |AL∥ |

2
+ |AR⊥|

2
+ |AR∥ |

2
]
+
4m
2
ℓ

q
2
Re
(
A
L
⊥A

R
⊥
∗
+ A

L
∥A
R
∥
∗)
,

J1c = |AL0 |
2
+ |AR0 |

2
+
4m
2
ℓ

q
2

[
|At|

2
+ 2Re(A

L
0 A

R
0
∗
)
]
+ β

2
ℓ |AS |

2
,

J2s =
β
2
ℓ

4

[
|AL⊥|

2
+ |AL∥ |

2
+ |AR⊥|

2
+ |AR∥ |

2
]
, J2c = −β

2
ℓ
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2
]
,

J3 =
1

2
β
2
ℓ

[
|AL⊥|

2 − |AL∥ |
2
+ |AR⊥|

2 − |AR∥ |
2
]
, J4 =

1
√
2
β
2
ℓ

[
Re(A

L
0 A
L
∥
∗
+ A

R
0 A
R
∥
∗
)
]
,

J5 =
√
2βℓ

[
Re(A

L
0 A
L
⊥
∗
− AR0 A

R
⊥
∗
)−

mℓ√
q
2
Re(A

L
∥A
∗
S + A

R
∥
∗
AS)
]
,

J6s = 2βℓ

[
Re(A

L
∥A
L
⊥
∗
− AR∥ A

R
⊥
∗
)
]
, J6c = 4βℓ

mℓ√
q
2
Re(A

L
0 A
∗
S + A

R
0
∗
AS) ,

J7 =
√
2βℓ

[
Im(A

L
0A
L
∥
∗
− AR0 A

R
∥
∗
) +

mℓ√
q
2
Im(A

L
⊥A
∗
S − A

R
⊥
∗
AS))
]
,

J8 =
1
√
2
β
2
ℓ

[
Im(A

L
0A
L
⊥
∗
+ A

R
0 A
R
⊥
∗
)
]
, J9 = β

2
ℓ

[
Im(A

L
∥
∗
A
L
⊥ + A

R
∥
∗
A
R
⊥)
]
,
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Link to effective operators
⇛ So here is where the magic happens. At leading order the amplitudes
can be written as:

A
L,R
⊥ =

√
2NmB(1− ŝ)

[
(Ceff9 + Ceff′9 )∓ (C10 + C

′
10) +

2m̂b
ŝ
(Ceff7 + Ceff′7 )

]
ξ⊥(EK∗

)

A
L,R

∥ = −
√
2NmB(1− ŝ)

[
(Ceff9 − Ceff′9 )∓ (C10 − C

′
10) +

2m̂b
ŝ
(Ceff7 − Ceff′7 )

]
ξ⊥(EK∗

)

A
L,R
0 = −

NmB(1− ŝ)
2

2m̂
K
∗
√
ŝ

[
(Ceff9 − Ceff′9 )∓ (C10 − C

′
10) + 2m̂b(C

eff
7 − Ceff′7 )

]
ξ∥(EK∗

),

where ŝ = q2/m2B , m̂i = mi/mB . The ξ∥,⊥ are the form factors.

⇛ In practice one measures normalized J by branching fractions:

Si/Ai =
Ji ± J i

dΓ + dΓ/dq2
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A
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K
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ŝ
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where ŝ = q2/m2B , m̂i = mi/mB . The ξ∥,⊥ are the form factors.

⇛ Now we can construct observables that cancel the ξ form factors at
leading order:

P ′5 =
J5 + J̄5

2
√
−(Jc2 + J̄

c
2)(J

s
2 + J̄

s
2)
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LHCb measurement of
B0d → K∗µµ
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Multivariate simulation

• PID, kinematics and isolation variables
used in a Boosted Decision Tree (BDT)
to discriminate signal and background.
• BDT with k-Folding technique.

• Completely data driven.
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Multivariate simulation, efficiency
⇛ BDT was also checked in order not to bias our angular distribution:
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⇛ The BDT has small impact on our angular observables. We will correct for these
effects later on.
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Detector acceptance

• Detector distorts our angular distribution.

• We need to model this effect.

• 4D function is used:

ϵ(cos θl, cos θk, ϕ, q
2) =∑

ijkl

Pi(cos θl)Pj(cos θk)Pk(ϕ)Pl(q
2),

where Pi is the Legendre polynomial of order i.

• We use up to 4th, 5th, 6th, 5th order for the
cos θl, cos θk, ϕ, q

2.

• The coefficients were determined using Method
of Moments, with a huge simulation sample.

• The simulation was done assuming a flat phase
space and reweighing the q2 distribution to
make is flat.

• To make this work the q2 distribution needs to
be reweighted to be flat.
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Control channel

• We tested our unfolding procedure on B → J/ψK∗.

• The result is in perfect agreement with other experiments and our different
analysis of this decay.
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Results
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Results
⇛ Method of Moments allowed us to measure for the first time a new observable:
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Compatibility with SM

⇛ Use EOS software package
to test compatibility with SM.
⇛ Perform the χ2 fit to the
measured:

FL, AFB, S3,...,9.

⇛ Float a vector coupling:
ℜ(C9).
⇛ Best fit is found to be 3.4 σ
away from the SM.

∆ℜ(C9) ≡ ℜ(C9)
fit −ℜ(C9)

SM = −1.03
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Branching fraction measurements of B → K∗±µµ

• Despite large theoretical
errors the results are
consistently smaller than
SM prediction.
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Branching fraction measurements of B0s → ϕµµ

• Recent LHCb measurement [JHEPP09 (2015) 179].
• Suppressed by fsfd .
• Cleaner because of narrow ϕ resonance.
• 3.3 σ deviation in SM in the 1− 6GeV2 bin.

Marcin Chrzaszcz (Universität Zürich) B(eautiful) Physics 36/21
36/21



Branching fraction measurements of �b → �µµ

• This years LHCb measurement [JHEP 06 (2015) 115]].
• In total ∼ 300 candidates in data set.
• Decay not present in the low q2.
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Lepton universality test

• Challenging analysis due to bremsstrahlung.
• Migration of events modeled by MC.
• Correct for bremsstrahlung.
• Take double ratio with B+ → J/ψK+ to cancel
systematics.
• In 3fb−1, LHCb measures
RK = 0.745

+0.090
−0.074(stat.)

+0.036
−0.036(syst.)

• Consistent with SM at 2.6σ.

• Phys. Rev. Lett. 113, 151601
(2014)
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Grab it While it’s Hot!
⇛ Yesterday(18.04) we shown a new preliminary result: CERN Seminar
⇛ We measured the ratio:

RK∗ =
B(B → K∗µµ)
B(B → K∗ee)

⇛ Measurement performed
in two q2 bins.
⇛ Normalized in double
ratio to B → K∗J/ψ .
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There is more!
• There is one other LUV decay recently measured by LHCb.

• R(D∗) =
B(B → D∗τ ν)
B(B → D∗µν)

• Clean SM prediction: R(D∗) = 0.252(3), PRD 85 094025 (2012)
• LHCb result: R(D∗) = 0.336± 0.027± 0.030, HFAG average:
R(D∗) = 0.322± 0.022
• 3.9 σ discrepancy wrt. SM prediction
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Global fit to b→ sℓℓ
measurements
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Theory implications
• The data can be explained by modifying the C9 Wilson coefficient.
• Overall there is around 4.5 σ discrepancy wrt. SM.
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Grab it While it’s Hotter!
⇛ Today(19.04) there was already first paper with the
phenomenological work about this measurement: arxiv::1704.05340 J.
Matias, et. al.
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