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‣ Standard Model 
• 6 quark and 6 lepton flavours 

• most of the 18 (28) free parameters are related to flavour 

‣ probe for BSM: indirect searches 
• examine flavour processes involving loop processes 

• virtual contributions with new particles/couplings 

• sensitive to energy scales beyond the collider energy 

‣ in this talk: b-quark system: B±, B0, Bs, Λb

Flavour Physics
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Stress-testing the SM with flavour physics

‣ What to do? 
• get precise theoretical predictions 

• get precise experimental measurements 

• search for discrepancies!

4

SM BSM
CP violation

(very) rare decays
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Flavour Physics – Outline

‣ CP violation and CKM unitarity 
• CKM matrix elements |Vub| and |Vts/Vtd| 

• CP violation in B0 and Bs mixing 

• mixing-induced CP violation and CKM angles 

• CP violation in D mesons 

‣ rare decays 

‣ tests of lepton flavour universality 

‣ top quark 

‣ neutrinos

5



CKM Unitarity
CKM triangles, CP violation & meson mixing
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CKM matrix – basics

‣ unitary quark mixing matrix 

• 3 Euler angles 

• 1 phase = the source of CP violation in the SM 

‣ unitarity ➔ stringent tests of the SM 
• BSM particles/couplings can enter loop processes 
➔ measurement ≠ SM prediction

7

CP violation in B decays at LHCb | Florian Kruse
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CP violation

‣ Violation of CP symmetry:
• particles and antiparticles behave 

differently

• well established in Standard Model 
(CKM matrix → unitarity triangles)

‣Why CP violation?
• tiny matter-antimatter asymmetry 

resulted in matter-dominated universe

• CPV required to explain asymmetry

• CPV in SM not enough

‣Why measure CP violation?
• test SM by over-constraining CKM 

parameters

• find contributions of Physics Beyond 
the Standard Model (BSM)
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CP violation

‣ Violation of CP symmetry:
• particles and antiparticles behave 

differently

• well established in Standard Model 
(CKM matrix → unitarity triangles)

‣Why CP violation?
• tiny matter-antimatter asymmetry 

resulted in matter-dominated universe

• CPV required to explain asymmetry

• CPV in SM not enough

‣Why measure CP violation?
• test SM by over-constraining CKM 

parameters

• find contributions of Physics Beyond 
the Standard Model (BSM)
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CKM
fitter, EPJ. C41, 1-131 (2005)
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CKM matrix – status

‣ current picture is consistent 

‣ still interesting? 
• experimental uncertainties 

   > theoretical uncertainties 

• require precision measurements! 
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CP violation

‣ Violation of CP symmetry:
• particles and antiparticles behave 

differently

• well established in Standard Model 
(CKM matrix → unitarity triangles)

‣Why CP violation?
• tiny matter-antimatter asymmetry 

resulted in matter-dominated universe

• CPV required to explain asymmetry

• CPV in SM not enough

‣Why measure CP violation?
• test SM by over-constraining CKM 

parameters

• find contributions of Physics Beyond 
the Standard Model (BSM)
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Measurements of |Vub| and |Vcb| 

‣ long standing issue 
• inclusive determinations 

- |Vcb| = (42.2 ± 0.8) × 10–3   (incl. b→clνl) 

- |Vub| = (4.49 ± 0.23) × 10–3 (incl. b→ulνl) 

- theo. input: extrapolate to full phase-space 

• exclusive determinations 
- |Vcb| = (39.2 ± 0.7) × 10–3  (from B→D(*)lνl) 

- |Vub| = (3.72 ± 0.19) × 10–3 (from B→πlνl) 

- theo. input: form factors

10

PDG review

Situation as of last PDG version

4

How to measure |Vub| (exclusively)
• Semi-leptonic decays can be used to make precise 

measurements of  |Vub| 

• Factorise electroweak and strong parts of the decay:

5

Context and Motivation

Current B

s

! Kµ⌫ line

⇤

b

! pµ⌫ Line

Conclusion

Current Status of |V
ub

|

I Semi-Leptonic B Decays:
Inclusive (B̄ ! X

u

l ⌫̄
l

) Exclusive (B̄
0

! ⇡+l ⌫̄
l

)

Xu

l

v̄l

Vub

W�

B̄

b u

B̄0 ⇡+
d̄

b u

W�

l

⌫̄l

Vub

|V
ub

| = (4.41± 0.15+0.15
�0.17)⇥ 10�3 |V

ub

| = (3.23± 0.31)⇥ 10�3

I Leptonic B decays (B+ ! ⌧+⌫⌧ ):

B+

b̄

u

Vub

⌧+

⌫⌧

W+

William Sutcli↵e ⇤

b

! pµ⌫ 3/ 16

Having a ground state hadron, 
such as a pion, is useful to 

control theoretical uncertainties.

QCD part encompassed by form-
factor.

This has been a problem for a while
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PDG
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Exclusive Inclusive

• Leptonic measurement not precise enough to tell which 
one is which, but tends to prefer inclusive.

http://pdg.lbl.gov/2015/reviews/rpp2015-rev-vcb-vub.pdf
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Signal & normalization yields

• Fit Corrected mass distribution

M
corr

=


p2
‹ + M

hµ + p‹ , h = p,⇤c

• Require ‡(M
corr

) > 100 MeV/c2 for
signal fits

N(⇤b æ pµ≠‹µ) = 17687 ± 733 , N(⇤b æ ⇤+
c µ≠‹µ) = 34255 ± 571

B. Khanji, LHCb (Milano-Bicocca-INFN, CERN) Vub at LHCb 03-May-2016 10 / 16

|Vub/Vcb| with Λb→pµ–νµ / Λb→Λcµ–νµ
‣ LHCb: use b baryons instead of mesons 

• here: branching ratio Λb→pµ–νµ / Λb→Λcµ–νµ 

• can deduct CKM element ratios from 

• exploit displaced vertex to reconstruct corrected mass 

‣ measured branching ratio for q2(µν) > 15(7) GeV2/c4

11

Nature Physics 10 (2015) 1038

B(⇤b ! pµ�⌫̄µ)

B(⇤b ! ⇤cµ�⌫̄µ)
= (1.00 ± 0.04 (stat) ± 0.08 (stat)) ⇥ 10�2

B(⇤b ! pµ�⌫̄µ)

B(⇤b ! ⇤cµ�⌫̄µ)
=

`Vub `2

`Vcb `2
G (⇤b ! pµ�⌫̄µ)

G (⇤b ! ⇤cµ�⌫̄µ)

theory input: Phys. Rev. D 92, 034503 (2015)

http://arxiv.org/pdf/1504.01568v2.pdf
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|Vub/Vcb| with Λb→pµ–νµ / Λb→Λcµ–νµ
‣ resulting CKM-matrix ratio

12

`Vub `

`Vcb `
= 0.083 ± 0.004 (exp) ± 0.004 (lat)

due to the uncertainty in the LQCD prediction.
Finally, using the world average |V

cb

| = (39.5±
0.8)⇥10�3 measured using exclusive decays [14],
|V

ub

| is measured as

|V
ub

| = (3.27± 0.15± 0.16± 0.06)⇥ 10�3 ,

where the first uncertainty is due to the exper-
imental measurement, the second arises from
the uncertainty in the LQCD prediction and
the third from the normalisation to |V

cb

|. As
the measurement of |V

ub

|/|V
cb

| already depends
on LQCD calculations of the form factors it
makes sense to normalise to the |V

cb

| exclusive
world average and not include the inclusive |V

cb

|
measurements. The experimental uncertainty is
dominated by systematic e↵ects, most of which
will be improved with additional data by a reduc-
tion of the statistical uncertainty of the control
samples.

The measured ratio of branching frac-
tions can be extrapolated to the full q2 re-
gion using |V

cb

| and the form factor pre-
dictions [20], resulting in a measurement of
B(⇤0

b

! pµ�⌫
µ

) = (4.1± 1.0)⇥ 10�4, where the
uncertainty is dominated by knowledge of the
form factors at low q2.

The determination of |V
ub

| from the mea-
sured ratio of branching fractions depends on
the size of a possible right-handed coupling [36].
This can clearly be seen in Fig. 4, which shows
the experimental constraints on the left-handed
coupling, |V L

ub

| and the fractional right-handed
coupling added to the SM, ✏

R

, for di↵erent mea-
surements. The LHCb result presented here is
compared to the world averages of the inclusive
and exclusive measurements. Unlike the case for
the pion in B0 ! ⇡+`�⌫ and B� ! ⇡0`�⌫ de-
cays, the spin of the proton is non-zero, allowing
an axial-vector current, which gives a di↵erent
sensitivity to ✏

R

. The overlap of the bands from
the previous measurements suggested a signifi-
cant right-handed coupling but the inclusion of
the LHCb |V

ub

| measurement does not support

Rε

3
 1

0
×

|  
L ub

|V
0.4− 0.2− 0 0.2 0.42

3

4

5

6

7

8
inclusive

νlπ→B
 (LHCb)νµp→bΛ

combined

Figure 4: Experimental constraints on the

left-handed coupling, |V L
ub| and the fractional

right-handed coupling, ✏R. While the overlap
of the 68% confidence level bands for the inclu-
sive [14] and exclusive [7] world averages of past
measurements suggested a right handed coupling
of significant magnitude, the inclusion of the LHCb
|V

ub

| measurement does not support this.

that.
In summary, a measurement of the ratio of

|V
ub

| to |V
cb

| is performed using the exclusive
decay modes ⇤0

b

! pµ�⌫
µ

and ⇤0

b

! ⇤+

c

µ�⌫
µ

.
Using a previously measured value of |V

cb

|, |V
ub

|
is determined precisely. The |V

ub

| measurement
is in agreement with the exclusively measured
world average from Ref. [7], but disagrees with
the inclusive measurement [14] at a significance
level of 3.5 standard deviations. The measure-
ment will have a significant impact on the global
fits to the parameters of the CKM matrix.

7

Nature Physics 10 (2015) 1038

disfavours NP models with right-handed currentsconfirms discrepancy between incl. and excl. meas.

http://arxiv.org/pdf/1504.01568v2.pdf
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|Vtd/Vts| from ∆md/∆ms

‣ mixing of B0 and Bs mesons 

• angular frequencies = “mixing frequencies” 

• ∆md/∆ms ~ |Vtd/Vts| 

‣ mixing frequencies constrain UT side Vtd 
•  ∆ms precisely known 

• limitations from 
- lattice calculations 

- oscillation frequency ∆md of B0 meson

13

NJP 15 (2013) 053021

, ,

, ,

, ,

, ,

10

Table 2. Systematic uncertainties on the 1ms measurement. The total systematic
uncertainty is calculated as the quadratic sum of the individual contributions.
Source Uncertainty (ps�1)

z-scale 0.004
Momentum scale 0.004
Decay time bias 0.001
Total systematic uncertainty 0.006

9. Conclusion

A measurement of the B0
s – B

0
s oscillation frequency 1ms is performed using B0

s ! D�
s ⇡+

decays in five different D�
s decay channels. Using a data sample corresponding to an integrated

luminosity of 1.0 fb�1 collected by LHCb in 2011, the oscillation frequency is found to be

1ms = 17.768 ± 0.023 (stat) ± 0.006 (syst) ps�1,

in good agreement with the first result reported by the LHCb experiment [13] and the current
world average, 17.69 ± 0.08 ps�1 [27]. This is the most precise measurement of 1ms to date,
and will be a crucial ingredient in future searches for BSM physics in B0

s oscillations.
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‣ LHCb measurement of ∆md 
• use B0→D(*)–µ+νµ decays 

• corrections for reconstructed mass  

‣ result 

|Vtd/Vts| from ∆md/∆ms

14

arXiv:1604.03475

distribution obtained with a tighter cut on the IP, and the di↵erence with respect to the
default is taken as the systematic uncertainty. The systematic uncertainties (0.5 and
0.3 ns�1 for B0! D�µ+⌫

µ

X and B0! D⇤�µ+⌫
µ

X, respectively) related to the bias are
considered as uncorrelated between the channels, as they are determined from di↵erent
simulation samples and the time-biasing cuts, responsible for the systematic uncertainty
on the bias, are di↵erent for the two channels.

The knowledge of the length scale of the LHCb experiment is limited by the uncertainties
from the metrology measurements of the silicon-strip vertex detector. This was evaluated
in the context of the �m

s

measurement and found to be 0.022% [30]. This translates into
an uncertainty on �m

d

of 0.1 ns�1. The uncertainty on the knowledge of the momentum
scale is determined by reconstructing the masses of various particles and is found to be
0.03% [32]. This uncertainty results in a 0.2 ns�1 uncertainty in �m

d

in both modes.
Both uncertainties are considered correlated across the two channels.

E↵ects due to the choice of the binning scheme and fitting ranges are found to be
negligible.

6 Summary and conclusion

A combined value of �m
d

is obtained as a weighted average of the four measurements
performed in B0! D�µ+⌫

µ

X and B0! D⇤�µ+⌫
µ

X in the years 2011 and 2012. First,
the 2011 and 2012 results of each decay mode are averaged according to their statistical
uncertainties. The combined results are shown in the last column of Table 1. Then,
the resulting �m

d

values of each mode are averaged taking account of statistical and
uncorrelated systematic uncertainties. The correlated systematic uncertainty is added in
quadrature to the resulting uncertainty. The combined result is shown in the last row of
Table 1.

In conclusion, the oscillation frequency, �m
d

, in the B0–B0 system is measured in
semileptonic B0 decays using data collected in 2011 and 2012 at LHCb. The decays
B0! D�µ+⌫

µ

X and B0! D⇤�µ+⌫
µ

X are used, where the D mesons are reconstructed
in Cabibbo-favoured decays D� ! K+⇡�⇡� and D⇤� ! D0⇡�, with D0 ! K+⇡�. A
combined �m

d

measurement is obtained,

�m
d

= (505.0± 2.1 (stat)± 1.0 (syst)) ns�1 ,

which is compatible with previous LHCb results and the world average [12]. This is the
most precise single measurement of this quantity, with a total uncertainty similar to the
current world average.
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CP violation in neutral B mesons

‣ measure: absolute phases, phase differences 
• interference of contributions with different phases 

‣ neutral B mesons: B0 and Bs oscillate 

• different paths can interfere

16

, ,

, ,
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CP violation in mixing

‣ CPV in mixing related to semi-leptonic asymmetry asl 

‣ measure raw asymmetry

17

PRL 115, 041601 (2015)
LHCb-PAPER-2016-013, in preparation

D–µ+X

D+µ–X

A =
P (B ! B) � P (B ! B)

P (B ! B) + P (B ! B)
⇡ asl

2

, ,

, ,

A(t ) =
N (f , t ) � N (f̄ , t )

N (f , t ) + N (f̄ , t )
= AD +

asl

2
+
✓
AP �

asl

2

◆
cos(�mt )

http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.041601
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CP violation in mixing a.k.a. asl

18

PRL 115, 041601 (2015)
LHCb-PAPER-2016-013, in preparation

J.A. de Vries - CPV in mixing at LHCb - BEAUTY 2016

RESULTS
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Figure 3: Overview of the most precise measurements of ad
sl

and as
sl

. The horizontal and vertical
bands indicate the naive averages of pure as

sl

and ad
sl

measurements [5, 17, 23–27]. The yellow
ellipse represents the D0 dimuon measurement with ��

d

/�
d

set to its SM expectation value [5].
The error bands and contours correspond to 68% confidence level.

but with roughly 30% fewer signal candidates in the �⇡ region. As a cross check, the190

approach of the previous analysis is repeated on the full 3.0 fb�1 data sample and the191

result, as
sl

= (�0.09± 0.42)%, is compatible with that of the baseline analysis given here.192

The twelve values of as
sl

for each Dalitz region, polarity and data taking period are193

consistent with each other. The combined result is194

as
sl

= (0.43± 0.26± 0.20)% ,

where the first uncertainty is statistical, originating from the size of the signal and195

calibration samples, and the second systematic. There is a small correlation of +0.13196

between this measurement and the LHCb measurement of ad
sl

[17]. The correlation mainly197

originates from the muon detection asymmetry and from the e↵ect of ad
sl

, due to B0

198

background, on the measurement of as
sl

. Figure 3 displays an overview of the most precise199

measurements of ad
sl

and as
sl

[5, 17,23–27]. The naive averages of pure a
sl

measurements,200

including the present as
sl

result and accounting for the small correlation from LHCb, are201

found to be ad
sl

= (0.02±0.20)% and as
sl

= (0.20±0.30)% with a correlation of +0.07. This202

is marginally compatible with the D0 dimuon result, however, a large, non-SM value of203

��
d

due to CP violation in the interference between mixing and decay, might still explain204

the D0 result [5]. In summary, the determination of as
sl

presented in this letter is the most205

precise and shows no evidence for new physics e↵ects. It serves to limit models beyond206

the SM.207
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LHCb-PAPER-2016-013

New result! (preliminary)
assl = (0.45± 0.26(stat)± 0.20(syst))%

http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.114.041601
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CP violation: interference of mixing and decay
‣simplest case: single dominant decay amplitude 
➡ phase difference 𝜙q = 𝜙mix – 2 𝜙dec 

‣phases are related to CKM angles 

• “golden” modes (dominant b → ccs tree decays) 

- B0 → J/ψ KS       (𝜙d = 2𝛽) 

- Bs → J/ψ h+h– (𝜙s = –2𝛽s) 

• other measurements + CKM unitarity ➔ precise constraints 

- sin 𝜙d = 0,771 

- sin 𝜙s = –0,0365 

• excellent probe for BSM contributions

19
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–0,0012

, ,

, ,

J. Charles et al.  
arXiv:1501.05013

http://arxiv.org/pdf/1501.05013v1.pdf
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sin2β from B0 → J/ψ KS

‣ decay time dependent asymmetry 

‣ LHCb measurement reaches precision of B factories

20
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Figure 2: Time-dependent signal-yield asymmetry (N
B

0�N
B

0)/(N
B

0 +N
B

0). Here, N
B

0(N
B

0) is
the number of B0! J/ K0

S decays with a B0 (B0) flavor tag. The data points are obtained with
the sPlot technique [33], assigning signal weights to the events based on a fit to the reconstructed
mass distribution. The solid curve is the projection of the signal PDF.

and �0.005 for C are applied to account for CP violation in K0–K0 mixing and for the184

di↵erence in the nuclear cross-sections in material between K0 and K0 states [32]. The185

correction is negligible for the result for S with C = 0.186

Various sources of systematic uncertainties on the CP observables are examined,187

in particular from mismodeling PDFs and from systematic uncertainties on the input188

parameters. In each study, a large set of pseudoexperiments is simulated using a PDF189

modified such as to include the systematic e↵ect of interest; the relevant distributions190

from these pseudoexperiments are then fitted with the nominal PDF. Significant average191

deviations of the fit results from the input values are used as estimates of systematic192

uncertainties. The largest systematic uncertainty on S, ±0.018, accounts for possible tag193

asymmetries in the background; for C the largest uncertainty, ±0.0034, results from the194

systematic uncertainty on �m. Systematic uncertainties on the flavor tagging calibration195

account for the second largest systematic uncertainty on S, ±0.006, and on C, ±0.0024.196

The third largest uncertainty on S, ±0.005, arises from assuming �� = 0 and is evaluated197

by generating pseudoexperiments with �� set to the value of its current uncertainty,198

0.007 ps�1 [9], and then neglecting it in the fit. Remaining uncertainties due to neglecting199

correlations between the reconstructed mass and decay time of the candidates, mismodeling200

of the decay-time resolution and e�ciency, the systematic uncertainty of the production201

asymmetry, and the uncertainty on the length scale of the vertex detector are small and202

are given in Ref. [34]. Adding all contributions in quadrature results in total systematic203

uncertainties of ±0.020 on S and ±0.005 on C.204

Several consistency checks on the robustness of the results are performed by splitting205

the data set according to di↵erent data-taking conditions, tagging algorithms, and di↵erent206

reconstruction and trigger requirements. All results show good agreement with the nominal207

results.208

6

0.5 0.6 0.7 0.8 0.9

BaBar

PRD 79, 072009 (2009)

0.662 ± 0.039 ± 0.012

Belle

PRL 108, 171802 (2012)

0.670 ± 0.029 ± 0.013

LHCb

Run I

0.731 ± 0.035 ± 0.020

Average

naive, all 𝑆𝑏→𝑐𝑐𝑠
0.688 ± 0.018

𝑆𝐽/𝜓𝐾0S

PRL 115, 031601 (2015)

sin2β

A(t ) =
� (B(t )! f ) � � (B(t )! f )

� (B(t )! f ) + � (B(t )! f )
⇠ sin2� sin�m t

prospects: world best with Run II!
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sin2β vs. B(B+→τ+ντ)

‣ discrepancies between indirect fit and direct measurement get smaller

21

CKM
fitter, EPJ. C41, 1-131 (2005)

2012 2015

http://ckmfitter.in2p3.fr
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𝜙s from Bs → J/ψ h+h–

‣ analysis of ≈96000 Bs→J/ψ K+K– decays 
• decay-time dependent and flavour tagged 

• angular analysis in 6 bins of K+K– mass 

• describe three P- and one S-wave contribution 

• distinguish CP-even and -odd P-wave contributions

22
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is defined by !s ! " arg ð"Þ, and hence S and D can be
written as

S ! " 2j"j sin!s

1þ j"j2 ; D ! " 2j"j cos!s

1þ j"j2 : (4)

The parameter " describes CP violation in the interference
between mixing and decay and is derived from the
CP-violating parameter [20] associated with each polar-
ization state i,

"i !
q

p

!Ai

Ai
; (5)

where Ai ( !Ai) is the amplitude for a B0
s ( !B

0
s) meson to decay

to final state i and the complex parameters p ¼ hB0
s jBLi

and q ¼ h !B0
s jBLi describe the relation between mass and

flavor eigenstates. The polarization states i have the CP

eigenvalue #i ¼ þ1 for i 2 f0; kg, and #i ¼ "1 for i 2
f?;Sg. Assuming that any possible CP violation in the
decay is the same for all amplitudes, then the product
#i

!Ai=Ai is independent of i. The polarization-independent
CP-violating parameter " is then defined such that "i ¼
#i". The differential decay rate for a !B0

s meson produced at
time t ¼ 0 can be obtained by changing the sign of ck and
dk and by including a relative factor jp=qj2.
The expressions are invariant under the transformation

ð!s;"#s;$0;$k;$?;$SÞ
! ð%"!s;""#s;"$0;"$k;%" $?;"$SÞ; (6)

which gives rise to a two-fold ambiguity in the results.

TABLE II. Definition of angular and time-dependent functions.

k fkð&'; &K; ’hÞ Nk ak bk ck dk

1 2cos 2&Ksin
2&' jA0j2 1 D C "S

2 sin 2&Kð1" sin 2&'cos
2’hÞ jAkj2 1 D C "S

3 sin 2&Kð1" sin 2&'sin
2’hÞ jA?j2 1 "D C S

4 sin 2&Ksin
2&'sin 2’h jAkA?j C sin ð$? " $kÞ S cos ð$? " $kÞ sin ð$? " $kÞ D cos ð$? " $kÞ

5 1
2

ffiffiffi
2

p
sin 2&K sin 2&'cos’h jA0Akj cos ð$k " $0Þ D cos ð$k " $0Þ C cos ð$k " $0Þ "S cos ð$k " $0Þ

6 " 1
2

ffiffiffi
2

p
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7 2
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FIG. 2. Feynman diagrams contributing to the decay B0
s ! J=chþh" within the SM, where h ¼ %, K. (a) Tree; (b) Penguin.

FIG. 3. Definition of helicity angles as discussed in the text.

MEASUREMENT OF CP VIOLATION AND THE B0
s . . . PHYSICAL REVIEW D 87, 112010 (2013)

112010-3
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𝜙s from Bs → J/ψ h+h–

‣ analysis of ≈96000 Bs→J/ψ K+K– decays 
• decay-time dependent and flavour tagged 

• angular analysis in 6 Bins of K+K– mass 

• describe three P- and one S-wave contribution 

• distinguish CP-even and -odd P-wave contributions
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𝜙s from Bs → J/ψ h+h–

‣ analysis of ≈96000 Bs→J/ψ K+K– decays 
• decay-time dependent and flavour tagged 

• angular analysis in 6 Bins of K+K– mass 

• describe three P- and one S-wave contribution 

• distinguish CP-even and -odd P-wave contributions 

‣ combine result with Bs → J/ψ π+π–
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Figure 2: Projections of (a) m(⇡+⇡�), (b) cos ✓⇡⇡, (c) cos ✓J/ and (d) � [10]. The points with
error bars are data, the signal fits are shown with (red) dashed lines, the background with a
(black) dotted lines, and the (blue) solid lines represent the total fits. The di↵erence between
the data and the fits divided by the uncertainty on the data is shown below.

tial flavour
( )

B 0
s meson, which has a linear dependence on ⌘. The calibration is performed

separately for the OS and the SSK taggers. When events are tagged by both the OS and
the SSK algorithms, a combined tag decision and wrong-tag probability are given by the
algorithm defined in Ref. [26]. This combined algorithm is implemented in the overall fit.
The overall e↵ective tagging power obtained is characterized by "tagD2 = (3.89± 0.25)%,
where D ⌘ (1 � 2!avg) is the dilution, !avg is the average wrong-tag probability, and
"tag = (68.68 ± 0.33)% is the signal tagging e�ciency. The overall tagging power is im-
proved by about 60% with respect to the previous analysis mainly due to the inclusion
of the SSK tagger, which has an tagging power about 40% better than that described in
Ref. [4], due to the use of a neural-network based selection. In addition, the OS algorithms
discussed in Ref. [26] have been re-optimised using the full available dataset.

5
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𝜙s from LHC & Tevatron

25

PRL 114, 041801 (2015)

PLB 736 (2014)

CERN-PH-2015-166

�s = �0.034 ± 0.033
�2�s = �0.0363 ± 0.0012

0.0014

PRL 109, 171802 (2012)

PRD 85, 032006 (2012)
PLB 757 (2016) 97

http://arxiv.org/abs/1601.03297
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CKM angle γ

26

tree

loop

CKM
fitter, EPJ. C41, 1-131 (2005)

‣ least well constrained CKM angle 

‣ unique role  
• only CP violating parameter that can be determined from tree diagrams  

• nearly insensitive to NP 

• theoretically clean, δγ/γ < O(10–7) 

‣ goal: compare tree measurements with loop predictions

http://ckmfitter.in2p3.fr
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LHCb γ combination

‣ various observables in B→DK decays sensitive to γ 

‣ single measurements not very constraining ⇒ combine them

27
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Figure 1: 1� CL curves for the combination, with central values (solid vertical lines) and
1� uncertainties (dashed vertical lines) labelled. The 1� and 2� levels are indicated by
the horizontal dotted lines.
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8 Conclusion

Observables measured by LHCb that have sensitivity at tree-level to the CKM angle �,
along with supplementary information from other experiments, are combined to determine
an improved contraint on �. The e↵ect of D0–D0 mixing on the decay rate is taken into
account where relevant, with consideration of the experimental decay-time acceptances of
the individual measurements. The combination results in a best fit value of � = 70.9� and
the confidence intervals

� 2 [62.4, 78.0]� @68% CL ,

� 2 [51.0, 85.0]� @95% CL .

Taking the best fit value and the 68% CL interval, � is found to be

� = (70.9 +7.1
�8.5)

�
.

This result was cross-checked using a Bayesian interpretation, which shows good agreement.
The results for � are in agreement with the world averages [50,51] and the previous

LHCb average, � = (73+9

�10

)� [3]. This combination leads to a significantly smaller error
than the previous combination and replaces it as the most precise determination of � from
a single experiment to date.
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‣ so far: consistent

Global CKM fit

28

CKM
fitter, EPJ. C41, 1-131 (2005)
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The rare decays Bs→µ+µ– and B0→µ+µ–

‣ heavily suppressed in the SM 
• FCNC → loop processes  

• helicity suppression 

• highly sensitive to BSM 

• theoretically clean 

• clean experimental signature 

‣ searches in the past 30 years

30

PRL 112, 101801 (2014)

B(B0
s ! µ+µ�) = (3.66 ± 0.23) ⇥ 10�9

B(B0 ! µ+µ�) = (1.06 ± 0.09) ⇥ 10�10

http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.112.101801
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The rare decays Bs→µ+µ– and B0→µ+µ–

‣ combined CMS & LHCb 
• first observation of Bs→µ+µ– (6.2σ) • first evidence for B0→µ+µ– (3.0σ)

31

Nature 522, 68–72 (2016)

B(B0
s ! µ+µ�) = (2.8 ± 0.7

0.6) ⇥ 10�9 B(B0 ! µ+µ�) = (3.9 ± 1.6
1.4) ⇥ 10�10

]2c [MeV/−µ+µm
5000 5200 5400 5600 5800

2 c
W

ei
gh

te
d 

ca
nd

id
at

es
 p

er
 4

0 
M

eV
/

0

10

20

30

40

50

60 Data
Signal and background

−µ+µ →s
0B

−µ+µ →0B
Combinatorial background
Semi-leptonic background
Peaking background

CMS and LHCb (LHC run I)

Figure 2 | Weighted distribution of the dimuon invariant mass, mµ+µ�, for all cate-
gories. Superimposed on the data points in black are the combined fit (solid blue line) and its
components: the B0

s

(yellow shaded area) and B0 (light-blue shaded area) signal components; the
combinatorial background (dash-dotted green line); the sum of the semi-leptonic backgrounds
(dotted salmon line); and the peaking backgrounds (dashed violet line). The horizontal bar on
each histogram point denotes the size of the binning, while the vertical bar denotes the 68%
confidence interval. See main text for details on the weighting procedure.

interest, B(B0 ! µ+µ�) versus B(B0

s

! µ+µ�), are obtained by constructing the test
statistic �2�lnL from the di↵erence in log-likelihood (lnL) values between fits with fixed
values for the parameters of interest and the nominal fit. For each of the two branching
fractions, a one-dimensional profile likelihood scan is likewise obtained by fixing only the
single parameter of interest and allowing the other to vary during the fits. Additional fits
are performed where the parameters under consideration are the ratio of the branching

fractions relative to their SM predictions, S
B

0
(s)

SM

⌘ B(B0

(s)

! µ+µ�)/B(B0

(s)

! µ+µ�)
SM

,
or the ratio R of the two branching fractions.

The combined fit result is shown for all 20 categories in Extended Data Fig. 1. To
represent the result of the fit in a single dimuon invariant-mass spectrum, the mass dis-
tributions of all categories, weighted according to values of S/(S + B), where S is the
expected number of B0

s

signals and B is the number of background events under the B0

s

peak in that category, are added together and shown in Fig. 2. The result of the simulta-
neous fit is overlaid. An alternative representation of the fit to the dimuon invariant-mass
distribution for the six categories with the highest S/(S + B) value for CMS and LHCb,
as well as displays of events with high probability to be genuine signal decays, are shown
in the Extended Data Figs. 2–4.

The combined fit leads to the measurements B(B0

s

! µ+µ�) =
�
2.8 +0.7

�0.6

�
⇥ 10�9 and

B(B0 ! µ+µ�) =
�
3.9 +1.6

�1.4

�
⇥ 10�10, where the uncertainties include both statistical and

systematic sources, the latter contributing 35% and 18% of the total uncertainty for the
B0

s

and B0 signals, respectively. Using Wilks’ theorem29, the statistical significance in
unit of standard deviations, �, is computed to be 6.2 for the B0

s

! µ+µ� decay mode

6

http://www.nature.com/nature/journal/v522/n7554/full/nature14474.html
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The rare decays Bs→µ+µ– and B0→µ+µ–

32

Nature 522, 68–72 (2016)
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Figure 3 | Likelihood contours in the B(B0 ! µ+µ�) versus B(B0
s ! µ+µ�) plane.

The (black) cross in a marks the best-fit central value. The SM expectation and its uncertainty
is shown as the (red) marker. Each contour encloses a region approximately corresponding to
the reported confidence level. b, c, Variations of the test statistic �2�lnL for B(B0

s

! µ+µ�)
(b) and B(B0 ! µ+µ�) (c). The dark and light (cyan) areas define the ±1� and ±2� confidence
intervals for the branching fraction, respectively. The SM prediction and its uncertainty for each
branching fraction is denoted with the vertical (red) band.

and 3.2 for the B0 ! µ+µ� mode. For each signal the null hypothesis that is used to
compute the significance includes all background components predicted by the SM as
well as the other signal, whose branching fraction is allowed to vary freely. The median
expected significances assuming the SM branching fractions are 7.4 � and 0.8 � for the
B0

s

and B0 modes, respectively. Likelihood contours for B(B0 ! µ+µ�) versus B(B0

s

!
µ+µ�) are shown in Fig. 3. One-dimensional likelihood scans for both decay modes are
displayed in the same figure. In addition to the likelihood scan, the statistical significance
and confidence intervals for the B0 branching fractions are determined using simulated
experiments. This determination yields a significance of 3.0 � for a B0 signal with respect
to the same null hypothesis described above. Following the Feldman–Cousins30 procedure,
±1 � and ±2 � confidence intervals for B(B0 ! µ+µ�) of [2.5, 5.6]⇥ 10�10 and [1.4, 7.4]⇥
10�10 are obtained, respectively (see Extended Data Fig. 5).

The fit for the ratios of the branching fractions relative to their SM predictions yields

SB

0
s

SM

= 0.76 +0.20

�0.18

and SB

0

SM

= 3.7 +1.6

�1.4

. Associated likelihood contours and one-dimensional
likelihood scans are shown in the Extended Data Fig. 6. The measurements are compatible
with the SM branching fractions of the B0

s

! µ+µ� and B0 ! µ+µ� decays at the
1.2 � and 2.2 � level, respectively, when computed from the one-dimensional hypothesis
tests. Finally, the fit for the ratio of branching fractions yields R = 0.14 +0.08

�0.06

, which is
compatible with the SM at the 2.3 � level. The one-dimensional likelihood scan for this
parameter is shown in Fig. 4.

The combined analysis of data from CMS and LHCb, taking advantage of their full
statistical power, establishes conclusively the existence of the B0

s

! µ+µ� decay and
provides an improved measurement of its branching fraction. This concludes a search
that started more than three decades ago (see Extended Data Fig. 7), and initiates a
phase of precision measurements of the properties of this decay. It also produces a three

7

http://www.nature.com/nature/journal/v522/n7554/full/nature14474.html
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The rare decays Bs→µ+µ– and B0→µ+µ–

‣ preliminary result from ATLAS with Run I 

‣ ATLAS results  
• compatible w. SM at 2σ level 

• Bs→µ+µ– compatible w. CMS+LHCb result 

‣ not as sensitive as each CMS and LHCb, yet

33

B(B0
s ! µ+µ�) = (0.9 ± 1.1

0.8) ⇥ 10�9

B(B0 ! µ+µ�) < 4.2 ⇥ 10�10 at 95% CL

CERN-EP-2016-064, subm
itted to Eur. Phys. J. C

http://arxiv.org/abs/1604.04263
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The rare decays Bs→µ+µ– and B0→µ+µ–

‣ strong constraints on various BSM models (in particular MSSM)

34

42/ 135

B ! µ+µ� consequences

Strong constraints on many NP models, in particular those with large tan�

Modified from [D. Straub, Nuovo Cim. C035N1 (2012) 249]

SM4: Standard Model with a sequential fourth generation

Left-handed currents only (MSSM-LL)

Ross, Velasco-Sevilla and Vives (MSSM-RVV2)

Antusch, King and Malinsky (MSSM-AKM)

RSc: Randall-Sundrum model with custodial protection

Agashe and Carone (MSSM-AC)

Olivier Leroy (CPPM) Overview of Flavor Physics 12 February 2016 42 / 56
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Full angular analysis of B0→K*µ+µ–

‣ B0→K*µ+µ– is another ideal testbed for NP searches  
• b→sll FCNCs only via loops in SM 

• NP sensitivity in decay rates, angular distributions, asymmetries  

• experimentally clean signature 

• many observables with clean theoretical predictions

35
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Full angular analysis of B0→K*µ+µ–

‣ full angular description in q2 

• observables depend on B→K form factors 

• additionally: use observable basis in which form factors cancel at leading order 

• example:

36

Angular analysis of B0 ! K ⇤0µ+µ�

⌘ The angular distribution of B

0 ! K

⇤0µ+µ� decays provides a large number
of observables sensitive to new vector, axial-vector and virtual radiative
photon currents

T. Blake

B0→K*0�+�− angular distribution
• Complex angular distribution:

6

1

d(� + �̄)/dq2

d3(� + �̄)

d��

����
P

=
9

32⇡

�
3
4 (1 � FL) sin2 ✓K + FL cos2 ✓K +

+ 1
4 (1 � FL) sin2 ✓K cos 2✓l

�FL cos2 ✓K cos 2✓l + S3 sin2 ✓K sin2 ✓l cos 2�

+S4 sin 2✓K sin 2✓l cos � + S5 sin 2✓K sin ✓l cos �

+ 4
3AFB sin2 ✓K cos ✓l + S7 sin 2✓K sin ✓l sin �

+S8 sin 2✓K sin 2✓l sin � + S9 sin2 ✓K sin2 ✓l sin 2�
�

fraction of longitudinal 
polarisation of the K*

forward-backward 
asymmetry of the 
dilepton system 

The observables depend on form-factors for the 
B → K* transition plus the underlying short 
distance physics (Wilson coefficients). 

⌘ Observables depend on Wilson coefficients and B ! K

⇤ form factors
⌘ Can construct ratios of observables which are less dependent on form-factors

e.g P

0
5 = S5/

p
F

L

(1 � F

L

) Descotes-Genon et al [JHEP05(2013)137]

K.A. Petridis (UoB) b ! s`+`� @ LHCb Beauty 2016 14 / 20
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‣ in general: observables compatible with the SM expectations 
• except for P5’ observable  

• local 2.8 and 3σ deviations 

• Belle confirms LHCb 

‣ theory work ongoing 
• NP or hadronic effects?

Full angular analysis of B0→K*µ+µ–
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Belle arXiv:1604.04042

37

JHEP 02 (2016) 104

http://link.springer.com/article/10.1007/JHEP02(2016)104
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Full angular analysis of B0→K*µ+µ–

‣ by now, many measurements from various experiments

38
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B→X µ+µ– differential branching fractions

‣ other b→s branching ratios in bins of q2 
• Λb→Λ µ+µ– 

- additional observables due to baryonic system 

- statistics too low for angular analysis 

• Bs→𝜙 µ+µ– 

- BR for 1 < q2 < 6 GeV2/c4 deviates from SM by ≈3.3σ 

- angular observables consistent with SM 

‣ consistent picture between channels 
• branching ratios overestimated in low q2 

• angular distributions consistent with SM

39

JHEP 06 (2014) 133 
JHEP 09 (2015) 179

JHEP 06 (2015) 115

the predictions in the low-q2 region.

Table 4: Measured di↵erential branching fraction of ⇤0

b

! ⇤µ+µ�, where the uncertainties
are statistical, systematic and due to the uncertainty on the normalisation mode, ⇤0

b

! J/ ⇤,
respectively.

q2 interval [ GeV2/c4 ] dB(⇤0

b

! ⇤µ+µ�)/dq2 · 10�7[( GeV2/c4)�1]

0.1 – 2.0 0.36 +0.12

� 0.11

+0.02

� 0.02

± 0.07

2.0 – 4.0 0.11 +0.12

� 0.09

+0.01

� 0.01

± 0.02

4.0 – 6.0 0.02 +0.09

� 0.00

+0.01

� 0.01

± 0.01

6.0 – 8.0 0.25 +0.12

� 0.11

+0.01

� 0.01

± 0.05
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+0.03

� 0.05

± 0.15
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+0.05
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± 0.23

16.0 – 18.0 1.22 +0.14
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Figure 5: Measured ⇤0

b

! ⇤µ+µ� branching fraction as a function of q2 with the predictions of
the SM [15] superimposed. The inner error bars on data points represent the total uncertainty
on the relative branching fraction (statistical and systematic); the outer error bar also includes
the uncertainties from the branching fraction of the normalisation mode.
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Λb→Λ µ+µ–

Bs→𝜙 µ+µ–

http://link.springer.com/article/10.1007/JHEP06(2014)133
http://link.springer.com/article/10.1007/JHEP09(2015)179
http://link.springer.com/article/10.1007/JHEP06(2015)115
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Lepton universality in B±→K±l+l–

‣ SM expectation by Bobeth et al.  

‣ LHCb sees deficit for 1 < q2 < 6 GeV2/c4 

•   

• (small) tension of ≈2.6σ with SM 

‣ more statistics needed 

‣ look at other modes! 
• e.g. B0→D(*)–l+νl

41

PRL 113, 151601 (2014)

35/ 135

Test of Lepton Universality with B+ ! K+`+`�

[PRL,113, 151601 (2014)]

Search for NP in the above loops (q2 = m2
``)

RK ⌘ B(B+!K+µ+µ�)
B(B+!K+e+e�) = 1.0003 ± 0.0001 in the SM [Bobeth et al., JHEP0712:040(2007)]

RK (LHCb, 1 < q2 < 6 GeV2/c4) = 0.745+0.090
�0.074 ± 0.036 (2.6� from SM)

To monitor with more statistics

Olivier Leroy (CPPM) Overview of Flavor Physics 12 February 2016 35 / 56

RK = 0.745 ± 0.090
0.074 ± 0.036

RK =
B(B+ ! K +µ+µ�)
B(B+ ! K +e+e�)

= 1.0003 ± 0.0001

JHEP 0712 040 (2007)

http://journals.aps.org/prl/pdf/10.1103/PhysRevLett.113.151601
http://iopscience.iop.org/article/10.1088/1126-6708/2007/12/040/meta;jsessionid=B5F665CE715F1C3EAFC0262BF0105141.c3.iopscience.cld.iop.org
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Lepton universality in B0→D(*)–l+νl

‣ sensitive to BSM at tree level 

‣ theory predictions 

‣ experimental results 
• combination of LHCb, Belle, BaBar 

• (RD, RD*) tension with SM ≈4.0σ 

• RD ≈ 1.9σ, RD* ≈ 3.3σ

42
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B(B0 ! D(⇤)�⌧+⌫⌧)/B(B0 ! D(⇤)�`+⌫`)

RD =
B(B0 ! D�⌧+⌫⌧ )

B(B0 ! D�`+⌫`)
, R(D⇤) =

B(B0 ! D⇤�⌧+⌫⌧ )

B(B0 ! D⇤�`+⌫`)
, ` = µ, e

Sensitive to NP at the tree level!
Theoretical predictions:

RD = 0.300 ± 0.008, [HPQCD, PRD 92, 054510 (2015)]

RD⇤ = 0.252 ± 0.003, [S.Fajfer et al., PRD 85(2012) 094025]

[updated by M. Rotondo Feb 2016]
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Combination of LHCb, Belle and BaBar: 3.9� wrt SM!
Interestingly, CMS sees a slight excess in h ! ⌧µ [CMS, PLB 749 (2015) 337]
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RD =
B(B0 ! D�⌧+⌫⌧ )
B(B0 ! D�l +⌫l )

= 0.300 ± 0.008

RD ⇤ =
B(B0 ! D ⇤�⌧+⌫⌧ )
B(B0 ! D ⇤�l +⌫l )

= 0.252 ± 0.003
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Conclusion & Outlook

‣ flavour physics is a perfect testbed for the SM 
• a multitude of observables linked to a small number of SM parameters 

• cross-check and cross-validate the measurements 

‣ LHC experiments have added many new aspects to the picture 
• no “smoking gun”, but several discrepancies  

• LFV w. RK and RD* (incl. BaBar + Belle) 

• P5' in B0→K*0µ+µ– 

• BF(B0→µ+µ–) 

• |Vub| inclusive vs. exclusive

44
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Conclusion & Outlook

‣ but: LHCb alone has published >300 papers 
• some discrepancies expected 

• overall picture (still) looks pretty consistent 

‣ LHC Run II ongoing 
• LHCb will collect 5 fb–1 at 13 TeV until 2018 

- bb cross-section increases by a factor of 2 w.r.t. 7/8 TeV 

- corresponds to ≈4x statistics of Run I 

• CMS and ATLAS contribute with many flavour physics results
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LHCb Prospects

46

Eur. Phys. J. C73 (2013) 2373
Page 74 of 92 Eur. Phys. J. C (2013) 73:2373

Table 16 Statistical sensitivities of the LHCb upgrade to key observ-
ables. For each observable the current sensitivity is compared to that
which will be achieved by LHCb before the upgrade, and that which
will be achieved with 50 fb−1 by the upgraded experiment. Systematic

uncertainties are expected to be non-negligible for the most precisely

measured quantities. Note that the current sensitivities do not include

new results presented at ICHEP 2012 or CKM2012

Type Observable Current precision LHCb 2018 Upgrade
(50 fb−1)

Theory
uncertainty

B0
s mixing 2βs (B

0
s → J/ψφ) 0.10 [139] 0.025 0.008 ∼0.003

2βs (B
0
s → J/ψf0(980)) 0.17 [219] 0.045 0.014 ∼0.01

as
sl 6.4 × 10−3 [44] 0.6 × 10−3 0.2 × 10−3 0.03 × 10−3

Gluonic penguins 2βeff
s (B0

s → φφ) – 0.17 0.03 0.02

2βeff
s (B0

s → K∗0K
∗0

) – 0.13 0.02 < 0.02

2βeff(B0 → φK0
S) 0.17 [44] 0.30 0.05 0.02

Right-handed currents 2βeff
s (B0

s → φγ ) – 0.09 0.02 <0.01

τ eff(B0
s → φγ )/τB0

s
– 5 % 1 % 0.2 %

Electroweak penguins S3(B
0 → K∗0µ+µ−;1 < q2 < 6 GeV2/c4) 0.08 [68] 0.025 0.008 0.02

s0AFB(B0 → K∗0µ+µ−) 25 % [68] 6 % 2 % 7 %

AI(Kµ+µ−;1 < q2 < 6 GeV2/c4) 0.25 [77] 0.08 0.025 ∼0.02

B(B+ → π+µ+µ−)/B(B+ → K+µ+µ−) 25 % [86] 8 % 2.5 % ∼10 %

Higgs penguins B(B0
s → µ+µ−) 1.5 × 10−9 [13] 0.5 × 10−9 0.15 × 10−9 0.3 × 10−9

B(B0 → µ+µ−)/B(B0
s → µ+µ−) – ∼100 % ∼35 % ∼5 %

Unitarity triangle angles γ (B → D(∗)K(∗)) ∼10–12◦ [252, 266] 4◦ 0.9◦ negligible

γ (B0
s → DsK) – 11◦ 2.0◦ negligible

β(B0 → J/ψK0
S) 0.8◦ [44] 0.6◦ 0.2◦ negligible

Charm CP violation AΓ 2.3 × 10−3 [44] 0.40 × 10−3 0.07 × 10−3 –

(ACP 2.1 × 10−3 [18] 0.65 × 10−3 0.12 × 10−3 –

necessary for other triggers, reducing the efficiency for the
relevant channels by a factor of 2 at

√
s = 14 TeV.

In LHCb measurements to date, the CP-violating phase
in B0

s mixing, measured in both J/ψφ and J/ψf0(980) fi-
nal states, has been denoted φs . In the upgrade era it will
be necessary to remove some of the assumptions that have
been made in the analyses to date, related to possible pen-
guin amplitude contributions, and therefore the observables
in b → cc̄s transitions are denoted by 2βs = −φs , while
in b → qq̄s (q = u,d, s) transitions the notation 2βeff

s is
used. This parallels the established notation used in the B0

system (the α,β,γ convention for the CKM unitarity tri-
angle angles is used). The penguin contributions are ex-
pected to be small, and therefore a theory uncertainty on
2βs(B

0
s → J/ψφ) ∼ 0.003 is quoted, comparable to the

theory uncertainty on 2β(B0 → J/ψK0
S). However, larger

effects cannot be ruled out at present. Data-driven meth-
ods to determine the penguin amplitudes are also possible
[246, 277, 284]: at present these given much larger estimates
of the uncertainty, but improvement can be anticipated with
increasing data samples. The flavour-specific asymmetry in
the B0

s system, as
sl in Table 16, probes CP violation in mix-

ing. The “sl” subscript is used because the measurement
uses semileptonic decays.

Sensitivity to the emitted photon polarisation is encoded
in the effective lifetime, τ eff of B0

s → φγ decays, together
with the effective CP-violation parameter 2βeff

s . Two of the
most interesting of the full set of angular observables in
B0 → K∗0µ+µ− decays [62], are S3, which is related to
the transverse polarisation asymmetry [63], and the zero-
crossing point (s0) of the forward–backward asymmetry. As
discussed above, isospin asymmetries, denoted AI , are also
of great interest.

In the charm sector, it is important to improve the preci-
sion of (ACP, described above, and related measurements
of direct CP violation. One of the key observables related
to indirect CP violation is the difference in inverse effective
lifetimes of D0 → K+K− and D0 → K+K− decays, AΓ .

The extrapolations in Table 16 assume the central val-
ues of the current measurements, or the SM where no mea-
surement is available. While the sensitivities given include
statistical uncertainties only, preliminary studies of system-
atic effects suggest that these will not affect the conclu-
sions significantly, except in the most precise measurements,

http://download.springer.com/static/pdf/400/art%253A10.1140%252Fepjc%252Fs10052-013-2373-2.pdf?originUrl=http%3A%2F%2Flink.springer.com%2Farticle%2F10.1140%2Fepjc%2Fs10052-013-2373-2&token2=exp=1464150362~acl=%2Fstatic%2Fpdf%2F400%2Fart%25253A10.1140%25252Fepjc%25252Fs10052-013-2373-2.pdf%3ForiginUrl%3Dhttp%253A%252F%252Flink.springer.com%252Farticle%252F10.1140%252Fepjc%252Fs10052-013-2373-2*~hmac=4bfbc66da58b1bdd9934b8b1b3c1e1b1d8fe6c9c14391644f43e8817a8999761
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Vertex Detector 
vertex reconstruction 
decay time resolution: 45 fs 
IP resolution: 20 µm

RICH Detectors 
K/π/p separation

Tracking System 
momentum resolution 
Δp/p = 0.4%–0.6%

Calorimeter 
energy measurement 
particle identification

Muon System

Dipole Magnet 
warm, normally conducting 
integrated field strength: 4 Tm 
regular polarity switches
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‣ precision measurements in b/c-hadrons 

‣ Run I (2011+2012) 

• dataset of 3 fb–1 at 7/8 TeV 

• ≈2 · 1011 bb pairs in LHCb  

• > 300 publications 

‣ Run II (since 2015) 

• dataset of 0.32 fb–1 bei 13 TeV


