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LHC France 2013, Annecy. 

Outline of the presentation 
1. Introduction: the hadronic charmless b-hadron decays in the 
framework of flavour physics and CP violation. 

2. Mixing-induced CP violation results (including NP in the 
decays). 

3. Direct CP violation results.  

4. Amplitude analyses.  

5. Overview of the forthcoming analyses.   
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1. Introduction to hadronic charmless b decays

Hadronic charmless b-hadron decays is a two-fold laboratory to search for New  
Physics: 

• Tree processes (left diagram) are felt to behave in a standard way and do 
exhibit the weak phase in the b →u (as soon as there are interferences). Hence, 
it is an important ingredient of global consistency check of the Standard Model. 
Any deviation to the SM CKM profile etc.. 

• Loop processes (right diagram - penguin) are Flavour Changing Neutral 
Current amplitudes such as  b → s or b →d transitions and may welcome new 
heavy bosons or fermions. Indirect probe of NP contributions.     



•    In the global CKM picture: comparison of observables constraints.  

                              Trees   !       against                     Loops. 

• Tree-level processes are thought to be pure SM. Loops could have NP. Note that 
in the right plot, loop processes are meson mixing observables only.   

• Wherever it is looked at in B and K physics, the SM hypothesis succeeded so 
far. In particular, fair agreement between (loop) mixing and tree processes. 
Search in the decay too.  
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1. Introduction to hadronic charmless b decays



•  The decays into CP eigenstates Bd → ππ  or Bs → KK exhibits CP-violating phases 
both in the mixing and the decay.  

• becomes:  

• where direct and mixing-induced CP asymmetries are introduced. 

• Key ingredients: 

• Flavour tagging at production (performance is determined from the data by 
making use of the self-tagged mode Bd → Kπ ) 
• Time-dependent analysis (reconstruction of the proper time of the decay). 
• Particle Identification (RICHes). 
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2. CKM metrology -  α and γ w/ charmless 2-body B decays. 

Formalism for time-dependence

9

If we consider the f to be a CP eigenstate: 

which can be recalculated to 

: mixing CPV in the decay.

: direct CPV from decay. B

B

fCP
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• Flavour tagging, mass distribution, proper time distribution 
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2. CKM metrology -  α and γ w/ charmless 2-body B decays. Tagging at LHCb
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In this talk we use opposite side taggers: 
Exploit the decay products of the other b hadron: lepton (e or  μ); 
kaon; overall charge of secondary vertex. 

When more than one tagger is available per event, these 
probabilities are combined into a single probability and a single 
decision per event.

In this analysis, we use the Bd→Kπ decays in order to extract 
performance of tagging. From the 2D ML (mass X time) fit:

arXiv:1202.4979v2
Eur. Phys. J. 72 (2012), 2022.

OS tagging power: εeff=εtag(1-2ω)2=(2.3±0.1)%

Bd→Kπ

Bd→ππ Time-Dependent Asymmetry

Nsig~5.4k events

11

ωmistag likelihood  is taken from the Bd→Kπ channel

Results:

Full fit
Bd!Kπ bkg
B!3h bkg

Bd!ππ signal
comb bkg

The first evidence of mixing induced CP 
violation at an hadron collider(3.2σ)
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ωmistag likelihood  is taken from the Bd→Kπ channel

Results:

Full fit
Bd!Kπ bkg
B!3h bkg

Bd!ππ signal
comb bkg

The first evidence of mixing induced CP 
violation at an hadron collider(3.2σ)

This is the first evidence of mixing induced CP 
violation at an hadron collider(3.2σ)

Only 0.67 /fb analysed. Update at the  summer 
time.   

LHCb-CONF-2012-007



• Comparison w/ B-factories and outlook:  
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2. CKM metrology -  α and γ w/ charmless 2-body B decays. 

• Already contributing to constrain the 
CKM angle α. Update with full 2011 
data will be competitive with B 
factories. 

• Using the measurements!of Adir(ππ), 
Amix(ππ), Adir (KK), Amix(KK), BR
(ππ), BR(KK), φd and  allowing for U-
spin symmetry breaking up to a 
certain extent, one can solve for γ and 
φs. 

• Also next at LHCb: contribution to 
the α   angle determination w/ Bd → ρρ 
(see Marc Grabalosaʼs talk). 

LHCb-CONF-2012-007
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• Study the CP violation asymmetry in interference between decay and mixing in 
Bs0➝ φ φ and compare it to both SM and the weak mixing phase measured in 
Bs0➝J/ψ (μ+μ-) φ (K+K-) decays: CP violating phase φS = φM-2φD

• In the Standard Model, φS is well determined: 
       φS=-2βS=-0.0363±0.0017 rad, up to penguin 
       diagram phase contributions (10-4–10-3). 
       Null test of the SM hypothesis.

• The mixing phase, φM≈0 in Standard Model  can be modified by New Physics 
and hence measured by φS. NP in mixing for Bs0➝J/ψ (μ+μ-) φ (K+K-), NP in mixing 
and decay for Bs0➝ φ φ. 

• Key ingredients: 
• Flavour tagging
• Time-dependent analysis 
• Amplitude (angular) analysis to quantify the amount of each CP eigenstates.  

Bs
0 fCP 

Bs
0 

!D 

-!D !M 

2. Mixing-induced CPV in Bs0➝ φ φ (K+K- K+K-) 

LHCb-PAPER-2013-07
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• With 2011 data, the precision is about a radian. One of the utmost importance 
mode for the LHCb upgrade physics case.  

LHCb-PAPER-2013-07
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Figure 3: Negative ∆ln likelihood scan of φs. Only the statistical uncertainty is included.

ble Gaussian function for the mass PDF, which is used to assign the signal weights. The
total systematic uncertainty on φs is 0.22 rad, significantly smaller than the statistical
uncertainty.

In summary, we present the first study of CP violation in the decay time distribution
of hadronic B0

s → φφ decays. The CP -violating phase, φs, is restricted to the interval
of [−2.46,−0.76] rad at 68% C.L. The p-value of the Standard Model prediction [8] is
16%, taking the values of the strong phases and polarisation amplitudes observed in data.
The precision of the φs measurement is dominated by the statistical uncertainty and is
expected to improve with larger LHCb data sets.
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2. Mixing-induced CPV in Bs0➝ φ φ (K+K- K+K-) 
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Figure 2: One-dimensional projections of the B0
s → φφ fit for (a) decay time, (b) helicity

angle Φ and the cosine of the helicity angles (c) θ1 and (d) θ2. The data are marked as points,

while the solid lines represent the projections of the best fit. The CP -even P -wave, the CP -odd

P -wave and S-wave components are shown by the long dashed, short dashed and dotted lines,

respectively.

ing the B0
s mass sidebands. This gives results in agreement with those presented here and

no further systematic uncertainty is assigned. The uncertainty due to the modelling of
the S-wave component is evaluated by allowing the SS-wave component to vary in the fit.
The difference between the two fits leads to the dominant uncertainty on φs of 0.20 rad.
The decay time acceptance is explicitly parameterised and, by taking the difference in
the observed value of φs, a systematic uncertainty of 0.09 rad is determined. Possible
differences in the simulated decay time resolution compared to the data are studied by
varying the resolution according to the discrepancies observed in the B0

s → J/ψφ anal-
ysis [6]. This leads to a systematic uncertainty of 0.01 rad for φs. The distributions of
maximum pT and χ2/ndf of the final state tracks and the pT and η of the B0

s candidate are
reweighted to better match the data. From this, the angular acceptance is recalculated,
leading to small changes in the results (0.02 rad for φs), which are assigned as systematic
uncertainty. Biases in the fit method are studied using simulated pseudo-experiments
that lead to an uncertainty of 0.02 rad for φs. Further small systematic uncertainties
(0.02 rad for φs) are due to the limited number of events in the simulation sample used
for the determination of the angular acceptance and to the choice of a single versus a dou-

6
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• Direct CP violation starting by charmless 2-body decays: 

• Compare the decay rates of self-tagged modes Kπ

• These raw asymmetries must be corrected for detection asymmetry and B 
production asymmetry (both data-driven estimates): 

• Key ingredients: these analyses are heavily relying on Particle Identification 
performance.   

Time-integrated Observables

5

We define the observables: 

Event selection is tuned to have better sensitivities 
for the CP violation variables.

All the events are reconstructed under the same 
daughter hypothesis. Afterwards the PID selection is 
applied.

PID calibration is performed on data using D*→ D0

(Kπ)π and Λb→pπ decays.

Maximum Likelihood fit is performed 
simultaneously to all the samples (additional 
samples are fixing the cross-feed backgrounds 
contributions under the signal peaks).

The extracted Acp are “raw” asymmetries, we 
correct it by AΔ:

Detection asymmetry part, AD: estimated from the 
tagged and untagged decays of D→hh, ζ=+1 for Bd 
and ζ=-1 for Bs. 

Production asymmetry part, AP: estimated from 
the B0→J/ΨK* decays. κ is the factor that 
accounts for the neutral B oscillations. 
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and ζ=-1 for Bs. 

Production asymmetry part, AP: estimated from 
the B0→J/ΨK* decays. κ is the factor that 
accounts for the neutral B oscillations. 

3. Direct CP violation in hadronic charmless 2-body B decays. 
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• Direct CP violation starting by charmless 2-body decays: 

• Compare the decay rates of self-tagged modes Kπ: B0

• Worldʼs most precise determination (0.35 /fb !).  

Bd→Kπ Time Integrated Asymmetries

6

The asymmetry in the B and B decays can be seen by eye.

• Worlds’ most precise measurement
• First observation of the CP violation at a hadron collider (>6!)

NBd→Kπ=13250±150

Bd→Kπ Time Integrated Asymmetries

6

The asymmetry in the B and B decays can be seen by eye.

• Worlds’ most precise measurement
• First observation of the CP violation at a hadron collider (>6!)

NBd→Kπ=13250±150

LHCB-PAPER-2011-029

3. Direct CP violation in hadronic charmless 2-body B decays. 

http://cdsweb.cern.ch/record/1427771
http://cdsweb.cern.ch/record/1427771
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• Direct CP violation starting by charmless 2-body decays: 

• Compare the decay rates of self-tagged modes Kπ: B0s

• First evidence of CP violation in the Bs system (0.35 /fb !). 

Bs→πK Time Integrated Asymmetries

7

• Worlds’ most precise measurement
• First evidence of CP violation in Bs decays (3.3σ)

NBs→πK=314±27

In agreement with CDF result: 

Bs→πK Time Integrated Asymmetries

7

• Worlds’ most precise measurement
• First evidence of CP violation in Bs decays (3.3σ)

NBs→πK=314±27

In agreement with CDF result: 

LHCB-PAPER-2011-029

3. Direct CP violation in hadronic charmless 2-body B decays. 

http://cdsweb.cern.ch/record/1427771
http://cdsweb.cern.ch/record/1427771
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• Direct CP violation continuing with charmless 3-body decays: 

• Compare the decay rates of  B+ vs B- → Kππ, KKK, KKπ, πππ

• The same comment is in order to go from raw asymmetries to CP asymmetries as 
in 2-body case. One illustration πππ:  

• First evidence of CP violation in the three-body charged B system. 

23

Nsig~5k events

Cutting mass in signal region and making equal population binning:

The modes are sensitive to the NP 
effects and can be studied in Dalitz 

plain

The measured asymmetry is Araw 

and is to be corrected (like in 2-
body case).

Where asymmetry comes from?

Results

24

Significance of 2.8σ:

Significance of 3.7σ:

Significance of 3.0σ:

Significance of 4.2σ:

The similar analyses yield:

CPV not uniform in the Dalitz plot, 

large CPV in the low KK and !! invariant mass regions

no evidence of large CPV elsewhere

Features:

LHCb-CONF-2012-028

3. Direct CP violation in hadronic charmless 3-body B decays. 
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• More interestingly one can scrutinize where the CP asymmetry lies in 
the Dalitz Plane of the decay: illustration with  B → KKK. 

• Very large asymmetries are observed. Not likely connected everywhere 
to the resonant structures in the Dalitz projections. 

• Outlook: full Dalitz amplitude analysis is the next step.  
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Figure 7: AN
CP in Dalitz plot bins with equal event populations for B± → K±K+K− (left) and

B± → K±π+π− (right). The asymmetry AN
CP is calculated from the bin contents including

backgrounds, and is not corrected for production or detection asymmetries.

The measured ACP in B± → K±K+K− deviates from zero by 3.7 standard deviations.
This represents the first evidence of an inclusive CP asymmetry in charmless three-body
B decays.

Since three-body decays are produced through a coherent sum of intermediate two-body
resonant amplitudes and non-resonant amplitudes, it is important to locate the sources of
the inclusive CP asymmetry. The phase space behaviour was examined in terms of the
asymmetry in the number of B+ and B− candidates in two-body invariant mass projections,
and significant variation in the local charge asymmetries was found. For the Dalitz plot
variables m2

K±π∓ and m2
π+π− of B± → K±π+π− candidates, there is a clear asymmetry

only around the ρ0(770) resonance in m2
π+π− , as indicated by Belle and BaBar [2,3]. There

is no significant deviation from zero in the m2
K±π∓ invariant mass, as B± → K∗0π± decays

are expected to have a small charge asymmetry. For B± → K±K+K− candidates, no
clear asymmetry is observed in m2

K+K− low around the resonances φ(1020) and f2(1525);
however, the charge asymmetry is large in the range between these two resonances.
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Figure 5: ARAW
CP distributions for m2

K+K− high (left) and m2
K+K− low (right).
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Figure 6: ARAW
CP distributions for m2

K±π∓ (left) and m2
π+π− (right).

7 Conclusion

From a sample of 1.0 fb−1 collected during 2011, we perform a measurement of the CP
asymmetry in the charmless decays of charged B mesons into three hadrons B± → K±π+π−

and B± → K±K+K−. The use of B± → J/ψK±, J/ψ → µ+µ− as a control channel,
selected by the same criteria as the signal, allowed to cancel the asymmetries from
production, kaon interaction with matter and reconstruction, and to obtain a measurement
of ACP . Both signal samples include charmonium contributions decaying to π+π− and
K+K−, except the decay B± → J/ψ (π+π−)K±, which was removed to veto J/ψ decaying
into muons. The physical asymmetries were measured to be

ACP (B± → K±π+π−) = +0.034± 0.009(stat)± 0.004(syst)± 0.007(J/ψK±) ,

ACP (B± → K±K+K−) = −0.046± 0.009(stat)± 0.005(syst)± 0.007(J/ψK±) ,

10

LHCb-CONF-2012-018

3. Direct CP violation in hadronic charmless 3-body B decays. 
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• Hadronic charmless 3-body decays w/ neutrals.  

• LHCb started to investigate 3-body modes w/ neutral kaons. Interesting probes 
of NP in the decay since they proceed mostly through penguins diagrams. 

• Observation of most of the families (See Diego Milanesʼs talk).  
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LHCb-CONF-2012-023
July 6, 2012

Branching fraction measurements of

B0
d,s decays to K0

Sh
±h

′∓ final states,

including first observation of
B0

s → K0
SK

±π∓

The LHCb collaboration 1

Abstract

The data recorded in 2011 by the LHCb experiment, corresponding to an integrated
luminosity of 1.0 fb−1, have been analysed to search for charmless three-body decays
of both B0 and B0

s mesons with aK0
S
meson in the final state. Branching fractions of

these B0
d,s → K0

S
h±h

′∓ decay modes, relative to the well measured B0 → K0
S
π+π−

decay, are derived. The first observation of the decay mode B0
s → K0

SK
±π∓ and

confirmation of the recent observation by the BaBar experiment of the decay B0 →

K0
SK

±π∓ are reported in this document, with relative branching fractions

B(B0
s → K0

SK
±π∓)

B(B0 → K0
Sπ

+π−)
= 1.96 ± 0.15 (stat.) ± 0.20 (syst.),

B(B0 → K0
S
K±π∓)

B(B0 → K0
S
π+π−)

= 0.117 ± 0.018 (stat.) ± 0.018 (syst.).

Additionally, statistical evidence for the CKM-suppressed decay modes B0
s →

K0
S
π+π− and B0

s → K0
S
K+K− is obtained.

1Conference report prepared for the 36th International Conference on High Energy Physics
(ICHEP2012), 4-11 July 2012. Melbourne, Australia. Contact authors: Luigi Li Gioi, luigi.li.gioi@cern.ch
and Aurélien Martens, aurelien.martens@lpnhe.in2p3.fr.

.
• Outlook: Dalitz Amplitude at first; time-
dependent to follow, in particular for the 
Q2-body CP final states.  
• Note that 3-body w/ neutral pions are 
also emerging.  

LHCb-CONF-2012-023

4. Amplitude analyses in hadronic charmless decays. 



• Continuing with multibody VV decay modes:   

• Most appealing laboratories (again flavour changing neutral currents in penguin 
topologies) for studying NP in the decay through mixing-induced CP asymmetries . 
For the time being, establish the signals and scrutinize time-integrated CP- and T-
violating observables.   Bs →ϕϕ as an illustration. 

  

• T-violating asymmetries predicted to vanish in the SM. Measured consistent with 0.

• Next to come in this family are Bs →K*K*, Bs →ϕK* ...    

LHC France 2013 Hadronic Charmless B decays in 
LHCb - S. Monteil
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LHCB-PAPER-2012-004

Motivation and Selection

17

b→qq s penguin transitions are sensitive to new 
physics in decay amplitude 
Bs→ϕϕ is a Golden mode for probing CP violating 
weak phase ϕs in hadronic Bs decays 

The cut based selection is applied to obtain 
801±29 events with very high purity. 

S-wave component in the KK mass distribution 
is found negligible.
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weak phase ϕs in hadronic Bs decays 

The cut based selection is applied to obtain 
801±29 events with very high purity. 

S-wave component in the KK mass distribution 
is found negligible.

Bs→ϕϕ Results 

19

With lifetime constrained from Bs→J/ψϕ:

We perform an unbinned maximum likelihood fit to the reconstructed mass and helicity angle distributions.

Simultaneous fits are performed to the mass distributions for each of the two partitions corresponding to each 
observable individually.

The future plans also include the time-dependent analysis of this mode. 

Triple Product Asymmetries 

18

Look at observables in P→VV decays:

With the help of CPT theorem look for T violation equivalent to CP violation.

which correspond to the T-odd triple product: 

We can search for the CP violation effects by studying: 

where “+” terms corresponds to positive variable value and “-” term to negative.
Au~f4 Av~f6, which means that the difference of Au or Av from 0 indicates the deviation from SM. 

Bs→ϕϕ Results 

19

With lifetime constrained from Bs→J/ψϕ:

We perform an unbinned maximum likelihood fit to the reconstructed mass and helicity angle distributions.

Simultaneous fits are performed to the mass distributions for each of the two partitions corresponding to each 
observable individually.

The future plans also include the time-dependent analysis of this mode. 

4. Amplitude analyses in hadronic charmless decays. 

http://cdsweb.cern.ch/record/1427771
http://cdsweb.cern.ch/record/1427771
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5. Summary for ongoing analyses in had. charmless B decays

•   2-body decays (crossing data + theo. assumption → (γ+φs) ) now. 

•     Bd→hh(ʻ) family: TD addressing both direct and mixing-induced CP violation. 
•     But also Bd→ppbar, Bd,s →KSh, Λb, Ξb→phʼ ... in the pipeline. 

•    3-body decays (towards amplitude analysis to deconvolute strong phases  → α, γ, φs, 
φd). 

•     B± →3h family: the series B± → Kππ, KKK, KKπ, πππ, ppπ and ppK. BF and integrated 
CP asymmetries are measured, amplitude analyses to be performed with 3 /fb.

•     Bd,s → KShh(ʻ) family:  Bd,s → KSππ, Bd,s → KSKπ, Bd → KSKK.  Signals all established, 
BF on the way to publication w/ 1/fb,  amplitude analyses to be performed w/ 3/fb. 
But also Λb, Ξb→ pKSh, Λhh(ʻ) , Λb, Ξb→ ΛKSh,

•     Bd,s → hh(ʻ)π0 family: Bd → πππ0, Bd,s → Kππ0, Bs → KKπ0, Signals all established. BF 
to be measured w/ 1/fb. Amplitude analyses to be performed w/ 3/fb. 

•     4(n)-body decays (angular analyses): α and φs 

•     Bd,s → VV family, among which Bs → ΦΦ, K*K*,  Bd,s → ΦK*, Bd,s → ρρ, K*ρ. 
Amplitude analyses already published w/ 1/fb or on their way to publication. 

•      But also, Λb → Λ*V, N*V  and more ...
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8. Outlook: physics reach for 50 /fb 

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

B0
s mixing 2βs (B0

s → J/ψ φ) 0.10 [30] 0.025 0.008 ∼ 0.003
2βs (B0

s → J/ψ f0(980)) 0.17 [32] 0.045 0.014 ∼ 0.01
assl 6.4× 10−3 [63] 0.6× 10−3 0.2× 10−3 0.03× 10−3

Gluonic 2βeff
s (B0

s → φφ) – 0.17 0.03 0.02
penguins 2βeff

s (B0
s → K∗0K̄∗0) – 0.13 0.02 < 0.02

2βeff(B0 → φK0
S) 0.17 [63] 0.30 0.05 0.02

Right-handed 2βeff
s (B0

s → φγ) – 0.09 0.02 < 0.01
currents τ eff(B0

s → φγ)/τB0
s

– 5% 1% 0.2%
Electroweak S3(B0 → K∗0µ+µ−; 1 < q2 < 6GeV2/c4) 0.08 [64] 0.025 0.008 0.02
penguins s0 AFB(B0 → K∗0µ+µ−) 25% [64] 6% 2% 7%

AI(Kµ+µ−; 1 < q2 < 6GeV2/c4) 0.25 [9] 0.08 0.025 ∼ 0.02
B(B+ → π+µ+µ−)/B(B+ → K+µ+µ−) 25% [29] 8% 2.5% ∼ 10%

Higgs B(B0
s → µ+µ−) 1.5× 10−9 [4] 0.5× 10−9 0.15× 10−9 0.3× 10−9

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

Unitarity γ (B → D(∗)K(∗)) ∼ 10–12◦ [40, 41] 4◦ 0.9◦ negligible
triangle γ (B0

s → DsK) – 11◦ 2.0◦ negligible
angles β (B0 → J/ψK0

S) 0.8◦ [63] 0.6◦ 0.2◦ negligible
Charm AΓ 2.3× 10−3 [63] 0.40× 10−3 0.07× 10−3 –

CP violation ∆ACP 2.1× 10−3 [8] 0.65× 10−3 0.12× 10−3 –

Table 1: Statistical sensitivities of the LHCb upgrade to key observables. 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.
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