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Disclaimer and presentation of the experiments 

• The measurements reviewed in this presentation are published  by the 
experiments BaBar (PEP II - SLAC), Belle (KEKB - KEK), D0 and CDF (TeVatron -
FNAL) and ATLAS, CMS and LHCb (LHC - CERN). See C. Bozziʼs talk in this 
session for a presentation of them. 

• Mostly report on B-factories and LHCb results. 

• Inclined to present most recent measurements, there is an imbalance towards 
LHCb results.    
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Physics in Collision 2013 

Outline of the presentation
 

1. Historical measurements of CP violation (CPV) as an introduction. 

2. Recent first observations of direct CPV. 

3. Electroweak (Standard Model) interpretation of CPV: the CKM 
paradigm .    

4. Overview of CKM angles measurements (and related quantities).  

5. The CKM profile as a summary.   
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Physics in Collision 2013 

Outline of the presentation
 

1. First observations of CP violation as an introduction. 

2. Recent first observations of direct CP violation. 

3. Electroweak (Standard Model) interpretation of CP violation: the CKM 
paradigm .    

4. Overview of CKM angles measurements (and related quantities).  

5. The CKM profile as a summary.   
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• CPV in neutral kaons mixing (1964)(where it all started): 

•  The next new observation of (direct) CPV came 40 years later in kaon decays 
(2001) by NA48 Eur.Phys.J. C22 (2001) (and KTeV) collaborations.  

1. CPV observations in history as an introduction

Cronin et al. Phys. Rev. Lett. 13 (1964): far 
after the target, only K long survive. 
They measured decays in the wrong 
CP eigenstate:  
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• In the very same year (2001), CPV was observed in an entirely different system. 
One of the most beautiful measurement in Physics: mixing-induced CPV in B0 
mixing. 

• The quantum coherence of B pair production ensures
      that the reconstruction  of the flavour of one B (flavour
      specific) tags the flavour of the other at the very same
      decay time.

• Make asymmetric beams to measure the 
      decay time  →  B-factories.  

• Measure the time-dependent asymmetry 
      brings constraint on the CP-violating phase
      in B0 mixing. 
 

1. CPV observations in B as an introduction
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•  The B-factories scrutinized beyond-SM CPV phases in loop-dominated decays

•   As an illustration, a recent analysis from Belle experiment with one of the 
charmless decay mode with the cleanest theoretical prediction B0 → ηʼKS 

•  The naive average of b → qqs transitions is in fair agreement w/ b → ccs. 

1. CPV observations in B as an introduction
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•  The B-factories observed direct CP-violation (2004) in the B0 → Kπ  decays:   

•  BaBarʼs first observation.   

1. CPV observations in history as an introduction
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Figure 1: (a) Background subtracted mES distribution for B0 → K0
SK0

S . (b) mES distribution for
a signal enhanced sample of B0 → K+π− (solid histogram) and B0 → K−π+ (dashed histogram)
decays and (c) corresponding asymmetry.

expected to be small in comparison with the penguin amplitude P ∼ λ2. The BABAR measurements
yield RL = 1.07 ± 0.08, in perfect agreement with the expectation.

In summary, we have presented branching fractions and direct CP violating asymmetries for
charmless twobody B decays, including the observation of B0 → K0K0 and the observation of
direct CP violation in B0 → K+π−. These results are important input for collaborations working
on the extraction of parameters of the CKM matrix.[9]
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Physics in Collision 2013 

Outline of the presentation
 

1. Historical measurements of CP violation as an introduction. 

2. Recent first observations of direct CP violation. 

3. Electroweak (Standard Model) interpretation of CP violation: the CKM 
paradigm .    

4. Overview of CKM angles measurements (and related quantities).  

5. The CKM profile as a summary.   
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• Compare the decay rates of self-tagged modes Kπ

• These raw asymmetries must be corrected from detection asymmetry and B 
production asymmetry: 

•  Ingredients: these analyses are heavily relying on Particle Identification 
performance. It is also necessary to master the B production asymmetry and the 
differences of charged particle detection efficiencies (data-driven estimates).     

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. 

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. 

2.1 Direct CP violation in 2-body B decays
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•  Compare the decay rates of self-tagged modes Kπ
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2.1 Direct CP violation in 2-body B decays

!"

! 

Araw B0 "K +#$( ) = $0.091± 0.006

! 

Araw Bs
0 "K #$ +( ) = 0.28 ± 0.04

!"#$%&'()'*+,--$&#"$+'".'/0+1!2!'3$%*,+'

•  #$%&'"(%)%*+,&"-("*.'/01(%23"

–  4-5%6%&'",7+8-91+,&":,6";<!=>!/"
1&2";(!!>=/"

•  ?,&'6,)",:"@A4"%B*-%&*-%("

–  4%'%68-&%"'C%"18,.&'",:"*6,((/
:%%2"01*DE6,.&2(".&2%6"'C%"7%1D"

–  ?1)-061'%2":6,8"4F>!4<G=/!>H!>""

•  A&$16-1&'"81(("I'("-&",62%6"',"
%J'61*'"61K"1(L88%'6-%("

•  ?,66%*+,&"',"'C%"61K"1(L88%'6-%("

–  4%'%*+,&"1(L88%'6L"

–  @6,2.*+,&"1(L88%'6L"

;<!=>!/"
MNMO<"P"Q<<"

;(<!=/!>"

N<RS"P"SS"

T?@G;<!=!H" T?@G;(!!=H"

@6%*%2%&'"6%(.)'("

L"U "GNVW"X"Y("U"Z"[%\H"

4

"@CL(]"^%$]"_%`]"NN<"GO<NQH"OONR<N"

• Data-driven control of PID 
efficiencies thanks to the self-
tagged mode D*+ → D0 (K- π+) π+

• Raw asymmetries corrected 
from detection asymmetry (also 
D*+  control sample. 

• B production asymmetry 
simultaneously measured from 
decay time distribution.  

Araw(B
0 → K−π+) = −0.091± 0.006,

Araw(Bs → K+π−) = 0.28± 0.04,

http://cdsweb.cern.ch/record/1427771
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ACP(B
0 → K−π+) = −0.080± 0.007 (stat.) ± 0.003 (syst.),

ACP(Bs → K+π−) = 0.27± 0.04 (stat.) ± 0.01 (syst.).
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• World best measurement for the B0 

• Former results for Bs  

• First observation of CPV in the Bs system. 

2.1 Direct CP violation in 2-body B decays
LHCB-PAPER-2013-018
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•  Compare the decay rates of  B+ vs B- → Kππ, KKK, KKπ, πππ

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

• First observation 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

2.1 Direct CP violation in 3-body B decays

LHCB-PAPER-2013-027

http://cdsweb.cern.ch/record/1427771
http://cdsweb.cern.ch/record/1427771
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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 (left). 

• Very large CP asymmetries are observed. Not likely connected to the 
resonant structures in the Dalitz projections. Full Dalitz analysis is the next step.  

2.1 Direct CP violation in 3-body B decays
LHCB-PAPER-2013-027

http://cdsweb.cern.ch/record/1427771
http://cdsweb.cern.ch/record/1427771
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Physics in Collision 2013 

Outline of the presentation
 

1. Historical measurements of CP violation as an introduction. 

2. Recent first observations of direct CP violation. 

3. Electroweak (Standard Model) interpretation of CP violation: the CKM 
paradigm .    

4. Overview of CKM angles measurements (and related quantities).  

5. The CKM profile as a summary.   
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3.1 CPV in SM hand CKM parametrization.  
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Consider the Wolfenstein parametrization as in EPJ C41:1-131,2005 : 
unitary-exact and phase convention independent: 
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3. CPV in SM and angles definitions

An elegant way to represent the unitarity relations is to display
them in the complex plane.
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3.2 The CKM angles and related quantities.  

• The angle β is the weak mixing phase 
of the of B0 mixing.

• The angle γ is the weak phase at work 
in the b➝u transitions. Need of an 
interfering amplitude to probe the phase. 

• The angle α is nothing else than (π−β
−γ) and can be exhibited in processes 
where both charmless decays and 
mixing are present.

3. CPV in SM and angles definitions

sin 2βs = 0.0367± 0.0014.

• Additionally the weak mixing phase of 
the Bs mixing in the SM is expressed 
as βs and is accurately (at the degree 
l eve l ) p red i c ted i n t he g loba l 
consistency test.  

βs = − arg(−VcsV ∗
cb

VtsV ∗
tb

).

φq = arg(
−Mq
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Physics in Collision 2013 

Outline of the presentation
 

1. Historical measurements of CP violation as an introduction. 

2. Recent first observations of direct CP violation. 

3. Electroweak (Standard Model) interpretation of CP violation: the CKM 
paradigm .    

4. Overview of CKM angles measurements (and related quantities).  

5. The CKM profile as a summary.   
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4.1 CKM angles -  γ angle in tree-dominated decays. 

• The γ angle can be measured in interferences between b ➝ u and b ➝ c 
transitions in charged B decays to a final state (D0 K)cc where the kaon tags the B 
flavour and the D0 and D0  share the same decay:

• D0➝K+K-, π+π- [GLW]
• D0➝K-π+, D0➝K+π- [ADS]
• D0➝Ks0π+π-, Ks0K+K- [GGSZ]

• The level of interference is controlled  by the quantity   

• It can also be measured at LHCb in the Bs decay [Bs  ➝ DsK ] through a time-
dependent analysis, exhibiting both the mixing-induced CP phase Φs and the CP-
violating phase in the b ➝ u transition. 

• The three former methods have been pioneered at B-factories but used at LHCb 
as well (one example w/ GGSZ method in the following slides).  

rB ≈
����
A(b → u)

A(b → c)

����



• The comparison of the Dalitz planes (DP) of the decays D0➝Ks0π+π- or Ks0K+K- for the 
transitions B+ → DK+ and B- → DK- contains information on γ angle.  

• Constrain from CLEO-c measurements the strong phase variation in DP. (Phys. Rev. D 82 
(2010) 112006)

• DP binned in regions of similar strong phase:  

• Defining:  

• One counts the number of events in each bins i for B+ and B-: 

•  And solve for the four unknowns x and y. 

N+
±i ∝ K∓i + (x2

+ + y2+)K±i + 2
�
KiK−i[x+ cos δD(±i)∓ y+ sin δD(±i)],

N−
±i ∝ K±i + (x2

− + y2−)K∓i + 2
�

KiK−i[x− cos δD(±i)∓ y− sin δD(±i)].
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x± = rB cos(δB ± γ),

y± = rB sin(δB ± γ).

4.1 CKM angles -  γ angle in tree-dominated decays. GGSZ

LHCB-CONF-2013-004

γ in Trees: B → Dh

model independent GGSZ

! Variation of strong phases over
Dalitz space from CLEO
(Phys. Rev. D 82 112006)

! 4 observables:
x± = rB cos(δB ± γ)

y± = rB sin(δB ± γ)

LHCb-CONF-2013-004 (2fb−1)

At B factories, this method is the most powerful way to measure γ!

B+ B−

2γ

Stephanie Hansmann-Menzemer 7

http://cdsweb.cern.ch/record/1427771
http://cdsweb.cern.ch/record/1427771


• The γ angle with GGSZ method: LHCb data. 

rB = (8.8+2.3
−2.4)10

−2,

γ = (57± 16)◦
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4.1 CKM angles -  γ angle in tree-dominated decays. 

γ in Trees: B → Dh

model independent GGSZ

! Variation of strong phases over
Dalitz space from CLEO
(Phys. Rev. D 82 112006)

! 4 observables:
x± = rB cos(δB ± γ)

y± = rB sin(δB ± γ)

LHCb-CONF-2013-004 (2fb−1)

At B factories, this method is the most powerful way to measure γ!

B+ B−

2γ
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γ in Trees: B → Dh

model independent GGSZ

! Variation of strong phases over
Dalitz space from CLEO
(Phys. Rev. D 82 112006)

! 4 observables:
x± = rB cos(δB ± γ)

y± = rB sin(δB ± γ)

LHCb-CONF-2013-004 (2fb−1)

At B factories, this method is the most powerful way to measure γ!

B+ B−

2γ

Stephanie Hansmann-Menzemer 7

LHCB-CONF-2013-004

(2+1 /fb)

http://cdsweb.cern.ch/record/1427771
http://cdsweb.cern.ch/record/1427771
http://cdsweb.cern.ch/record/1427771
http://cdsweb.cern.ch/record/1427771


• γ angle combinations:  

•  LHCb already in the playground of B-factories (precision-wise). 
         More to come w/ 3/fb for ADS and GLW.   

γ: Combinations

LHCb result (LHCb-CONF-2013-006)

γ = (67± 12)◦

rB = (9.2± 0.8)× 10−2

δB = (114+12
−13)

◦

Belle: γ = (68+15
−14)

◦

(without new ADS result shown at this conference)

BaBar: γ = (69+17
−16)

◦

xxx

arXiv:1301.2033 Phys Rev D 87, 052015 (2013)

Prediction UTFit: γ = (68.6±3.6)◦ CKMFitter: γ = (68.0+4.1
−4.6)

◦
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Stephanie Hansmann-Menzemer 8
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4.1 CKM angles -  γ angle in tree-dominated decays. 
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• The γ angle grand combination BaBar/Belle/LHCb (CKMfitter):

γ(WA) =
�
68.0+8.0

−8.5

�◦
.
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4.1 CKM angles -  γ angle in tree-dominated decays. 

Phys.Rev.D85 (2011)
ckmfitter.in2p3.fr

http://prd.aps.org/abstract/PRD/v84/i3/e033005
http://prd.aps.org/abstract/PRD/v84/i3/e033005


•  The α angle is exhibited in the interference of the direct (tree) and mixed decays 
of charmless hadronic decays and hence requires time-dependent measurement of 
CP asymmetries. 

•  The penguin contributions (not necessarily small)
      to the decays must be corrected for.    

•  So far constrained w/ time-dependent tagged 
         analyses of: 

•  B0➝ π+π- and B+, B0 isospin companions constraints 
• B0➝ ρρ and B+, B0 isospin companions constraints. 
• B0➝ ρπ [SQ] Phys.Rev. D 48,2139 (1993).

•  One example of ingredients for each method entering in the global  α    
determination are given in the following. 
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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

4.2 CKM angles -  α w/ charmless hadronic B decays. 



•  Two-body (charged) charmless hadronic B decays at LHCb. 

A(t) = −Cf cos(∆mdt) + Sf sin(∆mdt).

A(t) =
−Cf cos(∆mst) + Sf sin(∆mst)

cosh(∆Γst/2)−A∆Γ
f sinh(∆Γst/2)

.
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4.2 CKM angles -  α (and  γ) w/ charmless hadronic B decays. 
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•  Consistent w/ B-factories for B0.
       (input for α)

• First evidence for mixing-induced CP-
violation in Bs (input for (γ + Φs) 
assuming U-spin symmetry). 

Phys. Rev. Lett.110 (2013)



•  Three-body  B0 ➝ ρπ decays at BaBar: 

•  Competition in between tree and penguin
     diagrams.  

•  Time-dependent analysis in the Dalitz 
      Plane of the (πππ)0 decay. 

•  Assume isospin symmetry to solve 
      unambiguously for α. 

• Direct CP symmetry found consistent w/ zero.

• α scan checked not robust w/ this statistics and 
      illustrates the complexity of the approach.   
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4.2 CKM angles -  α w/ charmless hadronic B decays. 
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•  Three-body B ➝ ρρ charmless decays at Belle: 

•  Similar technique as B0➝ π+π- with the advantage that penguins modes are 
suppressed.

•  Controlled by the size of B0 ➝ ρ0ρ0    

•  The correction to α for the penguin pollution is found to be: 

•   BaBar prefers fL closer to unity...
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4.2 CKM angles -  α w/ charmless hadronic B decays. 
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• Grand combination for α angle: 

α(WA) = (85.4+4.0
−3.8)

◦.
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4.2 CKM angles -  α (and γ) w/ charmless 2-body B decays. 

Phys.Rev.D85 (2011)
ckmfitter.in2p3.fr

http://prd.aps.org/abstract/PRD/v84/i3/e033005
http://prd.aps.org/abstract/PRD/v84/i3/e033005


• As seen in section 3, the mixing-induced CP violation in Bs system is nicely 
predicted to be close to vanish in the SM. 

• Search for new CP violating phases in that system as null test of the SM 
hypothesis. A golden-mode for this purpose is Bs➝J/ψ (μ+μ-) φ (K+K-)

     

• Introducing the notation for  CP violating phase φS = φM-2φD

• The mixing phase, φM≈0 in Standard Model  can be modified by New Physics and 
hence measured by  φS.

• Since the decay is P ➝ VV, the final state is superposition of states with different 
CP value: the measurement requires a tagged, time-dependent angular analysis.  

PIC 2013 CP violation in B mesons systems 29

Bs
0 fCP 

Bs
0 

!D 

-!D !M 

4.3 CKM angles -  weak phase of Bs mixing (mixing-induced). 



• A CP-conserving APARTE:  

• decay time resolution is of utmost importance for such measurements. A textbook 
illustration of the LHCb performance can be found in the frequency of the Bs mixing, 
resolved here in the decay Bs  ➝ Dsπ :
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4.3 CKM angles -  weak phase of Bs mixing (mixing-induced). 

Bs − Bs Oscillation

weak eigenstate != mass eigenstates
two eigenstates with diff. mass and width
(5 parameters: m, Γ,∆Γ,∆ms, φs)

discovery in 2006

PRL 97, 24 2003 (2006) (1 fb−1)
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• It requires a simultaneous fit to m, t and
      3 helicity angles. 

• Letʼs start with mass and propertime 
      (resolutions of 7 MeV and 45 fs, resp.)  

• Out of the dimuon trigger stream with a mild 
        kinematical selection:
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4.3 CKM angles -  weak phase of Bs mixing (mixing-induced). 
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Figure 6: Decay time resolution, σt, for selected B0
s → J/ψK+K− signal events. The curve

shows a fit to the data of the sum of two gamma distributions with a common mean.
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Figure 7: Decay time distribution of prompt J/ψK+K− candidates. The curve (solid blue) is the
decay time model convolved with a Gaussian resolution model. The decay time model consists
of a delta function for the prompt component and two exponential functions with different decay
constants, which represent the B0

s → J/ψK+K− signal and long-lived background, respectively.
The decay constants are determined from the fit. The same dataset is shown in both plots, on
different scales.

decay time is calculated. The signal distribution of σt is shown in Fig. 6 where the sPlot
technique is used to subtract the background. To account for the fact that track parameter
resolutions are not perfectly calibrated and that the resolution function is not Gaussian,
a triple Gaussian resolution model is constructed

R(t; σt) =
3�

i=1

fi√
2πriσt

exp

�
−(t− d)2

2r2i σ
2
t

�
, (8)

where d is a common small offset of a few fs, ri are event-independent resolution scale
factors and fi is the fraction of each Gaussian component, normalised such that

�
fi = 1.

The scale factors are estimated from a sample of prompt µ+µ−K+K− combinations
that pass the same selection criteria as the signal except for those that affect the decay

8

http://cdsweb.cern.ch/record/1540265
http://cdsweb.cern.ch/record/1540265


Results
0.25

CDF

LHCb

ATLAS

Combined

SM

0.20

0.15

0.10

0.05

0
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5

68% CL contours
( )

HFAG
PDG 2013

LHCb   1.0 fb—1+ CDF  9.6 fb —1 + ATLAS  4.9 fb 1+ D     8 fb— —1

D

LHCb result (Phys. Rev. D 87 112010 (2013) - 1fb−1):
φs = 0.01 ± 0.07 ± 0.01 rad

∆Γs = 0.106 ± 0.011 ± 0.007 ps−1

Γs = 0.661 ± 0.004 ± 0.006 ps−1
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• Amplitude analysis:   
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4.3 CKM angles -  weak phase of Bs mixing (mixing-induced). 

Decay time [ps]
5 10

C
an

di
da

te
s /

 (0
.2

74
 p

s)

-110

1

10

210

310

410

LHCb

µ!cos
-1 -0.5 0 0.5 1

C
an

di
da

te
s /

 0
.0

67

0

200

400

600

800

1000

1200

1400

LHCb

K!cos
-1 -0.5 0 0.5 1

C
an

di
da

te
s /

 0
.0

67

0

200

400

600

800

1000

1200

1400

LHCb

 [rad]
h
!

-2 0 2

 ra
d)

"
C

an
di

da
te

s /
 (0

.0
67

0

200

400

600

800

1000

1200

1400

LHCb

Figure 12: Decay-time and helicity-angle distributions for B0
s → J/ψK+K− decays (data

points) with the one-dimensional projections of the PDF at the maximal likelihood point. The
solid blue line shows the total signal contribution, which is composed of CP -even (long-dashed
red), CP -odd (short-dashed green) and S-wave (dotted-dashed purple) contributions.

20

CP odd
CP even
S-wawe
Sum  

 [rad]
s
!

-0.4 -0.2 0 0.2 0.4

]
-1

 [p
s

s
"

#

0
0.02
0.04
0.06
0.08

0.1
0.12
0.14
0.16
0.18
0.2

68 % CL
90 % CL
95 % CL
Standard Model

LHCb

Figure 13: Two-dimensional profile likelihood in the (∆Γs, φs) plane for the B0
s → J/ψK+K−

dataset. Only the statistical uncertainty is included. The SM expectation of

∆Γs = 0.087± 0.021 ps−1 and φs = −0.036 ± 0.002 rad is shown as the black point with er-

ror bar [2, 41].

Table 8: Results of the maximum likelihood fit for the S-wave parameters, with asymmetric sta-

tistical and symmetric systematic uncertainties. The evaluation of the systematic uncertainties

is described in Sect. 10.

m(K+K−) bin [MeV/c2 ] Parameter Value σstat (asymmetric) σsyst

990− 1008 FS 0.227 +0.081,−0.073 0.020
δS − δ⊥ [rad] 1.31 +0.78,−0.49 0.09

1008− 1016 FS 0.067 +0.030,−0.027 0.009
δS − δ⊥ [rad] 0.77 +0.38,−0.23 0.08

1016− 1020 FS 0.008 +0.014,−0.007 0.005
δS − δ⊥ [rad] 0.51 +1.40,−0.30 0.20

1020− 1024 FS 0.016 +0.012,−0.009 0.006
δS − δ⊥ [rad] −0.51 +0.21,−0.35 0.15

1024− 1032 FS 0.055 +0.027,−0.025 0.008
δS − δ⊥ [rad] −0.46 +0.18,−0.26 0.05

1032− 1050 FS 0.167 +0.043,−0.042 0.021
δS − δ⊥ [rad] −0.65 +0.18,−0.22 0.06
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13 Conclusion

A sample of pp collisions at
√
s = 7TeV, corresponding to an integrated luminosity of

1.0 fb−1, collected with the LHCb detector is used to select 27 617± 115 B0
s → J/ψK+K−

events in a ±30MeV/c2 window around the φ(1020) meson mass [7]. The effective tagging
efficiency from the opposite-side (same-side kaon) tagger is εeff = 2.29± 0.22% (0.89 ±
0.18%). A combination of data and simulation based techniques are used to correct for
detector efficiencies. These data have been analysed in six bins of m(K+K−), allowing the
resolution of two symmetric solutions, leading to the single most precise measurements of
φs, Γs and ∆Γs

φs = 0.07 ± 0.09 (stat) ± 0.01 (syst) rad,

Γs = 0.663 ± 0.005 (stat) ± 0.006 (syst) ps−1,

∆Γs = 0.100 ± 0.016 (stat) ± 0.003 (syst) ps−1.

The B0
s → J/ψK+K− events also allow an independent determination of

∆ms = 17.70± 0.10± 0.01 ps−1.
The time-dependent CP -asymmetry measurement using B0

s → J/ψπ+π− events from
Ref. [6] is updated to include same-side kaon tagger information. The result of performing
a combined fit using both B0

s → J/ψK+K− and B0
s → J/ψπ+π− events gives

φs = 0.01 ± 0.07 (stat) ± 0.01 (syst) rad,

Γs = 0.661 ± 0.004 (stat) ± 0.006 (syst) ps−1,

∆Γs = 0.106 ± 0.011 (stat) ± 0.007 (syst) ps−1.

The measurements of φs, ∆Γs and Γs are the most precise to date and are in agree-
ment with SM predictions [2, 41]. All measurements using B0

s → J/ψK+K− decays
supersede our previous measurements reported in Ref. [5], and all measurements using
B0

s → J/ψπ+π− decays supersede our previous measurements reported in Ref. [6]. The
B0

s → J/ψπ+π− effective lifetime measurement supersedes that reported in Ref. [46]. The
combined results reported in Ref. [6] are superseded by those reported here. Since the
combined results for Γs and ∆Γs include all lifetime information from both channels they
should not be used in conjunction with the B0

s → J/ψπ+π− effective lifetime measure-
ment.
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• Results (including the VS
        mode Bs➝J/ψ(π +π -)): 

http://cdsweb.cern.ch/record/1540265
http://cdsweb.cern.ch/record/1540265


• Implications of LHCb result: 

• Generic (minimal assumptions) NP in Bd and Bs mixing: 1 complex number for 
each multiplying the SM matrix element.   

• The 2D SM hypothesis is: 0.2 σ (used to be ~ 3 σ)

• But donʼt infer a wrong statement: sizeable NP is still allowed by the LHCb 
constraint in both Bd and Bs mixing.  
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4.3 CKM angles -  weak phase of Bs mixing (mixing-induced). 

Phys.Rev.D83 (2011)
ckmfitter.in2p3.fr

http://prd.aps.org/abstract/PRD/v84/i3/e033005
http://prd.aps.org/abstract/PRD/v84/i3/e033005


• Search for new CP-violating phases in loop-dominated diagrams: Bs➝ φ φ 

• First constraint from loop processes. The sensitivity is so far modest but a certain 
amount of times the current statistics is to come.  
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4.3 CKM angles -  weak phase of Bs mixing (mixing-induced). 
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4.4 CKM angles -  flavour specific Bd,s mixing asymmetries asl(d,s) 

• Flavour specific asymmetries are a measure of CP violation in the mixing, not 
observed so far in B mesons systems. 

• asl(d) measured at B-factories and D0 experiments.  asl(s) measured D0 and 
LHCb experiments. Additionally, D0 exp. measures a like-sign dimuon asymmetry 
Asl - average CPV in the mixings of Bd and Bs mesons.     

assl = (−0.06± 0.50± 0.36)%.

a second order polynomial. The signal yields from the fits are listed in Table 1. As a
check the event yields are determined by counting the yields in the range indicated by the
vertical red-dashed lines above the background level, determined in the fits discussed above.
The signal yields are consistent using the two methods. The average mass resolution is
about 7.1 MeV.
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Figure 1: Invariant mass distributions for (a) K+K−π+ candidates and (b) K+K−π−

candidates for magnet up with m(K+K−) within ±20 MeV of the φ meson mass. The
fitting functions are described in the text. The pull values are shown below.
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Figure 2: Invariant mass distributions for (a) K+K−π+ candidates and (b) K+K−π−

candidates for magnet down with m(K+K−) within ±20 MeV of φ meson mass. The
fitting functions are described in the text. The pull values are shown below.
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adsl = (0.06± 0.16+0.36
−0.32)%.

single most precise measurement on asl(d).
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4.4 CKM angles -  flavour specific Bd,s mixing asymmetries asl(d,s) 

• Consistent results on individual flavour specific 
asymmetries. 

• D0 average asymmetry discrepant from the SM 
prediction.  Marginal agreement with individual asl(d,s).  

• BaBar experiment: single most precise measurement 
on asl(d). Measurements at LHCb in preparation. 

• The D0 dimuon asymmetry and LHCb φs (J/Ψ Φ) are 
currently ~ 3 σ discrepant in generic NP models as in 
Phys.Rev.D83 (2011). Difficult to accommodate both 
results even in a generic NP scenario.   

•  Strong physics case for improving precision.  
Measurements at LHCb in preparation on asl(d).
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Physics in Collision 2013 

Outline of the presentation
 

1. Historical measurements of CP violation as an introduction. 

2. Recent first observations of direct CP violation. 

3. Electroweak (Standard Model) interpretation of CP violation: the CKM 
paradigm .    

4. Overview of CKM angles measurements (and related quantities).  

5. The CKM profile as a summary.   



PIC 2013 CP violation in B mesons systems 38

5. Summary: the CKM profile.   

5.1 The global fit : CKM profile 

• This is a tremendous success of the 
Standard Model and especially the 
Kobayashi-Maskawa mechanism. 
This is simultaneously an outstanding 
experimental achievement by the B 
factories (at first).   

• CKM is at work in weak charged 
current. 

• The KM phase IS the dominant 
source of CP violation in K and B 
system.  

• The second pillar of the SM.   



PIC 2013 CP violation in B mesons systems 39

5. Summary: the CKM profile w/ angles only.   

• No theoretical uncertainties there. Let me point out that the γ constraint is not yet 
accurate enough to participate valuably to the global consistency check of SM. 

• Fair agreement though.  Breakthrough: LHCb γ update w/ 3/fb. 

α+ β + γ = (174.8± 9.4)◦.
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• B-factories were an outstanding experimental success. The experiments are still 
providing these days world class measurements. 

• The LHCb experiment is a sound success. An harvest of results significantly explores its 
core physics case already with the first 1/fb recorded in 2011. Much more to come with the 
3 /fb recorded so far. 

• The SM passed successfully all tests so far. 

• Some tensions though (not only in CP-violating observables). 

• The first message is that sizeable NP contributions are allowed by the current 
experimental constraints in both Bd and Bs mixings, which both the LHCb upgrade and the 
SuperKEKB program will study.   

•  The second message is that LHCb is well suited to provide a decisive breakthrough by a 
complete characterization of the Bs mixing properties.  

5. Concluding remarks    


