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CP Violation and the SM 

VCKM 

CKM Quark mixing matrix: 3 mixing angles 

and one complex phase δ 

Nonzero complex phase ↔ CP violation 

Ideally, measure each complex element Vij independently, and confirm/reject SM 

properties 

In practice, measurements probe combinations of couplings, plus higher-order 

corrections, hadronic effects, final-state interactions etc 

Two general approaches: 

1) Find observables with precise (and/or small) SM prediction, where NP effects can 

(must) cause significant changes 

2) Measure as many different observables as possible, and over-constrain the parameter 

space (are the CKM unitarity triangles actually 3-sided?) 



Types of CP Violation 

Three categories of CP violation: 

 

1) Direct Γ( A → f ) ≠ Γ( A → f ) 

 

Quantified by asymmetries in decay branching ratios, e.g. 

 

 ACP(B0→K+π−) ≡                                     

_ _ 

Γ( B0 → K–π+) – Γ(B0 → K+π–) 

Γ( B0 → K–π+) + Γ(B0 → K+π–) 

_ 

_ 



Types of CP Violation 

Three categories of CP violation: 

 

1) Direct Γ( A → f ) ≠ Γ( A → f ) 

2) In mixing Γ( A → A ) ≠ Γ( A → A ) 

 

Quantified by asymmetries in mixing of neutral K, D, B mesons, e.g. 

 

 ad
sl ≡  

_ _ 

Γ( Bd
0 → Bd

0 → l+X ) – Γ(Bd
0 → Bd

0 → l−X ) 

_ 

_ 
Γ( Bd

0 → Bd
0 → l+X ) + Γ(Bd

0 → Bd
0 → l−X ) 

_ 

_ _ 

_ 



Types of CP Violation 

Three categories of CP violation: 

 

1) Direct Γ( A → f ) ≠ Γ( A → f ) 

2) In mixing Γ( A → A ) ≠ Γ( A → A ) 

3) In interference between mixing and decay 

 

Quantified by asymmetries in decays of neutral mesons, where same final state is 

allowed for direct and mixed decays, e.g. 

 

 A     (t)   ≡  J/ψφ 
dΓ/dt(Bs

0 → J/ψφ) – dΓ/dt(Bs
0 → J/ψφ) 

_ 

_ 

_ _ 

_ _ 

dΓ/dt(Bs
0 → J/ψφ) + dΓ/dt(Bs

0 → J/ψφ) 



Types of CP Violation 

Three categories of CP violation: 

 

1) Direct Γ( A → f ) ≠ Γ( A → f ) 

2) In mixing Γ( A → A ) ≠ Γ( A → A ) 

3) In interference between mixing and decay 

 

Quantified by asymmetries in decays of neutral mesons, where same final state is 

allowed for direct and mixed decays, e.g. 

 

 A     (t)   ≡  J/ψφ 
dΓ/dt(Bs

0 → J/ψφ) – dΓ/dt(Bs
0 → J/ψφ) 

_ 

_ 

_ _ 

_ _ 

dΓ/dt(Bs
0 → J/ψφ) + dΓ/dt(Bs

0 → J/ψφ) 

Today:  

New results from  

Atlas, CMS, CDF, D0  

in all three categories 



CPV @ GPDs 

pp at √s = 7-8 TeV, ζ(b) ≈ 0.5 mb pp at √s = 1.96 TeV, ζ(b) ≈ 0.08 mb _ 

No production asymmetries 

CP-symmetric initial state 
Higher b yields 

Next-gen detector design 



CPV @ GPDs 

pp at √s = 7-8 TeV, ζ(b) ≈ 0.5 mb pp at √s = 1.96 TeV, ζ(b) ≈ 0.08 mb _ 

No production asymmetries 

CP-symmetric initial state 
Higher b yields 

Next-gen detector design 

Regular reversal of tracking and 

muon system magnets: removes 

1st order reco asymmetries 

Broad and well-shielded muon 

system 

Dedicated displaced track trigger 

essential for hadronic decays. 

Large tracker gives excellent σM 

dE/dx for particle ID 

High muon ID efficiency to 

|η|<2.4, pT > 3 GeV  

Very low muon mis-ID rate 

(~0.1% for K,π; ~0.05% for p) 

Dimuon triggers without 

displaced vertex requirement – 

removes tricky biases. 



Direct CPV in Charmless B Decays 

Observed in B0→K+π− decays (>5σ) in 2004 

 ACP(B0→K+π−) = (−9.7 ± 1.2)% 

Accommodated, but not strongly constrained, by 

standard model. 

Not observed in B+ equivalent: 

 ACP(B+→K+π0) = (5.1 ± 2.5)% 

Important and interesting to investigate other 

decay modes. 

CPV occurs via interference between decay amplitudes 

with different strong and weak phases. 
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In particular, for Bs
0→K−π+, SM predicts ~same |ACP| as B0→K+π− due to ‘miraculous’ 

[*] relation between tree-enhancement and penguin-suppression 

[*: Lipkin, Phys. Lett. B 621, 126] 

Belle, 

Babar 



Direct CPV in Charmless B Decays 

Strategy:  

1. Displaced vertex trigger (~2% efficient @ pT(B)>4 GeV, |η(B)| < 1.0) 

2. Reconstruct B-like two-pronged vertices (isolation, vertex requirement, lifetime…) 

3. Build invariant mass, assuming ππ hypothesis 

 

Several decays of {B0, Bs
0, Λb

0}→h+h`− are 

reconstructed in single narrow peak 

log 
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1. Displaced vertex trigger (~2% efficient @ pT(B)>4 GeV, |η(B)| < 1.0) 

2. Reconstruct B-like two-pronged vertices (isolation, vertex requirement, lifetime…) 

3. Build invariant mass, assuming ππ hypothesis 

 

Several decays of {B0, Bs
0, Λb

0}→h+h`− are 

reconstructed in single narrow peak 

Select those which can be 

flavor-tagged by final state: 

B0→K+π− 

Bs
0→K−π+ 

Λb
0→pπ− 

Λb
0→pK− 

log 



Direct CPV in Charmless B Decays 

Strategy:  

1. Displaced vertex trigger (~2% efficient @ pT(B)>4 GeV, |η(B)| < 1.0) 

2. Reconstruct B-like two-pronged vertices (isolation, vertex requirement, lifetime…) 

3. Build invariant mass, assuming ππ hypothesis 

4. Use multi-dimensional unbinned likelihood fit to extract yields of each decay and 

charge conjugate – 3 kinematic variables 

 

β ≡ (p+ – p–)/(p+ + p–) ptot ≡ p+ + p– 



Direct CPV in Charmless B Decays 

Strategy:  

1. Displaced vertex trigger (~2% efficient @ pT(B)>4 GeV, |η(B)| < 1.0) 

2. Reconstruct B-like two-pronged vertices (isolation, vertex requirement, lifetime…) 

3. Build invariant mass, assuming ππ hypothesis 

4. Use multi-dimensional unbinned likelihood fit to extract yields of each decay and 

charge conjugate – 3 kinematic variables + particle ID variable 

 

CDF Monte Carlo 

Use dE/dx to construct ‘kaonness’ for 

positive and negative particles 

separately, +, −. 

Good separation between kaons and 

pions 


−
 

+ 

K+π− 

K−π+ 



Direct CPV in Charmless B Decays 

Strategy:  

1. Displaced vertex trigger (~2% efficient @ pT(B)>4 GeV, |η(B)| < 1.0) 

2. Reconstruct B-like two-pronged vertices (isolation, vertex requirement, lifetime…) 

3. Build invariant mass, assuming ππ hypothesis 

4. Use multi-dimensional unbinned likelihood fit to extract yields of each decay and 

charge conjugate – 3 kinematic variables + particle ID variable 

5. Assume zero production asymmetry, negligible contribution from CPV in 

mixing, and extract reconstruction asymmetries from dedicated, independent 

channels  

 
e.g., use D0→π+K− sample (~15M signal 

candidates) to extract reconstruction 

efficiency ratio: 

ε(K−π+) / ε(K+π−) = 0.983 ± 0.001 

 

Use Λ0→pπ− sample to measure proton 

reconstruction asymmetry 



Direct CPV in Charmless B Decays 

Results: 

 

ACP(B0→K+π−) = (−8.3 ± 1.3 ± 0.3)% 
~12,000 signal events 

Consistent and competitive with 

previous WA: (−9.7 ± 1.2)% 

ACP(Bs
0→K−π+) = (22 ± 7 ± 2)% ~900 signal events 

2.9σ from zero, consistent with 

LHCb measurement (27 ± 8 ± 2)% 

 Combining with LHCb: ACP(Bs
0→K−π+) = (24.2 ± 5.4)% (4.5σ from zero) 

ACP(Λb
0→pπ−) = (7 ± 7 ± 3)% 

ACP(Λb
0→pK−) = (−9 ± 8 ± 4)% 

~450, 600 signal events 

Consistent with zero, world’s best 

precision 

[CDF Public Note 10726 

(full Run II dataset)] 



CPV in B Meson Mixing 

Define semileptonic 

mixing asymmetry: 

SM values for both B0 and B0
s are negligible 

compared to experimental precision: 

Any significant deviation from zero is hence a signal 

of new physics. 

ad
sl = (−0.041 ± 0.006)% 

as
sl = (−0.0019 ± 0.0003)% 

b 

_ 

b 

_ 

t 

_ 

t d, s 

d, s 

_ 

W W 

V*
tb Vtd,ts 

Vtd,ts V*
tb 

B(s)
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Neutral B mesons oscillate into 

their antiparticles 

Complex phase in CKM matrix 

can lead to asymmetry: 

Γ[B(s)
0 → B(s)

0] ≠ Γ[B(s)
0 → B(s)

0] 

_ _ ? 



CPV in B Meson Mixing 

b 

_ 

b 

_ 

t 
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t d, s 

d, s 

_ 

W W 

V*
tb Vtd,ts 

Vtd,ts V*
tb 

B(s)
0 B(s)

0 

_ 

Neutral B mesons oscillate into 

their antiparticles 

D0 experiment measures significant 

asymmetry in same-charge dimuons (2011) 

 Interpreted as arising from asymmetry in B 

mixing 

~50% contributions from Bd
0 and Bs

0 

Important to make separate, independent 

measurements of ad
sl and as

sl 

Bd
0 

Bs
0 



CPV in B Meson Mixing 

Three decay 

channels: 
Bs

0→μ+νDs
−X B0→μ+νD−X     B0→μ+νD*−X 

Raw asymmetry extracted 

by counting μD(s)
(*)± signal 

yields 

Detector-related asymmetries 

(e.g. positive kaons have higher 

detection efficiency). 

Fraction of reconstructed μD(s) decays from 

oscillated B0
(s) mesons (assume other 

sources are charge symmetric).  



CPV in B Meson Mixing 

Raw Asymmetries 

Simultaneous constrained fit of sum and 

difference distributions (single set of signal 

parameters) 

Validate using charge-randomised ensemble 

studies: fits are unbiased, with correct 

uncertainties 

A(Bs
0→μ+νDs

−X) = (−0.40 ± 0.33) % 

B0→μD+ 

Bs
0→ μDs

+ 

Negligible asymmetry in background 

region: strong indication that track 

reconstruction asymmetry is small. 

Sum 

Difference 



CPV in B Meson Mixing 

Raw Asymmetries 

Simultaneous constrained fit of sum and 

difference distributions (single set of signal 

parameters) 

Validate using charge-randomised ensemble 

studies: fits are unbiased, with correct 

uncertainties 

For B0 channels, 6 separate bins of visible 

proper decay length 

A4(B
0→μ+νD*−X) = (1.38 ± 0.33) % 

Large asymmetry expected due to 

kaon reconstruction asymmetry… 

B0→μD*+ 

Sum 

Difference 



CPV in B Meson Mixing 

Reconstruction Asymmetries 

Detector asymmetries canceled to first order by 

collecting equal samples in each magnet 

polarity configuration 

Use data-driven methods in dedicated, 

independent channels to extract asymmetries 

Only kaon reconstruction has large asymmetry 

(~1%) due to larger K− cross-section for 

nuclear interactions 

Muon, pion asymmetries are small (≤0.1%) 

Final corrections: 

     ABG  = (1.18→1.27)% for B0  

     ABG  = (0.11 ± 0.06)% for Bs
0 

No significant variation of 

asymmetry with pT(π). 

Kaon asymmetry 

Pion asymmetry 



CPV in B Meson Mixing 

μD*± 

F       = 0.06 → 0.71 B0 
osc 

Fraction of oscillated events 

Use MC simulation to account for non-signal 

events: strong VPDL dependence in B0 

channels 

Consistent ad
sl measurements in all signal 

VPDL bins 

For Bs
0, ~½ of all mesons oscillate prior to 

decay  Control bins 

Final results consistent with SM: 

More precise than existing 

WA from B factories 

Competitive with precision 

of preliminary LHCb result 

ad
sl  arXiv:1208.5813 (accepted by PRD) 

as
sl  arXiv:1207.1769 (submitted to PRL) 



CPV in B Meson Mixing 

D0 results from dimuon asymmetry, ad
sl 

and as
sl, and existing WA of ad

sl from B-

factories. 
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D0 results from dimuon asymmetry, ad
sl 

and as
sl, and existing WA of ad

sl from B-

factories. 
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CPV in B Meson Mixing 

D0 results from dimuon asymmetry, ad
sl 

and as
sl, and existing WA of ad

sl from B-

factories. 
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CPV in B Meson Mixing 

D0 results from dimuon asymmetry, ad
sl 

and as
sl, and existing WA of ad

sl from B-

factories. 

 

 

 

 

2.9ζ from SM point 

 

Combination 

as
sl(LHCb) also shown for comparison 

(−0.24 ± 0.63)% 

LHCb 

Bs
0 

Bd
0 



CPV in Interference: Bs
0→J/ψθ 

Same final states available to Bs
0 and Bs

0: 

• Amplitudes interfere,  

• Final CPV phase is combination of mixing 

(φs) and decay (φD) phases: 
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θD  

-θD  
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θs

J/ψθ = −2arg 
-VtsVtb 
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VcsVcb 
* ( ) 

= −2βs  ≈ −0.04 (SM) 

Decay 

rate 



CPV in Interference: Bs
0→J/ψθ 

Bs
0 → J/ψ φ   

Pseudoscalar 

(spin 0) 

Vector 

(spin 1) 

Vector 

(spin 1) 

↑↑:    L=2, CP even,  amplitude A||(t) 

↑↓:    L=0, CP even,  A0(t) 

↑→:  L=1, CP odd,    A+(t) 

↑S:    L=1, CP odd,    AS(t) 

Γ(Bs
0→J/ψθ)(t) =  

         |A||(t) + A0(t) + A+(t) + AS(t)|2 

3 possible final-state spin configurations → 

different CP states and polarization 

amplitudes 

(plus non-resonant ‘S wave’ J/ψK+K− gives 

additional term): 

 

6 Additional parameters define relations 

between amplitudes: 

|A0(t=0)|, |A||(t=0)|, δ+, δ||, δS,  

S-wave fraction  FS 

Disentangle via angular distributions 

Time-dependence of each amplitude 

governed by parameters ηs, ΔMs, ΔΓs, θs
J/ψθ 



CPV in Interference: Bs
0→J/ψθ 

Without knowledge of initial flavor, measure 

average of Bs
0 and Bs

0 contributions: 

            Γnotag = [ ½ Γ (Bs
0) + ½ Γ(Bs

0) ] 

For events with initial flavor tagged with probability 

P(Bs
0): 

            Γtag = [ P(Bs
0) Γ(Bs

0) + [1 – P(Bs
0)] Γ(Bs

0) ] 

_ 

_ 

‘Untagged’ analysis (Atlas, CMS) 

Simpler, but reduced sensitivity to φs
J/ψφ 

‘Flavor tagged’ analysis (CDF, 

D0) resolves one ambiguity in 

measurement (but so does LHCb 

result…) 

‘same-side’ 

Use additional information from event 

to determine Bs
0 flavor at production 

b 

b 
μ+ 

μ− 

K+ 

K− 

Bs
0 

_ 

μ+, e+ B+, B0,  
Bs

0, Λb 

_ 

_ 

K+ 

‘opposite-

side’ 



CPV in Interference: Bs
0→J/ψθ 

Lifetime significance used to 

remove backgrounds – must model 

precisely in time-dependent fit 

N(Bs
0) ≈ 

15,000 

CMS Atlas 

N(Bs
0) ≈ 

23,000 

N(Bs
0) ≈ 

11,000 

No lifetime-based selections.  

CDF 

Standard event selection techniques, followed by multidimensional likelihood fit to extract 

~30 free parameters 



CPV in Interference: Bs
0→J/ψθ 

Lifetime significance used to 

remove backgrounds – must model 

precisely in time-dependent fit 

N(Bs
0) ≈ 

15,000 

CMS Atlas 

N(Bs
0) ≈ 

23,000 

N(Bs
0) ≈ 

11,000 

No lifetime-based selections.  

Standard event selection techniques, followed by multidimensional likelihood fit to extract 

~30 free parameters 

D0 (published 02/2012) 

N(Bs
0) ≈ 

6,500 



CPV in Interference: Bs
0→J/ψθ 

Assuming zero CPV, θs
J/ψθ = 0 

Mass eigenstates of Bs
0 are well-defined CP 

eigenstates 

Use angular distributions to separate heavy and 

light states and measure lifetime difference ΔΓs  

Three angles in transversity basis: use 

simulation to account for detector 

acceptance 

CP odd CP odd 

CP even 
CP even 

ΔΓs = 0.048 ± 0.024 ± 0.003 ps-1  

cηs = 458.0 ± 5.9 ± 2.2 μm 

Also measure |A0|, |A +| and δ|| 

Still limited by 

stat uncertainty; 

Plan to fit with 

free θs
J/ψθ  



CPV in Interference: Bs
0→J/ψθ 

Allow free phase θs
J/ψθ 

Multi-dimensional likelihood fit, with additional 

terms compared to CMS analysis. 

Still not full story – untagged analysis reduces 

sensitivity to δ+, which is constrained to LHCb 

value (≈π) 

ΔΓs = 0.053 ± 0.021 ± 0.008 ps-1 

θs
J/ψθ = 0.22 ± 0.41 ± 0.10 

Γs = 0.677 ± 0.007 ± 0.004 ps-1 

Also measure |A0|, |A +|, |AS| and δ|| 

Reject solution with 

negative ΔΓs 

Results agree with SM prediction 



CPV in Interference: Bs
0→J/ψθ 

Full flavor-tagged analysis 

No external assumptions for full 2D profile, except 

use known ΔMs from previous CDF mixing analysis 

For point estimates, assume θs
J/ψθ (SM): 

ΔΓs = 0.068 ± 0.026 ± 0.009 ps-1  

ηs = 1.528 ± 0.019 ± 0.009 ps 

Also measure |A0|, |A +| and δ   +  

Observe ~8% contribution from 

misidentified B0→K+π− decays, 

which might be interpreted as KK 

S-wave 

2D confidence regions include effects of 

correlations, bias from fit, and systematic 

uncertainties (using random sampling of 

30 ‘nuisance parameters’) 

 ~40% increase in θs
J/ψθ interval 

θs
J/ψθ   (rad) 



CPV in Interference: Bs
0→J/ψθ 

All measurements consistent with 

each other, and with SM 

prediction 

 

CMS: Public Note BPH-11-006 

Atlas: arXiv:1208.0572 

(submitted to JHEP) 

CDF: Phys. Rev. Lett. 109 

(2012) 171802 

D0: Phys. Rev. D 85 (2012) 

032006 

CMS 



Summary 

CDF finds 3σ evidence for CP violation in 

direct charmless Bs
0 decays : confirms 

LHCb findings. 

No evidence in similar Λb
0 decays 

ACP(B0→K+π−) = (−8.3 ± 1.3 ± 0.3)% 

ACP(Bs
0→K−π+) = (22 ± 7 ± 2)% 

ACP(Λb
0→pπ−) = (7 ± 7 ± 3)% 

ACP(Λb
0→pK−) = (−9 ± 8 ± 4)% 

D0 performs world-leading 

measurements of asymmetries in 

B(s)
0 mixing: consistent with SM 

and with 3.9σ dimuon asymmetry. 

CMS 

All four experiments present results in 

Bs
0→J/ψφ: consistent with SM and LHCb. 

Additional updates and improvements 

forthcoming from Atlas/CMS. 



CPV in Interference: Bs
0→J/ψθ 

CDF also use B0→J/ψK*0 to measure ratio: 

B(B0→J/ψK*0) 

B(Bs
0→J/ψφ) fs 

fd 
• = 0.239 ± 0.003 ± 0.019 

B(Bs
0→J/ψφ) = [1.18 ± 0.02 ± 0.09 

  ± 0.14 (frag) ± 0.05 (PDG)]  10-3 

fs/ fd = 0.254 ± 0.003 ± 0.020  

      ± 0.044 (BR) 

No pT dependence observed 

or… 

CDF Br: Public Note 10795 


