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CP-violation in 𝐵𝑠 mixing  

𝐵𝑠 

𝐵𝑠  

𝐽/Ψ Φ Interference between mixing and decay: 
→ CP violating phase 𝜙𝑠 = 𝜙𝑀  − 2 𝜙𝐷 

2 

𝜙𝑀 
−𝜙𝐷 

𝜙𝐷 

𝜙𝑠 in Standard Model well predicted and small:  −0.0363 ± 0.0017 rad   
     [CKMfitter Eur.Phys.J.C41 1-131 (2005)]  

tree-level transition dominant 
( penguin contribution ~ 10−4  − 10−3 ) 

𝜙𝑠 = −2arg [−
𝑉𝑡𝑠𝑉𝑡𝑏

∗

𝑉𝑐𝑠𝑉𝑐𝑏
∗ ] 
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New Physics:  𝝓𝒔 = 𝝓𝒔
𝑺𝑴 + 𝝓𝒔

𝑵𝑷 
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Experimental status in spring 2011 
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EPS 2011 

CDF note 10206 

 Measurements from CDF and D0,  
      first measurement of LHCb 

 
 Still large uncertainties on 𝜙𝑠 and ΔΓ𝑠  
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𝐵𝑠 → 𝐽/Ψ Φ at LHCb 
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 Single and dimuon trigger lines  
 

 Cut on proper time 𝑡 > 0.3 ps to suppress prompt background 
 

 Low background level:   S/B ≈ 11 in 3𝜎 mass window 
 

 Background mostly from real 𝐽/Ψ decays 

𝑵𝒔𝒊𝒈 = 8276 ± 94 
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𝜙𝑠 in 𝐵𝑠 → J/Ψ Φ  
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P -> VV decay:  
final state is mixture of CP even and CP odd eigenstates 
 

Described by three polarization amplitudes:   𝐴⊥ (CP-odd) 
𝐴0 , 𝐴∥ (CP-even) 

Final states described by three transversity angles:  Ω = {𝜑, 𝜃, 𝜓} 

→ Statistical separation of CP eigenstates  
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Analysis strategy 
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Perform unbinned maximum likelihood fit in mass, proper time, transversity angles: 

𝑆 𝜆, 𝑡, Ω = 𝜖 𝑡, Ω ⋅
1+𝑞𝐷

2
⋅ 𝑃𝐵 𝜆, 𝑡, Ω +

1−𝑞𝐷

2
⋅ 𝑃𝐵 𝜆, 𝑡, Ω ⊗ 𝑅𝑡   

𝑃 𝜆; 𝑚, 𝑡, Ω = 𝑓𝑠𝑖𝑔 ⋅ 𝑆 𝜆; 𝑚  𝑆 𝜆; 𝑡, Ω + 1 − 𝑓𝑠𝑖𝑔 ⋅ 𝐵 𝜆; 𝑚  𝐵 𝜆; 𝑡  𝐵(𝜆; Ω) 

Physics parameters: 
 Γ𝑠, ΔΓ𝑠 , 𝜙𝑠, 𝐴0

2, 𝐴⊥
2, 𝛿⊥, 𝛿∥,  

 
 𝐴𝑠

2, 𝛿𝑠    non-resonant 𝐾+ 𝐾− s-wave 

Proper time and angular acceptance Proper time resolution tagging 

background signal 

Ingredients: 
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Proper time acceptance and resolution 
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Acceptance and resolution measured on data: 
 
 
 Non-flat proper time acceptance due to lifetime biasing cuts in trigger: 
  acceptance parameters directly fitted using 𝐵𝑠  → 𝐽/Ψ Φ events   
  cross-checked by comparing biased and unbiased trigger lines 
 
 
 Resolution determined from prompt 𝐽/Ψ peak in data (triple Gaussian model) 
 

Dilution: < 𝑫𝒓𝒆𝒔𝒐 >𝒆𝒇𝒇= 𝟎. 𝟔𝟕𝟑 ± 𝟎. 𝟎𝟏𝟑 

Effective proper time resolution: ~ 50fs 
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Angular acceptance 
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 Angular acceptance changes composition of CP even and CP odd eigenstates 
 

 Acceptance determined on MC and cross-checked on data 
 

 3d description necessary to account for correlation 
 

 maximal deviations ~5%:   
 mainly due to angular coverage of the detector and reconstruction effects  
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Flavour tagging 

 OS tagger calibrated on data with  𝐵+  → 𝐽/Ψ 𝐾+ 
 
      Per event mistag:       𝜔𝑖 = 𝑝0 + 𝑝1 ⋅ (𝜂𝑖  − < 𝜂 >) 
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 Calibration parameters 𝑝0, 𝑝1 floated in fit within errors 

For 𝑩𝒔 → 𝑱/𝚿 𝚽: 
  Dilution:  𝐷𝑒𝑓𝑓 = 27.7 ± 1.1 ± 2.5 % 

    

  Tagging Power:    𝜖𝐷𝑒𝑓𝑓
2 = 2.08 ± 0.17 ± 0.37 % 

 Only tagging information from the “opposite side” B used 
 
      Efficiency of OS tagger: ~ 17.5% 
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Fit projections 
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Separation between  
CP eigenstates 

Non-resonant  
S-wave component 
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CP even 

CP odd 



Systematic uncertainties 
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Systematic uncertainties ~40% of statistical error on 𝜙𝑠, ~ 30% on ΔΓ𝑠 

 Tagging, proper time resolution, mixing frequency: floated in fit 
 
 Background description: different treatments in fit 

 
 Angular acceptance: toy studies with reweighted MC acceptance 

 
 Nuisance asymmetries:  
      Production asymmetry,  CPV decay/mixing simulated in toy experiments 

 
 S-wave: toy studies and parameterization cross-checks 
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Final results 
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 Most precise measurement on Γ𝑠 , ΔΓ𝑠 and 𝜙𝑠 
 
 first direct experimental significant evidence of non-zero ΔΓ𝑠 
 
 good agreement with SM predictions  

Parameter Value Stat. Syst. 

𝝓𝒔  [𝒓𝒂𝒅] 0.13 0.18 0.07 

𝚫𝚪𝒔  [𝒑𝒔−𝟏] 0.123 0.029 0.011 

𝚪𝒔  [𝒑𝒔−𝟏] 0.656 0.009 0.008 

𝑨⊥ 𝟎 𝟐 0.238 0.015 0.011 

𝑨𝟎 𝟎 𝟐 0.497 0.013 0.031 

𝑨𝒔 𝟎 𝟐 0.041 0.016 0.019 

𝜹⊥  [𝒓𝒂𝒅] 2.94 0.37 0.12 

𝜹𝒔  [𝒓𝒂𝒅] 3.00 0.36 0.12 

𝜹∥ ∈ [ 3.01, 3.36 ] @ 68% C.L. 
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Summary 
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 Tagged time-dependent angular analysis of 𝐵𝑠 → 𝐽/Ψ Φ decays  at LHCb  
 
 
 ~ 8300 signal candidates corresponding to 𝐿 ≈ 337 𝑝𝑏−1 
 
 
 Effective proper time resolution of 50 fs  
      tagging power 𝜖𝐷2 = 2.1 ± 0.4 % 
 
 
 Most precise measurement of 
 
𝜙𝑠 = 0.13 ± 0.18 𝑠𝑡𝑎𝑡 ± 0.07 𝑠𝑦𝑠  rad  
 
ΔΓ𝑠 = 0.123 ± 0.029 𝑠𝑡𝑎𝑡 ± 0.008 𝑠𝑦𝑠  𝑝𝑠−1  
 
Γ𝑠 = 0.656 ± 0.009 𝑠𝑡𝑎𝑡 ± 0.008 𝑠𝑦𝑠  𝑝𝑠−1    
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