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(Standard Model) 

  Δ𝑚𝑠 = 𝑚𝐻 −𝑚𝐿 = 2 𝑀12   

ΔΓ𝑠 = Γ𝐿 − Γ𝐻 

EPS-HEP 2013 Stockholm 
 Sebastian Wandernoth 

𝜙𝑀 = arg 𝑀12  

4 

𝑖
𝑑

𝑑𝑡
 
𝐵𝑠
0

𝐵𝑠
0
 =  𝑀 −

𝑖

2
Γ  

𝐵𝑠
0

𝐵𝑠
0
                  M =  

𝑀11 𝑀12

𝑀12
∗ 𝑀22

 ; Γ =  
Γ11 Γ12
Γ12
∗ Γ22

  

 

Phenomenological Schroedinger equation describing oscillation and decay 



𝐵𝑠
0 CP violating phase 𝜙𝑠 

20/07/2013 5 

𝐵𝑠
0 

𝐵𝑠
0  

𝑓𝐶𝑃 Interference between mixing and decay: 
→ measure relative phase 𝜙𝑠 

CP asymmetry (for CP eigenstates): 

𝐴𝐶𝑃 𝑡 =
Γ 𝐵𝑠

0 𝑡 → 𝑓𝐶𝑃  − Γ(𝐵𝑠
0 𝑡 → 𝑓𝐶𝑃)

Γ 𝐵𝑠
0 𝑡 → 𝑓𝐶𝑃 + Γ(𝐵𝑠

0 𝑡 → 𝑓𝐶𝑃)
= −𝜂CPsin (𝜙𝑠)sin (Δ𝑚𝑠𝑡)  

𝜙𝑀 

𝜙𝐷 

−𝜙𝐷 
𝝓𝒔 = 𝝓𝑴 − 𝟐𝝓𝑫 

EPS-HEP 2013 Stockholm 
 Sebastian Wandernoth 

Standard Model prediction: 𝝓𝒔
𝑺𝑴 = −𝟎. 𝟎𝟑𝟔 ± 𝟎. 𝟎𝟎𝟐 rad 

CKM-Fitter (Phys. Rev. D 84 (2011), 033005) 
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time-dependent analysis  

& fast 𝐵𝑠
0 − 𝐵𝑠

0 oscillation 
→ need excellent decay time resolution 

(45 fs) 

Need excellent Flavour tagging 
→ tagging power 𝜀𝐷2  3.1% 

𝝓𝒔 = 𝝓𝑴 − 𝟐𝝓𝑫 
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New Physics:  𝝓𝒔 = 𝝓𝒔
𝑺𝑴 +𝝓𝒔
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Δ𝑚𝑠 from 𝐵𝑠
0 → 𝐷𝑠

−𝜋+ 
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𝒃 

𝒔  𝒄 

𝒅 

𝒖  

𝒔  

𝝅− 

𝑫𝒔
+ 

𝑩𝒔
𝟎 

# candidates Signal fraction 

𝐷𝑠
− → 𝜙𝜋−  14691 0.8337 ± 0.0081 

𝐷𝑠
− → 𝐾∗𝐾−  10866 0.8573 ± 0.0088 

𝐷𝑠
− → 𝐾−𝐾+𝜋−n.r. 11262 0.5952 ± 0.0093 

𝐷𝑠
− → 𝐾−𝜋+𝜋−  4288 0.4366 ± 0.0137 

𝐷𝑠
− → 𝜋−𝜋+𝜋−  6674 0.5990 ± 0.0081 

Total 47781 𝟎. 𝟕𝟏𝟒𝟒 ± 𝟎. 𝟎𝟎𝟒𝟎 

• High statistics (∼34k signal candidates) 
• Fit to 5 different 𝐷𝑠

−decay modes 
• Very low background 

𝐃𝐬
− → 𝛟𝛑− 

New J. Phys. 15 (2013) 053021 
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• High statistics (∼34k signal candidates) 
• Fit to 5 different 𝐷𝑠

−decay modes 
• Very low background 

New J. Phys. 15 (2013) 053021 

Uses flavour tagging: 
opposite side (Eur.Phys.J. C72(2012) 2022) 
same side (LHCb-CONF-2012-033) 

 Δ𝑚𝑠 = 17.768 ± 0.023 𝑠𝑡𝑎𝑡 ± 0.006 𝑠𝑦𝑠𝑡  𝑝𝑠−1 

World’s most precise measurement 
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Low bkg (narrow 𝐽/𝜓 resonance  
+ cut on 𝐵𝑠

0 decay time) 

Phys. Rev. D 87, 112010 (2013) 
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This way we can fit for 𝚫𝚪𝒔 

High statistics (∼27k signal events) 
Low bkg (narrow 𝐽/𝜓 resonance  
+ cut on 𝐵𝑠

0 decay time) 

𝟏𝐟𝐛−𝟏 
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MLL Fit 

Phys. Rev. D 87, 112010 (2013) 

• Unbinned maximum likelihood fit in 6 dimensions 
• Invariant mass 
• Three decay angles 
• Decay time 
• Tagging decision 

 
• Take Δ𝑚𝑠 from 𝐵𝑠

0 → 𝐷𝑠
−𝜋+ 

 
• Allow for direct CP-violation 

 
• Use opposite and same side flavour                                                                                                                           

tagger 

• 𝜀𝐷𝑂𝑆𝑇
2 = 2.29 ± 0.06% 

• 𝜀𝐷𝑆𝑆𝑇
2 = 0.89 ± 0.17% 

Data 
Total fit 
CP-even 
CP-odd 
S-wave 
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Ambiguity 
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2-fold ambiguity (𝜙𝑠, ΔΓ𝑠)          (𝜋 − 𝜙𝑠, −ΔΓ𝑠) 

Resolve ambiguity: 
Look at strong phase difference  
between p- and s-wave in bins of 𝐾+𝐾−mass 

𝚫𝜞𝒔 < 𝟎 
𝚫𝜞𝒔 > 𝟎 

only ΔΓ𝑠 > 0 fits expectation 

𝟏𝐟𝐛−𝟏 

𝟏𝐟𝐛−𝟏 
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Fit results 

Phys. Rev. D 87, 112010 (2013) 

Dominant systematics:  
angular and decay time acceptance 

𝛟𝐬 = 𝟎. 𝟎𝟕 ± 𝟎. 𝟎𝟗 𝐬𝐭𝐚𝐭 ± 𝟎. 𝟎𝟏 𝐬𝐲𝐬𝐭  𝐫𝐚𝐝 

𝚪𝐬 = 𝟎. 𝟔𝟔𝟑 ± 𝟎. 𝟎𝟎𝟓 𝐬𝐭𝐚𝐭 ± 𝟎. 𝟎𝟎𝟔 𝐬𝐲𝐬𝐭  𝐩𝐬−𝟏 

𝚫𝚪𝐬 = 𝟎. 𝟏𝟎𝟎 ± 𝟎. 𝟎𝟏𝟔 𝐬𝐭𝐚𝐭 ± 𝟎. 𝟎𝟎𝟑 𝐬𝐲𝐬𝐭  𝐩𝐬−𝟏 
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𝐵𝑠
0 → 𝐽/𝜓𝜋+𝜋− 

𝒃 

𝒔  

𝒄 

𝒄  

𝒔 

𝒔  

𝑱/𝝍 

𝒇𝟎/𝒇𝟐 → 𝝅+𝝅− 

𝑩𝒔
𝟎 

Phys.Lett. B 713 (2012) 378-386 

𝒇𝟎 𝟗𝟖𝟎  
𝒇𝟐 𝟏𝟐𝟕𝟎  
𝒇𝟎(𝟏𝟑𝟕𝟎) 

• Final state is purely CP-odd ( > 98% see Phys.Rev D 86, 052006 (2012)) 
      → no angular analysis needed 
• Γ𝑠 and ΔΓ𝑠 constrained to values from 𝐵𝑠

0 → 𝐽/𝜓𝜙 
• Signal yield is ∼1/3 of 𝐵𝑠

0 → 𝐽/𝜓𝜙 
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𝐵𝑠
0 → 𝐽/𝜓𝜙 & 𝐵𝑠

0 → 𝐽/𝜓𝜋+𝜋− 

𝒃 

𝒔  
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𝒄  

𝒔 

𝒔  

𝑱/𝝍 

𝝓 𝟏𝟎𝟐𝟎  
𝑩𝒔
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Simultaneous fit to 𝐵𝑠
0 → 𝐽/𝜓𝜙 and 𝐵𝑠

0 → 𝐽/𝜓𝜋+𝜋− 

Phys. Rev. D 87, 112010 (2013) 

𝒃 

𝒔  

𝒄 

𝒄  

𝒔 

𝒔  

𝑱/𝝍 

𝒇𝑿 → 𝝅+𝝅− 
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𝚪𝐬 = 𝟎. 𝟔𝟔𝟏 ± 𝟎. 𝟎𝟎𝟒 𝐬𝐭𝐚𝐭 ± 𝟎. 𝟎𝟎𝟔 𝐬𝐲𝐬𝐭  𝐩𝐬−𝟏 

𝚫𝚪𝐬 = 𝟎. 𝟏𝟎𝟔 ± 𝟎. 𝟎𝟏𝟏 𝐬𝐭𝐚𝐭 ± 𝟎. 𝟎𝟎𝟕 𝐬𝐲𝐬𝐭  𝐩𝐬−𝟏 
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𝐵𝑠
0 → 𝜙𝜙 

𝒃 

𝒔  

𝒔 

𝒔  

𝒔 

𝒔  

𝝓 

𝝓 
𝑩𝒔
𝟎 

• Pure penguin mode → small statistics 
• Similar CKM phases as 𝐵𝑠

0 → 𝐽/𝜓𝜙 

• SM expectation for CPV phase very small:  𝜙𝑠
𝑠𝑠 𝑠 < 0.02 

• Requires also tagged, time-dependent, angular analysis  

Phys. Rev. Lett. 110, 241802 (2013) 
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𝐵𝑠
0 → 𝜙𝜙 

𝒃 

𝒔  

𝒔 

𝒔  

𝒔 

𝒔  

𝝓 

𝝓 
𝑩𝒔
𝟎 

• Pure penguin mode → small statistics 
• Similar CKM phases as 𝐵𝑠

0 → 𝐽/𝜓𝜙 

• SM expectation for CPV phase very small: 𝜙𝑠
𝑠𝑠 𝑠 < 0.02 

• Requires also tagged, time-dependent, angular analysis  

Phys. Rev. Lett. 110, 241802 (2013) 

880 ± 31 signal candidates 

CP-even 
CP-odd 
S-wave 
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𝟏𝐟𝐛−𝟏 

𝟏𝐟𝐛−𝟏 

𝟏𝐟𝐛−𝟏 

𝟏𝐟𝐛−𝟏 
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𝐵𝑠
0 → 𝜙𝜙 

𝒃 

𝒔  

𝒔 

𝒔  

𝒔 

𝒔  

𝝓 

𝝓 
𝑩𝒔
𝟎 

• Pure penguin mode → small statistics 
• Similar CKM phases as 𝐵𝑠

0 → 𝐽/𝜓𝜙 

• SM expectation for CPV phase very small:  𝜙𝑠
𝑠𝑠 𝑠 < 0.02 

• Requires also tagged, time-dependent, angular analysis  

Phys. Rev. Lett. 110, 241802 (2013) 

• Likelihood shows non-parabolic behaviour 
• Use Feldman Cousins method to provide     

68% C.L. interval 
• P-value of SM hypothesis is 16% 

𝝓𝒔
𝒔𝒔 𝒔 ∈ −𝟐. 𝟒𝟔,−𝟎. 𝟕𝟔  rad 

First constraints on 𝝓𝒔 from a pure penguin mode 
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Summary 

• LHCb showed the most accurate measurements of the CP violating 
phase 𝜙𝑠 

• A combination of the modes 𝐵𝑠
0 → 𝐽/𝜓𝜙 and 𝐵𝑠

0 → 𝐽/𝜓𝜋+𝜋− gives: 

 

 

 

 

• First constraints on 𝜙𝑠 from a pure penguin mode (𝐵𝑠
0 → 𝜙𝜙) 

 

 

 

• Future 
– Analysis of 2012 data in progress (soon 3x statistics) 

– Improvements of flavour tagging algorithms 

20/07/2013 

𝛟𝐬 = 𝟎. 𝟎𝟏 ± 𝟎. 𝟎𝟕 𝐬𝐭𝐚𝐭 ± 𝟎. 𝟎𝟏 𝐬𝐲𝐬𝐭  𝐫𝐚𝐝 

𝚪𝐬 = 𝟎. 𝟔𝟔𝟏 ± 𝟎. 𝟎𝟎𝟒 𝐬𝐭𝐚𝐭 ± 𝟎. 𝟎𝟎𝟔 𝐬𝐲𝐬𝐭  𝐩𝐬−𝟏 

𝚫𝚪𝐬 = 𝟎. 𝟏𝟎𝟔 ± 𝟎. 𝟎𝟏𝟏 𝐬𝐭𝐚𝐭 ± 𝟎. 𝟎𝟎𝟕 𝐬𝐲𝐬𝐭  𝐩𝐬−𝟏 

𝝓𝒔
𝒔𝒔 𝒔 ∈ −𝟐. 𝟒𝟔,−𝟎. 𝟕𝟔  rad, at 68% C.L. 

27 

EPS-HEP 2013 Stockholm 
 Sebastian Wandernoth 



20/07/2013 

Backup 
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• Opposite side taggers 
– exploits 𝑏𝑏  pair production 

by partially reconstructing 
the second B-hadron in the 
event 

• Same side kaon tagger 
– exploits hadronization of 

signal 𝐵𝑠-meson 

• Combined tagging power (in 
𝐵𝑠
0 → 𝐷𝑠

−𝜋+) 

– 𝜀𝐷2 = 3.5 ± 0.5% 

20/07/2013 

Flavour Tagging 

𝜀 =
# 𝑡𝑎𝑔𝑔𝑒𝑑 𝑐𝑎𝑛𝑑𝑖𝑑𝑎𝑡𝑒𝑠

# 𝑎𝑙𝑙 𝑐𝑎𝑛𝑑𝑖𝑑𝑎𝑡𝑒𝑠
             𝜔 =

# 𝑡𝑎𝑔𝑔𝑒𝑑 𝑤𝑟𝑜𝑛𝑔

# 𝑡𝑎𝑔𝑔𝑒𝑑
                𝐷 = (1 − 2𝜔) 

Tagging efficiency Mistag probability Dilution 

EPS-HEP 2013 Stockholm 
 Sebastian Wandernoth 
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𝐵𝑠
0 → 𝐽/𝜓𝜙 mass plots 
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𝐵𝑠
0 → 𝐽/𝜓𝜙 decay time resolution 
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• Use per-event error 
estimate 

• Calibrated on data 
• Effective resolution            

 45 fb−1 



𝐵𝑠
0 → 𝐽/𝜓𝜙 acceptances 
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𝐵𝑠
0 → 𝐽/𝜓𝜙 Flavour Tagging 
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Use per event mistag probability estimate 𝜂 

𝜔 = 𝑝0 +
Δ𝑝0
2

+ 𝑝1 ⋅ 𝜂 − 𝜂  

𝜔 = 𝑝0 −
Δ𝑝0
2

+ 𝑝1 ⋅ (𝜂 − 𝜂 ) 

 

Calibrated on data  
separately for 𝐵 and 𝐵  



𝐵𝑠
0 → 𝐽/𝜓𝜙 Flavour Tagging 
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Use per event mistag probability estimate 𝜂 

Tagging power 

𝜀𝐷𝑂𝑆𝑇
2 = 2.29 ± 0.06% 

𝜀𝐷𝑆𝑆𝑇
2 = 0.89 ± 0.17% 



𝐵𝑠
0 → 𝐽/𝜓𝜙 fit results 
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𝐵𝑠
0 → 𝐽/𝜓𝜙 fit results 
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S-wave fraction in bins of the 𝐾+𝐾− invariant mass 



Δ𝑚𝑠 from 𝐵𝑠
0 → 𝐽/𝜓𝜙 
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Independent measurement of Δ𝑚𝑠 

 Δ𝑚𝑠 = 17.70 ± 0.10 𝑠𝑡𝑎𝑡 ± 0.01 𝑠𝑦𝑠𝑡  𝑝𝑠−1 

Better sensitivity as CDF result 



𝐵𝑠
0 → 𝐽/𝜓𝜙 systematics 
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𝐵𝑠
0 → 𝐽/𝜓𝜙 systematics 
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Penguin pollution 

• Angular analysis in 𝐵𝑠
0 → 𝐽/𝜓𝐾∗ can give information about penguin contribution 

for 𝐵𝑠
0 → 𝐽/𝜓𝜙 

 

First step: 

• Branching Fraction of 𝐵𝑠
0 → 𝐽/𝜓𝐾∗ measured to be 4.4−0.4

+0.5 ± 0.8 × 10−5  
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B𝑠
0 → 𝐽/𝜓𝜙 & 𝐵𝑠

0 → 𝐽/𝜓𝜋+𝜋− fit results 
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𝐵𝑠
0 → 𝜙𝜙 fit results 
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