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in this talk: 
 𝐵 → 𝐷 ℎ  : CP violation in decay 
 𝐵𝑠 → 𝐽/Ψ Φ (𝐵𝑠 → 𝐽/Ψ 𝜋𝜋): CP violation in interference of decay and mixing 
 𝐵 → ℎ+ℎ− : CP violation in decay and in interference of decay and mixing  

𝑉𝐶𝐾𝑀 =

𝑉𝑢𝑑 𝑉𝑢𝑠 𝑉𝑢𝑏

𝑉𝑐𝑑 𝑉𝑐𝑠 𝑉𝑐𝑏
𝑉𝑡𝑑 𝑉𝑡𝑠 𝑉𝑡𝑏

 

Only source of CP violation in  SM: 

𝑉𝑢𝑏
∗ 𝑉𝑢𝑑 + 𝑉𝑐𝑏

∗ 𝑉𝑐𝑑 + 𝑉𝑡𝑏
∗ 𝑉𝑡𝑑 = 0 

𝑉𝑢𝑏
∗ 𝑉𝑢𝑠 + 𝑉𝑐𝑏

∗ 𝑉𝑐𝑠 + 𝑉𝑡𝑏
∗ 𝑉𝑡𝑠 = 0 
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CP violation in decay in B± → 𝐷 ℎ±   

LHCb-PAPER-2012-001,  
submitted to Phys. Lett. B,  arXiv:1203.3662  
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𝛾 = arg −
𝑉𝑢𝑑𝑉𝑢𝑏

∗

𝑉𝑐𝑑𝑉𝑐𝑏
∗   

CKM angle 𝜸 not yet precisely  measured:   
 indirect constraints from CKMFitter(summer 2011):  𝛾 = 67.1−3.7

+4.6 ° 
 
Measurement of CP violation in 𝑩± → 𝑫𝒉± : 
 first important step towards 𝛾 from trees measurement  
 no large New Physics contribution in tree-level transitions 

GLW mode  ADS mode  

CP violation in B± → 𝐷 ℎ± 

larger interference in ADS mode → better sensitivity to 𝜸 

𝑟𝐵, 𝑟𝐷:  relative amplitudes  
𝛿𝐵  𝛿𝐷: strong phases 

Phys. Lett. B253 (1991) 483 
Phys. Lett. B265 (1991) 172 

Phys. Rev. Lett. 78 (1997) 3257 
Phys. Rev. D63 (2001) 036005 
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Physics observables: 
GLW mode: 

Ratio of partial widths:     
<𝚪 𝐁±→[𝝅𝝅]𝑫𝒉± ,  𝚪(𝐁±→ 𝐊𝑲 𝑫𝒉±)>

𝚪(𝐁±→𝑫𝒇𝒉
±)

  → 𝑹𝑪𝑷+ 

 
 

CP asymmetries:        
𝚪 𝐁−→𝑫𝑪𝑷𝒉

−  − 𝚪(𝐁+→𝑫𝑪𝑷𝒉
+)

𝚪 𝐁−→𝑫𝑪𝑷𝒉− + 𝚪(𝐁+→𝑫𝑪𝑷𝒉+)
   → 𝑨𝑪𝑷+ 

 
ADS mode: 

Ratio of partial widths:  
𝚪 𝐁±→𝑫𝑨𝑫𝑺𝒉

±

𝚪 𝐁±→𝑫𝒇𝒉
±     → 𝑹𝑨𝑫𝑺 

 

CP asymmetries:  
𝚪 𝐁−→𝑫𝑨𝑫𝑺𝒉

−  − 𝚪(𝐁+→𝑫𝑨𝑫𝑺𝒉
+)

𝚪 𝐁−→𝑫𝑨𝑫𝑺𝒉
− + 𝚪(𝐁+→𝑫𝑨𝑫𝑺𝒉

+)
  → 𝑨𝑨𝑫𝑺 

 

     
 

 

𝑟𝐵

𝑟𝐷
: relative magnitude of suppressed amplitude, 𝛿𝐵 𝛿𝐷: strong phases, 𝛾: weak phase  

Analysis Strategy: 
 
 Reconstructed all possible combinations  𝐵± → 𝐷 ℎ±ℎ± ℎ± 
 
 particle ID to distinguish final states 
 
 Simultaneous fit to ADS and GLW modes     

𝑓 𝐷: 𝐾𝐾, 𝜋𝜋,   
         favoured 𝐾𝜋 

CP violation in B± → 𝐷 ℎ± 

used to extract CP asymmetries  
in ADS mode 

observables depend  
on 𝛾, 𝒓𝑩, 𝒓𝑫, 𝜹𝑩, 𝜹𝑫 
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Results GLW mode 

𝑹𝑪𝑷+ = 𝟏. 𝟎𝟎𝟕 ± 𝟎. 𝟎𝟑𝟖 ± 𝟎. 𝟎𝟏𝟐 
 

𝑨𝑪𝑷+ =  𝟎. 𝟏𝟒𝟓 ± 𝟎. 𝟎𝟑𝟐 ± 𝟎. 𝟎𝟏𝟎 

Clear asymmetry 

no asymmetry 

luminosity:  𝟏𝒇𝒃−𝟏 

Largest systematics: particle identification, det./prod. asymmetries 

partially reconstructed bkg 

𝑩 → 𝑲𝑲 𝝅 
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Results ADS mode 

𝑹𝑨𝑫𝑺(𝑲) = 𝟎. 𝟎𝟏𝟓𝟐 ± 𝟎. 𝟎𝟎𝟐𝟎 ± 𝟎. 𝟎𝟎𝟎𝟒  

 
𝑨𝑨𝑫𝑺(𝑲) = −𝟎. 𝟓𝟐 ± 𝟎. 𝟏𝟓 ± 𝟎. 𝟎𝟐  

𝑹𝑨𝑫𝑺(𝝅) = 𝟎. 𝟎𝟎𝟒𝟏𝟎 ± 𝟎. 𝟎𝟎𝟎𝟐𝟓 ± 𝟎. 𝟎𝟎𝟎𝟎𝟓  

 
𝑨𝑨𝑫𝑺(𝝅) = 𝟎. 𝟏𝟒𝟑 ± 𝟎. 𝟎𝟔𝟐 ± 𝟎. 𝟎𝟏𝟏  

𝑅𝐴𝐷𝑆(ℎ) =
𝑅ℎ

− + 𝑅ℎ
+

2
 

𝐴𝐴𝐷𝑆(ℎ) =
𝑅ℎ

− − 𝑅ℎ
+

𝑅ℎ
− + 𝑅ℎ

+ 

23 events 73 events 

First o
b

se
rvatio

n
 

(𝟒 𝝈) (𝟐. 𝟒 𝝈) 

partially reconstructed bkg 

𝑩𝒔 → 𝑫𝑲𝝅 bkg 

Largest systematics: background shape,  det./prod. asymmetrie 

luminosity:  𝟏𝒇𝒃−𝟏 
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Comparison 

LHCb results consistent with  world average 
Most precise measurements in ADS mode 

 
Observables depend on 𝛾 → large step towards 𝛾-measurement 
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CP violation in 𝐵𝑠 → 𝐽/Ψ Φ  

LHCb-CONF-2012-002 
0.37𝑓𝑏−1 published in PRL, arXiv:1112.3183 



CP violation in 𝐵𝑠 → J/Ψ Φ  

𝐵𝑠 

𝐵𝑠  

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

10 

𝜙𝑀 
−𝜙𝐷 

𝜙𝐷 

𝜙𝑠 in Standard Model well predicted and small:  −0.036 ± 0.002 rad   
     [J.Charles et al., Phys. Rev. D84 (2011) 033005]  

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

𝜙𝑠 = −2arg [−
𝑉𝑡𝑠𝑉𝑡𝑏

∗

𝑉𝑐𝑠𝑉𝑐𝑏
∗ ] NP 

New Physics:  𝝓𝒔 = 𝝓𝒔
𝑺𝑴 + 𝝓𝒔

𝑵𝑷 
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𝐵𝑠 → 𝐽/Ψ Φ  at LHCb 

11 

 luminosity: 1𝑓𝑏−1 
 

 Selection based on simple kinematic cuts 
 
 Cut on decay time 𝑡 > 0.3 ps to suppress prompt background 

 
 Very clean signal with  ≈ 21200 signal candidates 

primary vertex 
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Tagging and decay time resolution 

12 

Time dependent  CP measurement → need good flavor tagging and time resolution 
 
 
Tag B production flavor: 
 
 tagger calibration with 𝐵+ → 𝐽/Ψ 𝐾+ 
 
 tagging efficiency:  33% 
 
 wrong tag probability:  36.8%  

Proper time resolution: 
 
 measured with prompt 𝐽/Ψ decaying at t=0 
 
 effective resolution: 45 fs 

𝜺𝑫𝟐 = 𝟐. 𝟑% 
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Separation of CP eigenstates 

13 

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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Separation of CP eigenstates 

14 

Separation between  
CP eigenstates 

Non-resonant  
S-wave component 

CP even 

CP odd 

CP even 

CP odd 
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𝐵𝑠 → 𝐽/Ψ Φ  results 

15 

𝜙𝑠 = −0.001 ± 0.101 ± 0.027 𝑟𝑎𝑑 
ΔΓ𝑠 = 0.116 ± 0.018 ± 0.006 𝑝𝑠−1 

Γ𝑠 = 0.6580 ± 0.0054 ± 0.0066 𝑝𝑠−1 

𝝓𝒔  −  𝚫𝚪𝒔 contour plot: 
 (statistical uncertainties only ) 

Largest systematics:  direct CPV in mixing/decay, angular acceptances  
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𝜙𝑠 from 𝐵𝑠 → 𝐽/Ψ 𝜋𝜋   

16 

BR smaller than 𝐵𝑠 → 𝐽/Ψ Φ  
But: pure CP odd eigenstate  → no angular analysis necessary 

𝜙𝑠 = −0.002 ± 0.17 ± 0.02 𝑟𝑎𝑑 

 Γ𝑠 and ΔΓ𝑠 from 𝐵𝑠 → 𝐽/Ψ Φ analysis 

𝑁𝑠𝑖𝑔 ≈ 7200 

including 𝒇𝟎(𝟗𝟖𝟎) 

LHCb-PAPER-2012-006 
 

𝐵 → 𝐽/Ψ 𝐾𝜋 

𝐵 → 𝐽/Ψ 𝜋𝜋 

+ 𝑓0 1370   
+ non-resonant 

showed to be  
pure CP-odd  

LHCb-PAPER-2012-005 
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Combined solution 

17 

Combination of 𝐵𝑠 → 𝐽/Ψ Φ and 𝐵𝑠 → 𝐽/Ψ 𝜋𝜋 results: 
 
       𝜙𝑠 = −0.002 ± 0.083 ± 0.027 𝑟𝑎𝑑  

Also resolved two-fold  
ambiguity:  ΔΓ𝑠 > 0  

LHCb-PAPER-2011-028 
submitted to PRL, arXiv:1202.4717  

 Result in very good agreement with SM 

30.03.2012 

http://lhcb-public.web.cern.ch/lhcb-public/Images_2012/PhisGs_0312.png
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Time dependent CP violation in B → ℎℎ 

LHCb-CONF-2012-007 
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Time dependent CPV in B → ℎℎ′ 

CP Asymmetry:  
 
 
 
   with:  
 
 
 asymmetries are related to CKM  angles 𝛾, 𝛽,  𝛽𝑠  
 
 
 
 𝐵 → ℎℎ via tree and penguin processes   
    
     
 
New Physics  dominantly in loop processes  
-> complementary approach to 𝛾 measurement in 𝐵 → 𝐷ℎ  
 
 
 

𝐴𝐶𝑃 𝑡 =
Γ𝐵 →𝑓 𝑡 − Γ𝐵→𝑓 𝑡

Γ𝐵 →𝑓 𝑡 + Γ𝐵→𝑓 𝑡
=

𝐴𝑓
𝑑𝑖𝑟 cos Δ𝑚𝑡 + 𝐴𝑓

𝑚𝑖𝑥sin (Δ𝑚𝑡)

cosh
ΔΓ
2

𝑡 − 𝐴𝑓
ΔΓsinh (

ΔΓ
2

𝑡)
 

𝐴𝑓
𝑑𝑖𝑟 2

+ 𝐴𝑓
𝑚𝑖𝑥 2

+ 𝐴𝑓
ΔΓ 2

= 1 

+ additional diagrams 
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Analysis strategy 

 luminosity:   0.69𝑓𝑏−1 
 

 Simple kinematic cuts to select candidates,  
      particle identification to distinguish different modes ( 𝜋𝜋, 𝐾𝐾, 𝐾𝜋 ) 
 
 Use  𝐵 → 𝐾 𝜋 for calibrating  tagging efficiency and mistag probability 

 
 Maximum likelihood fit to get time dependent asymmetries in 𝐵 → 𝐾𝐾 and 𝐵 → 𝜋𝜋 

 
𝑩𝟎 → 𝝅𝝅 𝑩𝒔 → 𝑲𝑲 

𝐵 → 𝐾𝜋 cross-feed 

partially  
reconstructed  
background 

𝐵 → 𝐾𝜋 cross-feed 

partially  
reconstructed  
background 
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𝐵0 → 𝜋+𝜋− result 

𝑨𝝅𝝅
𝒅𝒊𝒓 = 𝟎. 𝟏𝟏 ± 𝟎. 𝟐𝟏 ± 𝟎. 𝟎𝟑 

𝑨𝝅𝝅
𝒎𝒊𝒙 = −𝟎. 𝟓𝟔 ± 𝟎. 𝟏𝟕 ± 𝟎. 𝟎𝟑 

 Results in good agreement with previous measurements 

𝒄𝒐𝒓𝒓 𝑨𝝅𝝅
𝒅𝒊𝒓, 𝑨𝝅𝝅

𝒎𝒊𝒙 = −𝟎. 𝟑𝟒 

(𝟑. 𝟐 𝝈) 

combinatorial 
𝐵 → 𝐾𝜋 cross-feed 
partially rec. bkg 

signal 

Largest systematics: external input of Δ𝑚𝑑 
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𝐵𝑠 → 𝐾+𝐾− result 

𝑨𝑲𝑲
𝒅𝒊𝒓 = 𝟎. 𝟎𝟐 ± 𝟎. 𝟏𝟖 ± 𝟎. 𝟎𝟒 

𝑨𝑲𝑲
𝒎𝒊𝒙 = 𝟎. 𝟏𝟕 ± 𝟎. 𝟏𝟖 ± 𝟎. 𝟎𝟓 

 First measurement of time dependent CP asymmetry in 𝐵𝑠 → 𝐾+𝐾− 

𝒄𝒐𝒓𝒓 𝑨𝑲𝑲
𝒅𝒊𝒓, 𝑨𝑲𝑲

𝒎𝒊𝒙 = −𝟎. 𝟏𝟎 

combinatorial 
𝐵 → 𝐾𝜋 cross-feed 
partially rec. bkg 

signal 

Largest systematics: external input of Δ𝑚𝑠, decay time acceptance 
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Summary 

 LHCb successfully performed new CP measurements with data of last year 
 
 

 Combined measurement of CP asymmetry in 𝐵 → 𝐷ℎ GLW and ADS mode 
       → important step towards precise  𝛾 measurement 

 
 

 CP violation in 𝐵𝑠 → 𝐽/Ψ Φ 
       → results in agreement with SM prediction, room for NP gets smaller 
 
        
 Time dependent CP asymmetries in B->hh 
       → first measurement in 𝐵𝑠  → 𝐾𝐾 
 
Prospects: 
 all shown analysis still statistical limited  → improvement with 2012 data 
 𝛾 measurement: other interesting channels (e.g. 𝐵 → 𝐷𝐾∗)  
      → on track for combined 𝛾 measurement 
 𝜙𝑠 in 𝐵𝑠  → 𝐽/Ψ Φ: plan to publish results with 1𝑓𝑏−1 dataset  
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Backup 
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𝐵 → 𝐷ℎ observables 

𝑅𝐶𝑃+ = 1 + 𝑟𝐵
2 + 2𝑟𝐵 cos 𝛿𝐵 cos 𝛾 

𝐴𝐶𝑃+ =
2𝑟𝐵 sin 𝛿𝐵 sin 𝛾

1 + 𝑟𝐵
2 + 2𝑟𝐵 cos 𝛿𝐵 cos 𝛾

  

𝑅𝐴𝐷𝑆 =
𝑟𝐵
2 + 𝑟𝐷

2 + 2𝑟𝐵𝑟𝐷 cos 𝛿𝐵 + 𝛿𝐷 cos 𝛾

1 + 𝑟𝐵𝑟𝐷
2 + 2𝑟𝐵𝑟𝐷 cos 𝛿𝐵 − 𝛿𝐷 cos 𝛾

 

𝐴𝐴𝐷𝑆 =
2𝑟𝐵𝑟𝐷 𝑠𝑖𝑛 𝛿𝐵 + 𝛿𝐷 sin 𝛾

𝑟𝐵
2 + 𝑟𝐷

2 + 2𝑟𝐵𝑟𝐷 cos 𝛿𝐵 + 𝛿𝐷 cos 𝛾
 

𝑟𝐵, 𝑟𝐷:  relative magnitude of suppressed amplitude, 𝛿𝐵 𝛿𝐷: strong phases 

𝑹𝑪𝑷+ =
< 𝑹𝑲/𝝅

𝑲𝑲 , 𝑹𝑲/𝝅
𝝅𝝅 >

𝑹𝑲/𝝅
𝑲𝝅  

𝑨𝑪𝑷+ = < 𝑨𝑲
𝑲𝑲, 𝑨𝑲

𝝅𝝅 > 

𝑹𝑨𝑫𝑺(𝒉) =
𝑹𝒉

− + 𝑹𝒉
+

𝟐
 

 𝑨𝑨𝑫𝑺(𝒉) =
𝑹𝒉
−−𝑹𝒉

+

𝑹𝒉
−+𝑹𝒉

+ 
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𝐵 → 𝐷ℎ event yields 
Systematics: 
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𝐵 → 𝐷ℎ results 
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𝐵 → 𝐷ℎ favoured mode 
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𝐵 → 𝐷[𝜋𝜋]ℎ CP mode 
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𝐵𝑠 → 𝐽/Ψ Φ tagging calibration  
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𝐵𝑠 → 𝐽/Ψ Φ likelihood scans  

LLH scan for floating Δ𝑚𝑠: 
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𝐵𝑠 → 𝐽/Ψ Φ numerical results  

Systematic uncertainties: 

Correlations: 
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𝐵 → 𝐾𝐾 decay time acceptance  
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𝐵 → 𝐾𝜋 fit  

𝐵0 → 𝐾𝜋 

𝐵𝑠 → 𝐾𝜋 

cross-feed 
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𝐵 → ℎℎ systematic uncertainties  


