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Quick intro to CP Violation in the SM 

• Yukawa couplings of Higgs to fermion fields  quark mixing and masses 

• Charged-current Lagrangian in the quark-mass basis: 

 

 

 

• 𝑉𝐶𝐾𝑀 has 3 angles and 1  

complex phase 𝛿𝐶𝑃CPV  

• 𝛿𝐶𝑃 related to angles 

 𝛼, 𝛽, 𝛾 of the unitarity  

triangle 

 

 

• 𝛼, 𝛽, 𝛾 measured from CP 

asymmetries: comparison  

of process rates in 𝐵 and 𝐵   
decays 

 𝑉𝑖𝑏𝑉𝑖𝑑
∗

𝑖=𝑢,𝑐,𝑡

= 0 
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Measuring 𝛽 = arg [−𝑉𝑐𝑑𝑉𝑐𝑏
∗ /𝑉𝑡𝑑𝑉𝑡𝑏

∗ ] 

• Measure in processes with interference between  

– Direct decay of a 𝐵0 to a CP-eigenstate 𝑓𝐶𝑃 

– 𝐵0 → 𝐵 0 mixing followed by decay to the same final state 

• E.g., in 𝐵0 → 𝐽/𝜓𝐾𝑆 (“golden mode”): 

 

 

 

 

 

• 𝑏 → 𝑐𝑐 𝑠 decays may be affected by small penguin 

contribution, sensitive to new physics 

•  motivates cross checks with other modes 

– particularly in the LHCb-upgrade / Belle-II era 

 

𝐵0 𝑓𝐶𝑃 

𝐵 0 

𝑏  

𝑑 

𝐵0 

𝑠  

𝑐  

𝑐 
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sin 2𝛽 from 𝐵0 → 𝐷𝐶𝑃
(∗)
ℎ0 

• One such cross check uses   𝐵0 → 𝐷𝐶𝑃
(∗)
ℎ0 , where  

– 𝐷𝐶𝑃 ≡ 𝐷 → 𝐾
+𝐾−, 𝐾𝑆𝜋

0, 𝐾𝑆ω 

– 𝐷𝐶𝑃
∗ ≡ 𝐷∗ → 𝐷𝐶𝑃𝜋

0 

– ℎ0 ≡ 𝜋0, 𝜂, 𝜔 

• Only tree-level diagrams (less new-physics sensitivities): 

 

 

 

 

 

• Experimental difficulties: 

– Small branching fraction, 𝑂 10−6  

– Low reconstruction efficiencies 

– High background 

𝑏  

𝑑 

𝐵0 

𝑐  

𝑑  

𝑢 𝐷
 (∗)0 

ℎ0 

𝑏  

𝑑 

𝐵0 

𝑢  

𝑑  

𝑐 𝐷
(∗)0 

ℎ0 

Dominant                                                          Suppressed by  
𝑉𝑢𝑏

𝑉𝑐𝑏

𝑉𝑐𝑑
∗

𝑉𝑢𝑑
∗ ≈ 0.02 
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sin 2𝛽 at an asymmetric 𝐵 factory 

𝑞 = +1(−1) when 𝐵tagis 𝐵0 (𝐵 0) Neglecting the CKM-suppressed diagram 

𝑆 = −𝜂𝑓𝐶𝑃 sin 2𝛽  ,  𝐶 = 0  

Mass-eigenstate 

mass difference 
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BABAR and Belle experiments 
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Data sets 

2MB 

Using 1.24 × 109 𝐵𝐵  pairs and > 1.1 ab−1 

Combined dataset 
needed for significant 
measurement 
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Analysis 

• Joint analysis when clear benefit over combining separate results 

– Neither experiment has enough statistics for significant result 

• Apply coherent analysis strategy to both data sets: 

– Almost same selections and other procedures 

– But often employing different state-of-the-art for each detector 

• Dominant background from “continuum” 𝑒+𝑒− → 𝑞𝑞  

– Suppressed with neural networks of event-shape variables 

• Signal yield from distributions of  𝑀𝑏𝑐 ≡ 𝐸𝑏𝑒𝑎𝑚
2 − 𝑝𝐵

2:  
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Obtaining sin 2𝛽 

• Unbinned maximum-likelihood 

fit of the Δ𝑡 distributions to the 

model 

𝑃𝑠 + 𝑃𝑏 ⊗𝑅 

 

 

 

 

 

• Each event’s signal weight 

comes from its 𝑀𝑏𝑐 value 

• Floating in the fit: 𝑆 and 𝐶 

Signal: 

Background, 

from 𝑀𝑏𝑐 SB 

Resolution, 

from data 
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Results 

11 Systematic uncertainties (%) ∼ 0.2𝜎 agreement with 𝑏 → 𝑐𝑐 𝑠 

𝑆 = 0 excluded at 5.4 𝜎 

−𝜂𝑓𝐶𝑃𝑆 = 0.66 ± 0.10 𝑠𝑡𝑎𝑡 ± 0.06 𝑠𝑦𝑠𝑡   

𝐶 = −0.02 ± 0.07 𝑠𝑡𝑎𝑡 ± 0.03 (𝑠𝑦𝑠𝑡)   



Summary 

• First observation of significant CP violation in 𝐵0 → 𝐷𝐶𝑃
(∗)
ℎ0  

• Excludes the no-CPV hypothesis at 5.4𝜎 

• Result consistent with SM expectation, i.e.,   

– sin 2𝛽 from 𝑏 → 𝑐𝑐 𝑠 

– 𝐶 consistent with 0 

• First analysis using combined  

BABAR+Belle data 

• First collider analysis performed with  

1.1 ab−1 of data 
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