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  “FPCP 101”:  The Unitarity Triangle(s) 

This talk 

(a) & (d) 

(c) & (f) 

(b) & (e) 

(e) 

Jeremy Dalseno’s 
talk (next) 

➢  The constraint that the CKM matrix is unitary 
results in six equations (in the C plane) that 
sum to zero, and each must be satisfied: 

➢  Triangles (a) & (d), and (c) & (f) (sensitive    
to CPV in the kaon and the Bs systems,    
respectively) are nearly degenerate.   

➢  Only triangles (b) & (e) (which         
correspond to CP asymmetries in the            
B system) have large CP violating   

             effects.  

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

“tilted” slightly off 
of the x-axis, in  
the complex plane 



  Precision Measurements in a Precision World  



  How it’s measured at e+e– B-Factories:  
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   How it’s measured at LHC(b):  

 Opposite-side (OS) B-Flavor Tagging 
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3 (of Many) Selected Recent α/ϕ2 and β/ϕ1 Results 

PRD 88, 012003 (2013);   

PRD 77, 072001 (2008), PRL 98, 221602 (2007)  

First Combined BABAR-Belle Experimental Data Analysis  
To be submitted to PRL; initial (non-Dalitz) combined measurement 

of sin(2β) from this analysis published as  
PRL 115, 121604. 

PRL 115, 031601 (2015);  

PRL 117, 261801 (2016)   

S  

1)             + Belle measurements of α from 
three-body charmless decays.  

2)           measurements of sin(2β) in         
B0 → J/ψK0  and  B0 → D+D– decays.  

3) Combined            + Belle measurement of 
the Unitarity Triangle parameters sin(2β) 
and cos(2β) in B0 → D(*)0h0 decays.     



1)               + Belle 
measurements of α 
from three-body 
charmless decays!



                       + Belle Datasets 

➢  The BaBar and Belle measurements of α using 3-body charmless B decays use 
471 x 106 BB pairs (BaBar analysis), and 449 x 106 BB pairs (Belle analysis). 

➢  The combined BaBar + Belle measurement of sin(2β) and cos(2β) using B0 → 
D(*)0h0 decays utilizes all 1.1 ab-1 ≈ 1240 x 106 BB pairs from both experiments.            



    Snyder-Quinn method for α 

! 

➢ The initial Gronau-London method for measuring α uses both 
neutral and charged 2-body charmless decays B → π π to 
remove “penguin pollution” from the estimation of α, by utilizing 
isospin relations between the different decays. 

➢ The Snyder-Quinn method is a revision for 3-body charmless 
decays B0 → π+π-π0, utilizing a decay-time-dependent Dalitz 
plot to measure α.      



   B0 → π+ π– π0:  B-factory results 
➢  Belle: 449 x 106 BB pairs :  PRL 98, 221602 (2007);  PRD 77, 072001 (2008)   

➢           : 471 x 106 BB pairs :  PRD 88, 012003 (2013)   

  ρ   D    J/ψ  ρ    D  ρ    D 



   B0 → π+ π– π0:  B-factory results (II) 
➢  Belle: 449 x 106 BB pairs :  PRL 98, 221602 (2007);  PRD 77, 072001 (2008)   

➢           : 471 x 106 BB pairs :  PRD 88, 012003 (2013)   

“(Raw) Asymmetry” ≡ [(nB0 tags – nB0 tags)/(nB0 tags + nB0 tags)], as a function of Δt   



    Resulting 3-body constraints on α  
➢  Belle: 449 x 106 BB pairs :  PRL 98, 221602 (2007);  PRD 77, 072001 (2008)   

➢           : 471 x 106 BB pairs :  PRD 88, 012003 (2013)   
Belle 

Aρπ = –0.12 ± 0.05 ± 0.04             Aρπ = –0.10 ± 0.03 ± 0.02 
C    = –0.13 ± 0.09 ± 0.05              C    = +0.16 ± 0.06 ± 0.04 
ΔC  = +0.36 ± 0.10 ± 0.05              ΔC  = +0.23 ± 0.06 ± 0.05 
S    = +0.06 ± 0.13 ± 0.05              S    = +0.05 ± 0.08 ± 0.03 
ΔS  = –0.08 ± 0.13 ± 0.05              ΔS  = +0.05 ± 0.08 ± 0.04   however … 



  … but when combined with 2-body decay results:   

π π π 

π π 

ρ ρ 

Combined 

from Physics of the B Factories, 
 EPJ C 74 (2014) 3026 



2)           measurements 
of CP violation in    
B0 → J/ψK0  and    
B0 → D+D–  decays!

PRL 115, 031601 (2015);  PRL 117, 261801 (2016)    

S  



signal 
background 

B0 → J/ψK0   S B0 → J/ψK0   S 

B0 → D+D–   
B0 → D+D–   

′ 

          B0 → J/ψK0 and B0 → D+D– Data Samples & Decay Time Distributions S 

➢  Distributions of reconstructed mass, and logarithmic distributions of decay time: 

D+D–   

BS → D+D–   
D+D–   S   



       Opposite-Side (OS) and Same-Side (SS) Tagging 

OS SS 

from B0 → D±D∓ tagging and mixing test sample  S 

➢  Decay-time-dependent raw mixing asymmetries, with fit projections superimposed: 



     B0 → J/ψK0 and B0 → D+D– CP Asymmetry Measurements 

B0 → J/ψK0   S 

B0 → D+D–   

S 

sin(2β)meas = 0.73 ± 0.04 ± 0.02  

sin(2βeff)meas = 0.54       ± 0.05  

β    meas = (23.5 ± 1.8)° 

+0.17 
–0.15 

➢  Decay-time-dependent raw signal yield asymmetries, with fit projections superimposed: 



First Combined BABAR-Belle Experimental Data Analysis  

To be submitted to PRL; initial (non-Dalitz) combined 

measurement of sin(2β) from this analysis published as  

PRL 115, 121604. 

3) Combined            + Belle 
measurement of the 
Unitarity Triangle 
parameters sin(2β) and 
cos(2β) in B0 → D(*)0h0 
decays 



 Time-Dependent CP Violation in B0 → D(*)0h0      
➢  The determination of β from sin(2β) measurements leads to a 

trigonometric ambiguity: 

➢  B0 → D(*)0h0, with D → K0π+π– decays, enables the extraction of both sin(2β) and cos(2β): 

➢  The current best single experimental uncertainty on cos(2β) is ±0.36  [PRD 94, 052004 (2016)] 
    

       ⇒ Perform time-dependent Dalitz analysis, combining              + Belle data, 
             to improve the sensitivity to cos(2β).   



 Time-Dependent CP Violation in B0 → D(*)0h0      

➢  The D → K0π+π– Dalitz model 
that is extracted from Belle       
e+e– → cc data accounts for   
14 intermediate 2-body 
resonances. 

➢  The K-matrix and LASS 
parameterizations are used to 
model the non-resonant π π 
and Kπ S-waves.   

➢  The D → K0π+π– Dalitz model is directly obtained from e+e– → cc data. S 

S 



 Principle of the Combined Analysis      

Belle 

➢  We reconstruct B0 → D(*)0h0 with h0 ∈ {π0 → γγ, η → γγ or π+π-π0, ω → π+π-π0} 

       D0 → K0π+π- and D* 0 → Dπ0  
➢  In total, 5 B0 decay modes are reconstructed. 

➢  Continuum background from e+e– → qq (q ∈ {u, d, s, c})  is identified by a neural network. 

➢  Coherent analysis strategy, applying essentially same selection on             & Belle data. 

➢  We extract signal via a 3-D fit of Mbc (≡ mES), energy difference (ΔE), and NNout.  



 CP Violation Results      
➢  We perform the measurement by maximizing the combined log-likelihood function: 

     

➢  The physics PDFs are convolved with experiment-specific resolution functions: 

     

➢  We also apply              and Belle-specific flavor-tagging algorithms. 

➢  We apply a common signal model: 

     

            + Belle with 1.1 ab-1:  



 Significance of the Results      

➢    

 
 
 
 

➢    

 
 
 
 

➢    

 
 
 
 



  Overall status of β/ϕ1   

sin(2β)ave =  0.69 ± 0.02   

  ⇒   βave   = (21.9 ± 0.7)° 



Summary 

PRD 88, 012003 (2013);   

PRD 77, 072001 (2008), PRL 98, 221602 (2007)  

PRL 115, 031601 (2015);  

PRL 117, 261801 (2016)   

First Combined BABAR-Belle Experimental Data Analysis  
To be submitted to PRL; initial analysis published as  

PRL 115, 121604. 

1)              + Belle measurements of α from three-
body charmless decays.  

2)            measurements of sin(2β) in                  
B0 → J/ψK0  and  B0 → D+D– decays.  

3) Combined               + Belle measurement of Unitarity 
Triangle parameters sin(2β) & cos(2β) in B0 → D(*)0h0 
decays.     

  
α/Φ2 = (88 ± 5)° and  β/Φ1 = (21.9 ± 0.7)°  

S 



Backup Slides !



   The 3-body Dalitz plane: A Toy Model 



    mES and ΔE 

mES = = Mbc in Belle terminology! 



 Overview of Joint Babar-Belle Analyses     


