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Mixing in the D System 
• Mass & flavor eigenstates differ: 

–   
– Note: if p  q, CP is violated. 

• Mixing parameterized by mass/width                                    
splittings: 
  

 
– In SM, D mixing is heavily suppressed: 

• CKM suppressed: 
–  Vcb and Vub negligble. 

• GIM suppressed: 
– Exactly zero in the limit of flavor SU(3). 

 
 
 

 Standard model expectation: |x|,|y| » O(10-3 – 10-2). 
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CP Violation 
• Three sources: 

– Mixing (     ): 
 |q/p|  1 

– Decay (     ): 
                                         1 

– Interference between mixing and direct: 
 

 

• CP violation requires complex phase of CKM: 
– In SM, complex phase appears as Vcs » ´A2¸4 » O(10-3) 

 Observation of “large” CPV could indicate contributions 
from new physics. 
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Measuring D Mixing in e+e-  cc 
• Continuum production of neutral D mesons. 
• Typically use D*§  ¼s

§ D0 

– Charge of slow pion, ¼s, determines                                                             
the D flavor. 

• Measure length from production                                    
vertex to D0 decay vertex: 
 
 

• Decay time distributions and asymmetries allow access to x, y 
(different combinations for different final states). 

• Measurements also possible at hadron machines… 
– …but e+e- provides an excellent environment for reconstruction of 

final states with neutrals, missing energy. 
– At B factories, background D* from B decays are kinematically well-

separated from signal D*. 
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Current Measurements of D Mixing 

Charm 2012, May 16 Nishimura - NP in Mixing/CPV @ Belle II 5 

*For new mixing results from Belle, see this morning’s slides from M. Staric. 
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Current Measurements of D Mixing 
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• Each final state has unique sensitivity to mixing,CPV parameters, e.g.: 
– Observables for K+K- and ¼ +¼-: yCP, A¡ 

 

 

– Observables for KS¼
+¼-:  x, y, |q/p|, Á 

 Full measurement program requires measurements in many decay modes.   

     B factories have shown excellent sensitivity to a variety of final states. 

yCP = y cosÁ¡ 1
2
AMx sinÁ

AM =
jq=pj2 ¡ jp=qj2
jq=pj2 + jp=qj2A¡ =

1

2
AMy cosÁ¡ x sinÁ



Charm Production at KEKB, Belle 
• Belle collected ~1 ab-1 mostly at           : 

– Large sample of charm events in addition to        : 
•                                                      ( ¼ 109 charm events) 
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Charm Production at SuperKEKB, Belle II 

• Belle II, 50 ab-1 in 2022: > 6x1010 charm events! 
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The Belle II Detector 
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*For more details on Belle II, see talk tomorrow by A. Schwartz. 

CsI(Tl) EM calorimeter:  

waveform sampling  

electronics,  

pure CsI  

for end-caps 

4 layers DSSD  →  

2 layers PXD  

(DEPFET) +  

4 layers DSSD  

Central Drift Chamber:  

smaller cell size,  

long lever arm 

7.4 m 

7.1 m 

Time-of-Flight, Aerogel 

Cherenkov Counter → 

     Time-of-Propagation  

     counter (barrel),   

    prox. focusing Aerogel  

    RICH (forward) 

RPC m & KL counter:  

scintillator + Si-PM  

for end-caps 

1.5 m 

3.3 m 

 Superb capability for reconstructing neutral particles! 



Improved D Measurements at Belle II 
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Belle II: Pixels (2 layers) + SVD (4 layers) 

Vertexing improvements: 
• ~25% Improvement in vertex resolution. 
• ~30% higher KS  ¼+¼- efficiency. 

Belle: SVD (4 layers) 

Belle II K/¼ PID: Time-of-propagation + Focusing Aerogel RICH  

Aerogel radiator 

Hamamatsu HAPD 

200mm 

n~1.05 

90% Particle ID improvements: 
• Improved high momentum 

K/¼ separation relative to 
Belle time-of-flight and 
threshold aerogel. 

TOP performance at 3 GeV/c 

90% 

Quartz radiator Focusing Mirror MCP-PMTs 



D Mixing Parameters – World Average 
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World average (mixing): 
x = (0.63 § 0.19)% 
y = (0.75 § 0.12)% 

 No-mixing excluded at > 10 ¾; no CPV consistent within 1 ¾.  

World average (CPV): 
|q/p| = (0.88 § 0.17) 
Á = (-10.3 § 9.2)± 

No mixing point. 

No CPV point. 



Expected Belle II Precision 
• Expected precision using 50 ab-1: 

– HFAG-like fit using Belle II est. precision for K+K-,¼+¼-,K+¼-, KS¼
+¼-: 
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Current WA 

±x = 0.19% 
±y = 0.12% 

Current WA 

±|q/p| = 0.17 
±Á = 9± 

Belle II (50 ab-1) 
±x = 0.09% 
±y = 0.04% 

Belle II (50 ab-1) 
±|q/p| = 0.05 
±Á = 3± 

*Many systematics are expected to improve with higher statistics control samples. 



New Physics Implications 

• D mixing provides constraints on many models: 

– e.g., fourth generation, extra gauge bosons, left right 
symmetric models, and others… 

• Golowich, Hewett, Pakvasa, Petrov [PRD 76, 095009 (2007)] 
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Fourth family model: Extra gauge boson model: 

(as of 2007) 

(as of 2007) 

Current world average x 

Current world average x 



Time Integrated CP Violation 
• Look for asymmetry between                and   

– Absolute ACP measurements require removal of other 
asymmetries: 
• Reconstruction asymmetry: 

– Detector effects can cause asymmetry in efficiency of reconstruction for 
K§, ¼§. 

• Production asymmetry: 
– Belle/BaBar: °/Z interference causes forward-backward asymmetry. 
– CDF: No production asymmetry. 
– LHC: pp initial state is not CP symmetric. 

• Reconstruction and production asymmetries can be removed by 
use of control samples. 
– Study slow ¼§ reconstruction asymmetries with tagged and untagged 

samples of D0  K- ¼+. 

– Use Cabbibo favored decays (e.g., Ds
+
  Á¼+) with negligible assumed 

intrinsic ACP to subtract out other contributions. 
– At Belle, systematic uncertainties on these corrections are limited by 

statistics on control samples  projected to improve with luminosity. 
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Time Integrated CP Violation 
• Look for asymmetry between                and   

– Absolute ACP measurements require removal of other 
asymmetries: 
• Reconstruction asymmetry: 

– Detector effects can cause asymmetry in efficiency of reconstruction for 
K§, ¼§. 

• Production asymmetry: 
– Belle/BaBar: °/Z interference causes forward-backward asymmetry. 
– CDF: No production asymmetry. 
– LHC: pp initial state is not CP symmetric. 

• Another approach: make ¢ACP measurements where many 
asymmetries cancel out.  Recently done for K+K- and ¼+¼-: 
– LHCb [PRL 108,111602 (2012)]: 

 
– CDF [Public Note 10784 (2012)]: 

 
– Combined result  ~3.8 ¾ evidence for CP violation. 
…Is this a sign of new physics…? 
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CP Violation Interpretation… New Physics? 
• Not necessarily… 

– Singly Cabbibo suppressed modes can have contributions from  
SM penguin amplitudes.  

• Bhattacharya, Gronau, Rosner [arXiv:1201.2351] 
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• A relatively small SM penguin 
amplitude, p, could explain 
observed ¢ACP for a wide 
range of strong phases, ±. 

• LHCb and CDF measurements 
define a contour in p,± space. 

 

 
Mode-specific ACP measurements provide important constraints… 

 

 

 

Penguin constraints from current ¢ACP 



Time Integrated CPV at Belle 
• Reconstruction systematics well understood at Belle; have allowed 

a rich program of mode-specific ACP measurements: 
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*For latest updates on CPV searches at Belle, see E. White’s slides from yesterday. 



Time Integrated CPV at Belle II 
• Belle II can reach < 0.1% uncertainty on ACP for a variety of modes… 
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Modes well suited to measurement at Super B factories. 

ab¡1

*Systematics related to control sample statistics are assumed to scale with luminosity. 



Direct CPV at Belle/Belle II 
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*[Bhattacharya, Gronau, Rosner arXiv:1201.2351] 

Belle 

Belle (not measured)  

• SM penguin mechanism: 

– Predicts relations between ACP 
for different modes, related by 
strong phase ±. 

• Some of the strongest 
constraints are from modes with 
K0, ¼0. 

– Existing mode-specific ACP 
measurements only constrain 
± loosely… 



Direct CPV at Belle/Belle II 
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Belle II  
50 ab-1 

Belle II, 
50 ab-1 

 Belle II well suited for new physics searches in D CPV. 

• SM penguin mechanism: 

– Predicts relations between ACP 
for different modes, related by 
strong phase ±. 

• Some of the strongest 
constraints are from modes with 
K0, ¼0. 

• Bhattacharya, Gronau, Rosner] 
[arXiv:1201.2351] 

• Other new physics searches: 

– ACP (D+  ¼+¼0 )  0 would 
need ¢I = 3/2 new physics. 

• Grossman, Kagan, Zupan 
[arXiV:1204.3557] 



Conclusions 

• Charm mixing and CP violation provides a unique 
window to search for new physics. 
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– Interpretation of the situation in mixing 
and CPV requires a program of 
measurements in many decay modes. 

– Belle has already made many of these 
measurements. 

– Belle II will further extend physics reach: 
• Some hints already exist that suggest new 

physics… 

• …Belle II precision measurements will 
complement those of LHCb to provide a better 
understanding of if and how new physics is 
manifested in the charm sector. 



BACKUP 
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Expected Belle II Precision (No CPV) 

Expected Belle II precision @ 50 ab-1 

– Using: K+K
-
,¼+¼-,K+¼-, KS¼

+¼- 

Charm 2012, May 16 Nishimura - NP in Mixing/CPV @ Belle II 23 

*Systematics are expected to improve with higher statistics control samples. 
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