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Motivation
• Belle, Belle II : although primarily B-factories, have large  
cross-section for charm production  

• e+- e- machines can access NP modes such as FCNC decays 
• Clean environment 
• High trigger efficiency 
• Excellent neutral particle (γ, π0) reconstruction  
• Possible to detect decay modes with missing energy 
• Complementary to LHCb results

1.3 nb

1.1 nb

3



CPV in neutral D: 
experimental technique
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• D*+ to D0π+slow: Flavor tagging used is usually π+slow 

• Data used is usually Upsilon (4S) data: pD* in CMS frame  
> 2.5 GeV to suppress D*+ coming from B decays 

• Kinematic variables looked at: D0 invariant mass (MD0), Mass 
difference MD* - MD0



Belle II and LHCb 
projections 
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[Belle II Internal Note]



Time-integrated CPV in charm 
sector

• Direct CPV using time-integrated approach 

• Excepted ACP is small 
• Observation of large direct ACP would indicate New Physics  

Complementary experiments: 
Belle II: Reconstruction asymmetries between K+,K- and π+, π-, 
Forward-backward asymmetry from interference between γ and Z 
production modes 
LHCb: Underlying pp initial state not CP symmetric: prone to 
systematic uncertainties 
• Belle II has an advantage in modes with neutral particles in the  

final state
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Charm CPV results
CPV in D0 to h+h- decays

No CPV (0,0) 
CL = 0.065
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• No clear evidence of direct CPV 
• No hints of indirect CPV



Time-integrated CPV Belle 
results

Time-integrated D0 to π0π0, 977 fb-1 
ACP = (-0.03 +/- 0.64 +/- 0.10) x 10-2
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Belle II projections
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• Only D* tagging method 
considered 

• ACP precision will reach 
O(10-4) better than the 
current theoretical 
predictions 

• Interesting channels such as 
D0 to KsKs, D+ to π+π0, 3-
body final states (DP 
analysis) not included 

• Belle II will provide best 
precision for neutral particle 
final states, but will be 
competitive with LHCb for 
charged particle final states 
as well



D0 to hh

Uncertainties on ACP measurements of K+K-, π+π-
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D0 to hh
Reducible errors:
• Slow π correction uncertainty: 

Difference in the reconstruction efficiencies of π+ and π- from tagging D*
- scales with integrated luminosity
• ACP extraction: 

Calculation of final CP asymmetry in the bins of different kinematic 
variable 

- higher statistics, uncertainty becomes negligible
Irreducible errors:
Signal counting:
Possible difference between the background shape in signal and sideband 
intervals of KK final state: +/- 0.055 x 10-2  

ππ  final state: +/- 0.18 x 10-2

Expected precision for future measurements

[Belle II Internal Note]11



Radiative decays
Fractional systematic errors (%) on B(D0 to φγ)

Normalization mode: D0 to K+K-

ACP in D0 to φγ is a future measurement using the same 
normalization mode 

Detector induced symmetry
Forward-backward asymmetry Physical CP asymmetry

Expected precision for future measurements

[Belle II Internal Note]12



D+ to KsK+

Reducible  
• Detector induced asymmetries due to differences in  
reconstruction efficiencies of K+ and K- 

- will scale with increased statistics 
• Effect of binning in few kinematic variables 
- can be reduced with increased statistics 
Irreducible 
• To AεK+ uncertainty, additional contributions due to sys. err. of 
ACP(Ds to φπ) and t-integrated ACP in D0 to K-π+ 

• Fitting: binning in kinematic variables 
• Difference in interactions of K and anti-K in detector

Expected precision for future measurements

[Belle II Internal Note]13



D0 to π0π0, D0 to Ksπ0

Belle measurement (D0 to π0π0, 996 fb-1):  
ACP =(-0.03 +/- 0.64 +/- 0.10) x 10-2 

• Expect similar systematic error in Belle II 
• Large fraction of systematics will be reduced with higher  
statistics (using dedicated sample of tagged and untagged  
D0 to Kπ
Expected precision for future measurements

Similar uncertainties for D0 to Ksπ0 

Only difference: additional irreducible sys. err. due to the  
neutral K interactions in the material (+/-0.01 x 10-2)
Expected precision for future measurements

[Belle II Internal Note]14



D0 to KsKs

N. Dash, ICHEP 201615



D0 to KsKs

[arXiv: 1609.06393] 
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Future prospects of  D0 to KsKs at 
Belle II 

• Irreducible errors: 
      Fitting: binning in kinematic variables 
      Difference in interactions of K and anti-K in detector 
• Dominant error arises from ACP measurements of Ksπ0 

Errors on Ksπ0 will reduce with increased statistics at Belle II

Systematic errors at Belle

Dominant error in measurement is statistical: Belle II can 
greatly improve precision: expect a precision of 0.2% with 
similar systematic errors as at Belle
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D0 to Vγ
• Study of D0 to Vγ completed at Belle,  branching 
fractions and ACP measurements done

• Dominant errors on ACP are statistical: Belle II can 
drastically improve precision

arXiv:1603.03257
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Belle II sensitivity study for 
D0 toVγ

•Decay mode: D*+ to D0 πs
+, D0 to Φγ 

•Same preselection cuts as in Belle 

•Look at fit variables distributions in Belle: 
m(D0), cos(theta_h) 

•Dominant background: π0 το γγ 

•Determining signal resolution, π0 
background and overlap of the peaks 

•π0 veto checked in Belle II
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m(D0)

Same selection criteria 
used for Belle II 
sensitivity study as in 
Belle 
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cos(theta_H)
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D0 to Vγ

22



New flavour tagging method
Usual flavour tagging 
D*+ to D0π+slow:  

• Flavor tagging used is usually π+slow 
• Lose 75% of D0 in cc-bar events at B-factories
Rest of the event (ROE) / Prompt D0 flavour tagging 
[improve statistics] 

Select events with only one K+/- in the ROE and charge of K determines the  
flavour of D0 at production 23



New flavour tagging method
• Selection of tagging charged kaon is most important: two-step 

selection based on a BDT with a first loose cut to reject most of the 
background and count the number of charged kaons, and a second 
tighter cut to reject fake kaons 

• Tagging kaons are mostly back-to-back   

• Tagging efficiency (ε) = 15 %, mis-tagging level (w) < 5%, after vetoing 
presence of neutral kaons KL and KS in the ROE [from MC truth]
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A novel tagging method which will: increase 
statistics with an additional D0 sample and will 
be very useful to evaluate systematics 
independently



New flavour tagging method
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• Left plot: Ratio between the statistical error on a ACP measurement using the two 
different flavour tagging methods (D* and ROE, given by σX and σ0) as a function of 
the purity of D0 samples. 

• Right plot: Ratio between the combined statistical error (σC) and the statistical error 
from the D* method. 

• Reference point for the ratio of the purity of D0 samples: 1.4 [PhysRevD.87.012004] 
•  In the best case, assuming the value 1.4 for Belle II, we can expect a reduction of 

~15% of the statistical error on a ACP measurement.

Ratio_combinedRatio_method
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BELLE2-MTHESIS-2016-007; 
To be published



Summary
•B-factories have successfully been charm factories 

•For KsKs channel, Belle II expects a precision of ~0.2%  

•For K+K-, π+π- at Belle II, errors will be +/- 0.05, +/-0.07 respectively for 50 ab-1 

and for KsK
+, Ksπ

+, errors will be +/-0.1, +/-0.3 respectively 

•Belle II will implement novel tagging method (ROE) to increase statistics 

•Belle II sensitivity studies performed for D0 to Vγ: statistical errors will be         
+/- 0.01 for Φγ, +/-0.02 for ργ for 50 ab-1 

•Belle II errors will be smaller than LHCb for the neutral particle final state modes 
and will be of the same order as LHCb for the charged particle final state modes

Exciting road ahead for charm physics @ Belle II !!
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BACK-UP
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Charm mixing 

Mixing parameters: |M12|, |Γ12|, |φ12 = arg(Γ12/M12)|

Evolution of neutral D0 flavour eigenstates follows the 
Schrodinger ’s equation:

Dispersive part of the 
amplitude M12

Long-distance dominated
Not calculated reliably

Short-distance dominated

Absorptive part of the 
amplitude Γ12

Long-distance dominated
Not calculated reliably

NegligibleSM SMNP NP
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Mixing results
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[B2TiP Report, to be published]



Charm mixing 

• Mixing in neutral D mesons is an example of FCNC. Within SM, 
FCNC are absent at the tree level but can occur through box 
diagrams 

• Strong suppression of FCNC is due to GIM mechanism 

• Mixing rate in D mesons is small; discovered in 1976 at SLAC, in 
2007 at KEK, SLAC with mixing parameters x ~ 0.01 and y ~ 0.01
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Mass eigenstates D1 and D2 are linear combinations of flavour eigenstates 
D0 and D0 bar:



Belle II performance 
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[Slide from Giacomo De Pietro]


