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• Standard Model CP violation (CPV) in 
charm is expected to be ~10'( ~10').

• Largest effect in singly Cabibbo-
suppressed (SCS) decays, contribution 
from penguin diagrams.

• Cabibbo-favored (CF) decays proceed 
via tree-level diagrams, nonzero CPV 
would be a clear sign of new physics. 

• We measure direct CPV in D"# decays:

Introduction
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• The 𝐷*+ → 𝜋+ 𝜋, proceeds via annihilation, thus is 
highly suppressed.

• Improvements on the Branching fractions (BF) plays a 
key role for theoretical predictions on CPV. PRL 115, 
251802.

SCS: D#" → K"𝜋!/𝜂 , CF: D#"→ 𝜋"𝜂

https://inspirehep.net/literature/1376015


Analysis strategy
• Data set: 𝐸-.~ 10.5 -10.9 GeV (Υ(4𝑆), Υ 5𝑆 , off-resonance), 921 fb-1 , ~108 D/± mesons.
• Branching fraction normalization mode: D/+ → 𝜙(→ 𝐾+𝐾')𝜋+.
• Reconstruct D/+ fromD/∗+ → D/+𝛾 : “tagged” D/+ sample. 
• D/+ candidates that can not form D/∗+ ∶ “untagged” D/+ sample. 

• Reconstruct 𝜂 → 𝛾𝛾(𝜂22) and 𝜂 → 𝜋+𝜋'𝜋,(𝜂)3)
• Neural Network (NN) is utilized to suppress backgrounds as much as possible.
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• NN is trained using one stream generic MC; expertise is then applied to the rest of generic MC 
samples and data. NN outputs a single variable 𝑂44 in ranges [-1, 1]. 

D!" →𝐾" 𝜋# (one charged track) D!" →𝐾"𝜂_3𝜋 (three charged tracks)
signal
background

signal
background
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Neural Network (NN)
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D#" → 𝐾" 𝜂_3𝜋, 𝜋" 𝜂_3𝜋, Dsà𝜙𝜋" (three charged tracks)

Input variables:

• 1) 𝑝!$
∗ : momentum of D#$ in the 𝑒$𝑒%

center-of-mass frame.
• 2)|dr|: impact parameter in x-y plane of 

the charged track. Or |dlxy|: Distance
between the decay and production vertex 
of D#$ in x-y plane.

• 3) cos(𝜃): 𝜃 is the angle between 
momentum of the charged track (direct 
daughter of D#$ ) in the D#$ rest frame and 
momentum of D#$ in the lab frame.

• 4) nKKs: number of K/KS in the opposite 
side against the D#$ candiate. 

• 5) 𝜙: angle between the momentum of 
D#$ and Thrust axis direction in the 
center-of-mass frame.

• 6) Δ𝜓𝑥𝑦: “collinearity angle”, angle 
between the D#$ momentum vector and 
vector joining its decay and production 
vertices in x-y plane.

p*Ds cos(𝜃) 

nKKs 𝜙 Δ𝜓𝑥𝑦

dlxy

.𝑇
Ds𝜙

IP
Ds vertex

Δ𝜓𝑥𝑦

D#" → 𝐾" 𝜋!, 𝐾" 𝜂_𝛾𝛾, 𝜋" 𝜋!, 𝜋" 𝜂_𝛾𝛾 (one charged track)

Ds



sPlot technique

• MC/data consistency is important for 
detection efficiency estimation.

• sPlot: a statistical tool to unfold data 
distributions. Discriminating variable 
used in sPlot: D/+ invariant mass.

• Data/MC deviations are seen on the 
momentum of D/+ (𝑝8'

∗ ) distributions.

• Solution: weight MC sample to match 
data distributions.

• NN is trained with the weighted MC. 
NN output of data and weighted MC 
agree well.

NN outputNN output

Distributions of reference mode D#" → 𝜙(→ 𝐾"𝐾()𝜋"signals:
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sPlot technique: NIM A555, 356 (2005)
ROOT Class “RooStats::SPlot”

𝑝)!
∗ 𝑝)!

∗

weight MC

https://www.sciencedirect.com/science/article/abs/pii/S0168900205018024?via%3Dihub


Background study

6

• Check background using MC sample after final event selection. Main backgrounds are 𝑢𝑑𝑠 continuum process. 
Charged 𝐷! peak backgrounds are seen.

• 𝐷! → 𝜋!𝜋"(𝜂) produce backgrounds in 𝐷#! signal region if 𝜋! is mis-identified as 𝐾!. Need to be considered 
carefully in the fits.

𝐷&$ → 𝜋$ 𝜂_𝛾𝛾 𝐷&$ → 𝜋$ 𝜂_3𝜋𝐷&$ → 𝜋$ 𝜋'

𝐷&$ → 𝐾$ 𝜂_3𝜋𝐷&$ → 𝐾$ 𝜂_𝛾𝛾𝐷*+ → 𝐾+ 𝜋,

𝐷" → 𝜋"𝜋! 𝐷" → 𝜋"𝜂

mis-PID: 𝜋" → 𝐾"

𝐷" → 𝜋"𝜂



Data fits (signal yield extraction)
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tagged D!∗± → D!±𝛾

untagged 𝐷)±
Signal: a Crystal Ball function 

and a Gaussian function, sharing 
same mean value.

combinatorial background: 
a second-order Chebyshev 
polynomial, parameters are floated

𝐷# peak: a Gaussian function

𝐷# under 𝐷9# peak (𝜋± is mis-
identified as 𝐾±): MC shape, the 
amount is calibrated and fixed. 

The plots beneath the distributions 
show the residuals.

𝐷&$ → 𝐾$ 𝜋' 𝐷&% → 𝐾% 𝜋'

𝐷&$ → 𝐾$ 𝜋' 𝐷&% → 𝐾% 𝜋'



Data fits
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𝐷&$ → 𝜋$ 𝜂_𝛾𝛾 𝐷&$ → 𝜋$ 𝜂_3𝜋𝐷&$ → 𝜋$ 𝜋'

𝐷&$ → 𝐾$ 𝜂_3𝜋

• Unbinned maximum likelihood 
simultaneous fit to tagged and 
untagged samples.

• 𝐷*+ and 𝐷*' samples are separated 
for CPV measurement but are also 
fitted simultaneously.

𝐷&$ → 𝐾$ 𝜂_𝛾𝛾

• No signal observed in 𝐷&$ → 𝜋$𝜋'



Data fits ( 𝐷*+→ 𝜙𝜋+; 𝜙 → 𝐾+𝐾')
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Signal: a bifurcated Student’s t-
distribution and a Gaussian 
function.

combinatoral background: 
a second-order Chebyshev 
polynomial, parameters are floated.

There is a small peaking background 
𝐷9#→ 𝐾#𝐾;𝜋#, can not separated 
in the fitting, the amount (1.73 ±
0.03%) will be corrected for to get 
final signal yield. 



CP asymmetry extraction (𝐷*+ → 𝜋+𝜂)
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• AFB, forward-backward asymmetry. It is an odd 
function of the cosine of the 𝐷&$polar angle in the 
CM frame (𝑐𝑜𝑠𝜃!$

()), same for signal mode and 
reference mode. 

• 𝐴*, detection efficiency asymmetry, is a function of 
the momentum and polar angle of the charged 
tracks. 

signal 𝐷+" → 𝜋" 𝜂 vs. reference mode 𝐷+"→ 𝜙𝜋"

• Charged Pion detection charge asymmetry can be 
canceled by the reference mode ( 𝐷+"→ 𝜙𝜋"). 
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• Charged Kaon detection asymmetry can not be canceled by 
the reference mode, its detection asymmetries is 
measured at Belle and corrected for, then we obtain 𝐴+,--.

• Since 𝐴./ is an odd function of 𝑐𝑜𝑠𝜃!$
(), we can extract 

𝐴(0 and 𝐴./ by calculating:

Phys.Rev.D 103 (2021) 112005

CP asymmetry extraction (𝐷*+ → 𝐾+𝜋,, 𝐾+𝜂)
co

s𝜃

p (GeV/c)

values errors

https://inspirehep.net/literature/1852254


Results
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Belle: Phys.Rev.D 103 (2021) 112005
BESIII BF: JHEP 08 (2020) 146
LHCb CPV: JHEP 06 (2021) 019

BF:

𝐴,-:

• 𝐴-=: showing no hint for CP
violation. Belle achieved better 
precisions in 𝐷*+ → 𝐾+/𝜋+𝜂 and 
similar precision in 𝐷*+ → 𝐾+𝜋,
comparing to LHCb. 

• BF: Belle results for 𝐷*+ → 𝐾+ 𝜂
and 𝐷*+ → 𝜋+𝜋, are the most 
precise to date. For 𝐷*+ →
𝐾+𝜋, we have slightly worse 
precision than BESIII.  For the 
𝐷*+ → 𝜋+ 𝜂 , which is systematic 
uncertainties dominated, BESIII 
result is better. 

https://inspirehep.net/literature/1852254
https://inspirehep.net/literature/1795144
https://inspirehep.net/literature/1852815


Summary
• Using full Belle data sample, measurement of branching fractions and CP 

asymmetries is performed for:
D"# → 𝐾# 𝜋=,

→ 𝜋# 𝜋=,
→ 𝐾#𝜂,
→ 𝜋#𝜂

• These branching fractions and ACP values can be used in sum rules to provide 
constraints on the predictions for CPV in charm. 
• In charm analyses, we face competitions from BESIII and LHCb.

• For BF measurements, systematics uncertainties at BESIII is much smaller, Belle(II) 
has advantages in statistical uncertainties dominated (charged) CS modes.

• For CPV measurements, Belle(II) has advantages in modes with neutral particles 
(𝜋=/𝜂), especially multiple neutral particles in the final state. 
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PRL 115, 251802

https://inspirehep.net/literature/1376015


backup
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D(s)
+àK+𝜋,(𝜂), 𝜋+𝜋,(𝜂) at belle and LHCb
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LHCb results: JHEP 06 (2021) 019

CPV Belle (%) CPV LHCb (%)

Ds+ -> K+ pi0 6.4 +- 4.4 +- 1.1 -0.8 +- 3.9 +- 1.2

Ds+ -> K+ eta 2.1 +- 2.1 +- 0.4 0.9 +- 3.7 +- 1.1

Ds+ -> pi+ eta 0.2 +- 0.3 +- 0.3 0.8 +- 0.7 +- 0.5

D+ -> K+ pi0 - -3.2 +- 4.7 +- 2.1

D+ -> K+ eta - -6 +- 10 +- 4

D+ -> pi+ pi0 2.31 +- 1.24 +- 0.23 -1.3 +- 0.9 +- 0.6

D+ -> pi+ eta 1.74 +- 1.13 +- 0.19 (791 fb-1) -0.2 +- 0.8 +- 0.4

• LHCb is using ℎ= → 𝑒#𝑒;𝛾 or 
ℎ= → 𝛾𝛾 followed by a photon 
conversion.

Belle results: Phys.Rev.D 103 (2021) 112005
Phys.Rev.D 97 (2018) 1, 011101
Phys.Rev.Lett. 107 (2011) 221801

https://inspirehep.net/literature/1852815
https://inspirehep.net/literature/1852254
https://inspirehep.net/literature/1640639
https://inspirehep.net/literature/916845


Event selection
• Reconstruct D/+ fromD/∗+ → D/+𝛾 : “tagged” signal. D/+ candidates that can not form D/∗+ ∶

“untagged” D/+. 
• 𝜂 is reconstructed from 𝜂 → 𝛾𝛾(𝜂22) and 𝜂 → 𝜋+𝜋'𝜋,(𝜂)3)

• Neural Network (NN) is utilized to suppress backgrounds as much as possible.
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• 𝑝$!
∗ : momentum of D&! in the 𝑒!𝑒'center-of-mass frame, to exclude D&! from B decays and supress backgrounds.

• 𝜋" veto: if 𝛾 can form a good 𝜋" candidate with any other 𝛾, it will not be used to form 𝜂 or 𝐷#∗
!.



NN output requirement (Figure Of Merit) 

17arXiv:physics/0308063v2

• The requirement on NN output is determinated by optimizing a figure-of-
merit (FOM):

• While for rare signal search, FOM is defined as  

Dsà𝐾# 𝜋= Dsà𝐾# 𝜂_𝛾𝛾 Dsà𝐾# 𝜂_3𝜋

Dsà𝜋# 𝜂_𝛾𝛾 Dsà𝜋# 𝜂_3𝜋Dsà𝜋# 𝜋=

https://arxiv.org/abs/physics/0308063v2


Best candidate selection (BCS)
• For Ds

+ , step(1): choose the best 𝜋,/𝜂 candidate which has the smallest 𝜒@ from the mass 
constraint fit.

• step(2): if there are still multiple Ds+ candidates, choose the one with the best NN output.
• For Ds*+ à Ds

+ 𝛾, if there are multiple 𝛾, choose the one with the maximum energy.
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Systematics uncertainties
• Tracking, PID, 𝜋#/𝜂 reconstruction
• Fitting (signal shape, fitting range, fitting bias)
• Ratio of untagged and tagged samples
• Neural Network 

• Remove the NN output requirement for the large statistics 
reference mode and CF signal mode 𝐷*+ → 𝜋+ 𝜂

• Use sPlot to extract the distribution of NN output
• Differences between data and MC efficiencies are assigned as 

systematic uncertainties.
• Low statistics signal modes 𝐷*+ → 𝐾+𝜋,, 𝐾+𝜂 can reuse these 

NN output distributions. 

• 𝑐𝑜𝑠𝜃0F
12binning

• uncertainties from the reference mode

19



Systematic uncertainties
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• systematic uncertainties for ACP measurements: 

• systematic uncertainties for BF measurements: 
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Splot D+
sà 𝜙𝜋<

tagged Ds, and Egam > 0.15GeV

untagged Ds

• data/MC differences are seen on the 
momentum of Ds distributions (CMS frame).

• Low momentum of Ds coming from B 
decays, excluded by P*Ds>2.3 GeV/c.


