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Charm physics at Belle (II) 

• heavy-flavor collider experiment 
‣ SuperKEKB: asymmetric  collider in Tsukuba, Japan 
‣ Belle II: 4π spectrometer with improved vertexing, tracking, PID and 

calorimetry capabilities 
• “charm factory” 

‣ large  cross-section provides low-background event samples, 
1.3M events per 1fb-1  

‣ ~100% trigger efficiency uniform across decay time and kinematics 
‣ excellent reconstruction of final states with neutrals                                      

e.g. , ,

e+e−

e+e− → cc̄

D+ → π+π0 D0 → Vγ π0π0, K0
S K0

S , Kππ0, πππ0 . . .

Belle Belle II

Years of 
operation

1999-2010 2019-

Beam energies 8 GeV (e-) , 3.5 GeV (e+) 7 GeV (e-) , 4 GeV (e+)

Data set (Y(nS)) 980 fb-1 531 fb-1
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‣ → two charm hadrons + fragmentation 
✦ no entanglement, inaccessible strong phase  

‣ exclusive reconstruction of strong decay  
✦ inefficient reconstruction of slow=low momentum pion 
✦ loss in statistics (only ~25% of all charm quarks hadronize into ) 

‣ inclusive method exploiting correlation between signal flavor and charged particles in event 
✦ based on BDTs, uses kinematic features and PID as input 
✦ double the sample size w.r.t -tagged events

e+e−

D*+ → D0π+
s

D*

D*+

4
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A beautiful charm event

‣ → two charm hadrons + fragmentation 
✦ no entanglement, inaccessible strong phase  
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✦ based on BDTs, uses kinematic features and PID as input 
✦ double the sample size w.r.t -tagged events

e+e−

D*+ → D0π+
s

D*

D*+

tagging power: ϵeff
tag = ϵtag⟨r2⟩ , ϵeff

tag(D*) ∼ 24 %

PRD 107, 112010 (2023)

ϵeff
tag = (47.91 ± 0.07(stat) ± 0.51(syst)) %

Charm Flavor Tagger (CFT)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.107.112010


arXiv:2305.12806

Search for CPV in  decays 
and observation of 

D+
(s) → K+K0

Sh+h−

D+
s → K+K−K0

Sπ+

Search for CPV using T-odd correlations in 
 and 

 decays
D+

(s) → K+K−π+π0, K+π−π+π0

D+ → K−π+π+π0

PRD 108, L111102 (2023)

Search for CPV in  decaysD+
(s) → K0

SK−π+π+

New for ICHEP!

https://arxiv.org/abs/2305.12806
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.L111102
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Two approaches

9

• measure asymmetry in kinematic 
observable (e.g. triple-product ) 

•  can also arise from final-state 
interaction 
‣ isolate  violation with  
‣  is unaffected by production and 

reconstruction asymmetries 
• in charm: four-body decays

CTP
AT ≠ 0

CP aCP
aCP

ACP ∝ sin(ϕ)sin(δ)

• obtain asymmetry from difference in partial 
widths 

•  includes asymmetries in production and 
reconstruction 
‣ : arising from  interference 
‣ : reconstruction of final-state particles 
‣ need control channel to correct  

• in charm: singly-Cabibbo suppressed two-
body decays

Araw

AFB γ − Z0

Aϵ

9

Araw =
Γ(D → f ) − Γ(D̄ → f̄ )
Γ(D → f ) + Γ(D̄ → f̄ )

Araw = ACP + AFB + Aϵ

AT =
Γ(CTP > 0) − Γ(CTP < 0)
Γ(CTP > 0) + Γ(CTP < 0)

aCP =
1
2

(AT − ĀT)

ĀT =
Γ(−C̄TP > 0) − Γ(−C̄TP < 0)
Γ(−C̄TP > 0) + Γ(−C̄TP < 0)

aCP ∝ sin(ϕ)cos(δ)
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CPV in D+
(s) → K0

SK−π+π+

10

CTP = ( ⃗pK− × ⃗pπ+
h
) ⋅ ⃗pK0

S

resulting signal and background yields are listed in table 1. The ratio of signal to back-186

ground for Belle II is higher than that for Belle due to the improved resolution on the187

D+
(s) flight length LD.188
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Figure 3: Invariant mass distributons for D+
(s) ! K0

SK�⇡+⇡+ candidates (points with
error bars), along with projections of the fit result. The red dashed curves show the
fitted signal, and the blue dash-dotted curves show the fitted background. The top
plots show Belle data, and the bottom plots show Belle II data. The smaller plots
show the corresponding pull distributions, where the pull is defined as (fitted yield�

actual yield)/(fitted uncertainty).

Subsequently, we perform a second fit for the asymmetries A
X
CP , where the calibration189

factors �µ, k�, and slope ↵ are fixed to the values obtained from the first fit. For the A
X
CP190

fit, we divide the data into four X subsamples as determined by the charge of D±
(s) and191

the sign of X. The distributions of triple-product and quadruple-product observables of192

D±
(s) ! K0

SK⌥⇡±⇡± candidates are shownin appendix A as examples. The yields of the193
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signal yield: 223k

signal yield: 98k

0.06- 0.04- 0.02- 0 0.02 0.04 0.06

-oddT

CP
a

 (SCS)0π+π-π+KÆ+
sD 0.1)%±2.2±(-1.1

[Belle]

 (CF)-π+π+
K

S
KÆ+

sD -310×5.2)±(-8.2
[FOCUS/ BaBar/ Belle]

 (CF)0π+π-K+KÆ+
sD -310×4.3)±3.3±(2.2

[Belle]

 (DCS)0π+π-π+
KÆ+

D 0.1)%±4.2±(-1.3
[Belle]

 (CF)+π
-

K
+

KSKÆ+
D 2.68)%±(-3.34

[Belle]

 (SCS)-π+π+
KSKÆ+

D -310×7.1)±(-2.7
[FOCUS/ BaBar/ Belle]

 (SCS)0π+π+
K

-
KÆ+

D -310×1.3)±6.6±(2.6
[Belle]

 (CF)0π+π+π
-

KÆ+
D -310×0.8)±1.5±(0.2

[Belle]

 (SCS)-π+πSK
S

KÆ0
D )%-0.12

+0.141.42±(-1.95
[Belle]

 (SCS)-π+π
-

K
+

KÆ0
D

-310×2.1)±(3.5
[FOCUS/ BaBar/ LHCb/ Belle]

 (CF)0π-π+π
S

KÆ0
D -310×)

-0.76

+0.231.38±(-0.28
[Belle]

Fig. 2. Left: schematic view of CT = (p⃗1 × p⃗2) · p⃗3 definition in four-body decay M → P1P2P3P4.
Right: status of experimental results of T -odd asymmetries of D decays as summarized in Tab. I.

2. EVENT SELECTION AND OPTIMIZATION86

2.1. Data sample and software87

The analysis is based on the BASF2 software (light-2305-korat) for both datasets. That88

indicates the Belle data analysis uses B2BII framework.89

• We use the experimental data with 1.4 ab−1:90

– Belle: an integrated luminosity of 980 fb−1 collected at the Belle detector [13]91

operating at the KEKB [14] asymmetric-energy e+e− collider, which includes the92

datasets collected on or near Υ(nS) (n = 1, 2, 3, 4, 5) resonances;93

– Belle II: an integrated luminosity of 424 fb−1 (full ‘LS1 dataset’) collected at94

the Belle II detector [15] operating at the SuperKEKB [16] asymmetric-energy95

e+e− collider, which includes 362/42/20 fb−1 collected at on/below/above Υ(4S)-96

resonance.97

• Signal Monte Carlo (MC) samples for the decays D+
(s) → K0

SK
−π+π+ are from D+

(s)98

inclusive process e+e− → γ∗ → cc̄ → D+
(s) + anything.99

– We use EvtGen [17] for event generation, and GEANT3 [18] and GEANT4 [19]100

to simulate the responses of Belle and Belle II detectors, respectively.101

– The final state radiation (FSR) process is allowed via the PHOTOS [20].102

– The signals of D+
(s) → K0

SK
−π+π+ without any intermediate resonances are gen-103

erated uniformly in phase space.104

• A large size of generic MC samples are used to perform the optimization of event105

selections and study backgrounds.106

5

P

• better mass resolution and background suppression at Belle II 
‣ thanks to improved detector design/performance and 

additional pixel vertex detector
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• divide  candidates into four subsamples 
based on charge and sign of   

• obtain , ,  and  from 
simultaneous fit to subsamples 

• systematic effects related to efficiency 
variation of   

• results are among world’s most precise 
measurements, no evidence of CPV

D
CTP

N+ N− AT aCP

CTP

11

CPV in D+
(s) → K0

SK−π+π+

11
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(s) ! K0

SK�⇡+⇡+ candidates (points with
error bars), along with projections of the fit result. The red dashed curves show the
fitted signal, and the blue dash-dotted curves show the fitted background. The top
plots show Belle data, and the bottom plots show Belle II data. The smaller plots
show the corresponding pull distributions, where the pull is defined as (fitted yield�

actual yield)/(fitted uncertainty).

Subsequently, we perform a second fit for the asymmetries A
X
CP , where the calibration189

factors �µ, k�, and slope ↵ are fixed to the values obtained from the first fit. For the A
X
CP190

fit, we divide the data into four X subsamples as determined by the charge of D±
(s) and191

the sign of X. The distributions of triple-product and quadruple-product observables of192

D±
(s) ! K0

SK⌥⇡±⇡± candidates are shownin appendix A as examples. The yields of the193

6

signal yield: 223k

signal yield: 98k
N(D+

(s), CTP > 0) =
N+

2
(1 + AT)

N(D+
(s), CTP < 0) =

N+

2
(1 − AT)

N(D−
(s), C̄TP > 0) =

N−

2
(1 + AT − 2aCP)

N(D−
(s), C̄TP < 0) =

N−

2
(1 − AT + 2aCP)
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0.06− 0.04− 0.02− 0 0.02 0.04 0.06
T-odd
CPa

 (SCS)0π+π-π+K→+
sD 0.1)%±2.2±(-1.1

[         ]Belle

 (CF)0π+π
-K+K→+

sD -310×4.3)±3.3±(2.2
[         ]Belle

 (CF)-π+π+KSK→+
sD -310×5.2)±(-8.2

[FOCUS/ BaBar/         ]Belle

 (CF)+π+π
-KSK→+

sD -310×0.8)±2.4±(0.2
[               ]Belle (II)

 (DCS)0π+π-π+K→+D 0.1)%±4.2±(-1.3
[         ]Belle
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[FOCUS/ BaBar/         ]Belle

 (SCS)0π+π+K-K→+D -310×1.3)±6.6±(2.6
[         ]Belle

 (SCS)+π+π-KSK→+D -310×1.5)±4.5±(-2.3
[               ]Belle (II)

 (CF)+π-K+KSK→+D 2.68)%±(-3.34
[         ]Belle

 (CF)0π+π+π
-K→+D -310×0.8)±1.5±(0.2

[         ]Belle

 (SCS)-π+πSKSK→0D )%-0.12
+0.141.42±(-1.95

[         ]Belle

 (SCS)-π+π-K+K→0D -310×2.1)±(3.5
[FOCUS/ BaBar/ LHCb/         ]Belle

 (CF)0π-π+πSK→0D -310×)-0.76
+0.231.38±(-0.28

[         ]Belle
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• divide  candidates into four subsamples 
based on charge and sign of   

• obtain , ,  and  from 
simultaneous fit to subsamples 

• systematic effects related to efficiency 
variation of   

• results are among world’s most precise 
measurements, no evidence of CPV

D
CTP

N+ N− AT aCP

CTP

CPV in D+
(s) → K0

SK−π+π+

12

aCP

D+ : aCP = (−0.23 ± 0.45(stat) ± 0.15(syst)) %
D+

s : aCP = (−0.02 ± 0.24(stat) ± 0.08(syst)) %

Belle I+II combined

Plot made by Longke Li
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• asymmetries also measured in additional kinematic observables 
‣ quadruple products, helicity angle distributions 
‣ 12 results reported in total  
‣ all compatible with no CPV, first-time measurements 

• first observation of : 
‣  
‣ norm. channel:  

• measurement of  in subregions of phase space: 
‣ largest asymmetry found in  
‣

D+
s → K+K−K0

S π+

B(D+
s → K+K−K0

S π+) = (1.29 ± 0.14(stat) ± 0.04(syst) ± 0.11(norm)) × 10−4

D+
s → K+K0

S π+π−

aCP
D+

s → K*0ρ+

aCP = (6.2 ± 3.0(stat) ± 0.4(syst)) %

Noteworthy

5
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FIG. 4. The M(K+K�K0
S⇡

+) distribution for signal
candidates with the fit result superimposed. Circles with
error bars show the data, and the solid contour shows the
overall fit result. In the top plot, the red dashed contour
shows the combinatorial background, and the green dotted
contour shows the D⇤+ background. In the lower plot,
these background components have been subtracted. The
background component is subtracted in the lower histogram.

Gaussian, with the mean and width fixed to MC values.
The signal yield obtained is 645 ± 70. The statistical
significance of theD+

s (CS) signal is 9.3�, calculated using
the di↵erence in the log likelihoods

p
�2ln(L0/Lmax).

Here, Lmax and L0 are the likelihood values of the fit
to the M(K+K�K0

S⇡
+) spectrum with and without

including the signal PDF, respectively. In order to
estimate the signal significance including the additive
systematic uncertainties, fits using alternative PDFs for
signal and background are performed as discussed below.
The minimum value of signal significance we obtain is
9.2�. To be conservative, we use this value as the signal
significance with systematic uncertainties included.

To take into account variation in reconstruction
e�ciencies due to unknown intermediate resonances, we
correct the fitted signal yield for e�ciency in bins of five-
dimensional (5D) phase space. We only use events in a
signal region defined as |M(K+K0

Sh
�⇡+) � m(D+

s )| <
10 MeV/c2. These bins consist of the invariant masses
of pairs of final-state particles. Such a method has
been used in other analyses of four-body decays of D
mesons [32]. The 5D phase space is divided into 243
bins (i.e., 3 ⇥ 3 ⇥ 3 ⇥ 3 ⇥ 3), which is well-matched to
the structure of the e�ciency distribution obtained from
the signal MC sample. We calculate the corrected signal
yield N corr as

N corr =
X

i

N tot
i �Nbkg · fbkg

i

✏i
. (12)

Here, N tot
i and ✏i are the total number of events and

the reconstruction e�ciency, respectively, for the ith
bin, and Nbkg is the overall number of background
events for all bins together. The fraction of background
events in bin i (fbkg

i ) and ✏i are obtained from MC
simulation. The uncertainties on each term in Eq. (12)
are propagated to obtain the overall uncertainty on
N corr. Only the PID requirement for a single charged
track is di↵erent between the final state particles of
the signal and normalization modes. To account for
a small di↵erence in PID e�ciency between data and
MC simulation, a correction for PID is included in the
e�ciency calculation. The correction factor is obtained
from a D⇤+ ! D0⇡+, D0 ! K�⇡+ control sample. To
account for the di↵erence in the momentum spectra of
the daughter tracks between the analysis mode and the
control sample, the daughter tracks are divided into 384
bins according to the momentum and polar angle (32
momentum bins and 12 polar angle bins). We obtain the
e�ciency-corrected signal yields as listed in Table IV, and
the relative branching fraction B[D+

s (CS)]/B[D+
s (CF)] =

(1.36± 0.15)%, where the uncertainty is statistical only.

TABLE IV. Fitted signal yields (N sig) and e�ciency-
corrected signal yields (Ncorr) for D+

s ! K+K0
S⇡

+⇡� and
D+

s ! K+K�K0
S⇡

+.

Decay mode N sig Ncorr(⇥102)
D+

s ! K+K0
S⇡

+⇡� 70080± 676 10782± 104
D+

s ! K+K�K0
S⇡

+ 645± 70 146± 15

The main sources of systematic uncertainty are listed
in Table V and evaluated as follows. Since the correction
for the di↵erence in PID e�ciencies between data and
MC is included in the calculation of the signal yield
correction, the uncertainty of the correction is evaluated.
We assign 1.6% as the systematic uncertainty for this
contribution.
The uncertainty from the e�ciency correction method

is checked by using di↵erent binnings of the 5D phase
space. The largest deviation from the nominal value is
assigned as the uncertainty.
To check for any remaining bias due to possible

intermediate resonances, we generate MC samples
of signal decays proceeding through intermediate
resonances and re-calculate N corr using Eq. (12). The
largest deviation observed in the ratio of branching

TABLE V. Contributions to the fractional systematic
uncertainty for the ratio of branching fractions
B(D+

s (CS))/B(D+
s (CF)) in %.

Sources (%)
PID e�ciency correction 1.6
E�ciency correction (binning) 0.7
E�ciency correction (intermediate resonances) 0.5
PDF model 1.8
Total 2.6
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Figure 1: Tree (left), annihilation (center), and “penguin” (right) diagrams contributing
to D+

! K⇤0K⇤+. This decay is expected to be the dominant process for the four-body
decay D+

! K0
SK�⇡+⇡+.

2 Methodology53

The topology of D+
(s) ! K0

SK�⇡+⇡+ decays is shown in figure 2. The angle in the D+
(s)54

rest frame between the decay planes of the K0
S ⇡+ pair and the K�⇡+ pair is denoted '.55

Also shown are two helicity angles, ✓K0
S

and ✓K� . These are defined as the angle in the56

K0
S ⇡+ or K�⇡+ rest frame between the kaon momentum and the direction opposite that57

of the D+
(s) momentum.58

Figure 2: Decay topology for D+
(s) ! K0

SK�⇡+⇡+. The innermost decay planes, as

drawn, correspond to the D+
(s) rest frame; the outermost decay planes, as drawn, corre-

spond to the K0
S ⇡+ and K�⇡+ rest frames.

The triple- and quadruple products are defined as:59

CTP = (~pK� ⇥ ~p⇡+
h
) · ~pK0

S
, (1)60

CQP = (~pK� ⇥ ~p⇡+
h
) · (~pK0

S
⇥ ~p⇡+

l
) , (2)61

where the subscripts “h” or “l” denote the pion with the higher or lower momentum,62

respectively. All momenta are measured in the D+
(s) rest frame 2 In addition to searching63

for CPV using CTP and CQP, we also use the product CTPCQP and three functions of64

the helicity angles: cos ✓K0
S

cos ✓K� , CTP cos ✓K0
S

cos ✓K� , and CQP cos ✓K0
S

cos ✓K� . The65

observables CQP, CTP, and CTPCQP have the same signs as cos ', sin ', and sin(2'),66

2
For CTP, the choice of the three out of four final state momenta does not impact the measurement,

as the total momentum sums to zero. For CQP, the combinations are chosen to be similar to CTP.

2

CQP = ( ⃗pK− × ⃗pπ+
h
) ⋅ ( ⃗pK0

S
× ⃗pπ+

l
)

PRD 108, L111102 (2023)

arXiv:2211.07332 PRD 92, 076013 (2015)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.L111102
https://arxiv.org/abs/2211.07332
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.076013


Michel Bertemes - HEPHY 14

• Charm Flavor Tagger 
‣ new inclusive algorithm that exploits correlation between signal flavor 

and charge of tagging particles 
‣ significantly enlarge the available sample size 
‣ more results on the way 

•  measurements 
‣ CPV probed in triple/quadruple products, helicity angles 
‣ complementary approach to asymmetries in partial width 
‣ use four-body charm decays, efficient reconstruction at Belle (II) 
‣ world’s most precise results

aCP

Conclusion

14
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CPV in D+
(s) → K0

SK−π+π+

Table 2: Results for A
X
CP in D+

(s) ! K0
SK�⇡+⇡+ decays, where X = CTP (1), CQP (2),

CTPCQP (3), cos ✓K0
S

cos ✓K� (4), CTP cos ✓K0
S

cos ✓K� (5), and CQP cos ✓K0
S

cos ✓K� (6).

The significance of the combined A
X
CP result from A

X
CP = 0 is listed in the last column.

Decay X A
X
CP (10�3) at Belle A

X
CP (10�3) at Belle II Combined A

X
CP (10�3) Significance

D+

(1) �4.0 ± 5.9 ± 3.0 �0.2 ± 7.0 ± 1.8 �2.3 ± 4.5 ± 1.5 0.5�
(2) �1.0 ± 5.9 ± 2.5 �0.4 ± 7.0 ± 2.4 �0.7 ± 4.5 ± 1.7 0.2�
(3) +6.4 ± 5.9 ± 2.2 +0.6 ± 7.0 ± 1.3 +3.9 ± 4.5 ± 1.1 0.8�
(4) �4.7 ± 5.9 ± 3.0 �0.6 ± 6.9 ± 3.0 �2.9 ± 4.5 ± 2.1 0.6�
(5) +1.9 ± 5.9 ± 2.0 �0.2 ± 7.0 ± 1.9 +1.0 ± 4.5 ± 1.4 0.2�
(6) +14.9 ± 5.9 ± 1.4 +7.0 ± 7.0 ± 1.6 +11.6 ± 4.5 ± 1.1 2.5�

D+
s

(1) �0.3 ± 3.1 ± 1.3 +1.0 ± 3.9 ± 1.1 +0.2 ± 2.4 ± 0.8 0.1�
(2) +0.6 ± 3.1 ± 1.2 +2.0 ± 3.9 ± 1.4 +1.1 ± 2.4 ± 0.9 0.4�
(3) +1.5 ± 3.2 ± 1.4 �2.7 ± 3.9 ± 1.7 �0.2 ± 2.5 ± 1.1 0.1�
(4) �3.7 ± 3.1 ± 1.1 �6.3 ± 3.9 ± 1.2 �4.7 ± 2.4 ± 0.8 1.8�
(5) �4.4 ± 3.2 ± 1.4 +0.8 ± 3.9 ± 1.4 �2.2 ± 2.5 ± 1.0 0.8�
(6) �1.6 ± 3.1 ± 1.3 �0.0 ± 3.9 ± 1.7 �1.0 ± 2.4 ± 1.0 0.4�

Table 3: Systematic uncertainties (absolute) for A
X
CP in units of 10�3 in D+

(s) !

K0
SK�⇡+⇡+ decays, where X = CTP (1), CQP (2), CTPCQP (3), cos ✓K0

S
cos ✓K� (4),

CTP cos ✓K0
S

cos ✓K� (5), and CQP cos ✓K0
S

cos ✓K� (6).

Source
D+

! K0
SK�⇡+⇡+ at Belle D+

! K0
SK�⇡+⇡+ at Belle II

(1) (2) (3) (4) (5) (6) (1) (2) (3) (4) (5) (6)

X-dependent e�ciency 3.0 2.4 1.9 2.8 1.8 1.4 1.2 2.4 1.1 2.6 1.5 1.3
X-resolution asymmetry 0.2 0.7 0.4 0.7 0.6 0.3 0.7 0.1 0.1 0.9 0.2 0.7
Signal/background PDF 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Simultaneous fit bias 0.2 0.2 0.1 0.2 0.1 0.2 0.2 0.2 0.2 0.1 0.2 0.2
D+

s feeddown background 0.4 0.3 1.0 0.7 0.1 0.2 1.1 0.4 0.6 1.1 1.2 0.6
Total �syst 3.0 2.5 2.2 3.0 2.0 1.4 1.8 2.4 1.3 3.0 1.9 1.6

Source
D+

s ! K0
SK�⇡+⇡+ at Belle D+

s ! K0
SK�⇡+⇡+ at Belle II

(1) (2) (3) (4) (5) (6) (1) (2) (3) (4) (5) (6)

X-dependent e�ciency 1.2 1.1 1.4 1.1 1.2 1.3 1.1 1.4 1.7 1.2 1.4 1.6
X-resolution asymmetry 0.6 0.5 0.1 0.2 0.8 0.3 0.2 0.1 0.2 0.0 0.2 0.4
Signal/background PDF 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Simultaneous fit bias 0.1 0.0 0.0 0.1 0.1 0.0 0.1 0.2 0.2 0.3 0.2 0.2
Total �syst 1.3 1.2 1.4 1.1 1.4 1.3 1.1 1.4 1.7 1.2 1.4 1.7
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Total �syst 1.3 1.2 1.4 1.1 1.4 1.3 1.1 1.4 1.7 1.2 1.4 1.7
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3

utilizes the goodness-of-fit �2 statistic resulting from the
D+

(s) production vertex fit and decay vertex fit. The

significance of the D+
(s) decay length LD/�L is defined

as

~L = ~rdec � ~rprod, (5)

LD = ~L · ~p

|~p| , (6)

�2
L =

~LT · (Vdec + Vprod) · ~L
|~L|2

, (7)

where ~p is the momentum vector of the D+
(s), and ~rprod

and ~rdec are the position vectors for the production and
decay vertices, respectively, each with its corresponding
error matrices Vprod and Vdec. Signal events typically
have larger values of xp and LD/�L, and smaller values
of ⌃(�2/ndf), as compared to background events.

We optimize selection criteria by maximizing the signal
significance S/

p
S +B, where S and B are the numbers

of signal and background events, respectively, expected
in the signal region. We use MC for signal events and
a data sideband for background events. For S, we
scale the number of signal events from MC using the
known branching fraction [31]. The optimal values of
the selection criteria for three decay modes are in the
following ranges: ⌃(�2/ndf) < 5 – 9, LD/�L > 1.4 – 5.1,
and xp > 0.3 – 0.55. We account for correlations among
these criteria by optimizing all three simultaneously.

The invariant mass distributions of signal candidates
after applying all selection criteria are shown in Figs. 1–
3. For each channel, events are divided into four
subsamples, depending on the D charge and sign of CT

and CT values. The four signal yields are related to the
T -odd observable AT and CP -violating parameter aT -odd

CP
as follows:

N(CT > 0) =
N(D+

(s))

2
(1 +AT ), (8)

N(CT < 0) =
N(D+

(s))

2
(1�AT ), (9)

N(�CT > 0) =
N(D�

(s))

2
(1 +AT � 2aT -odd

CP ), (10)

N(�CT < 0) =
N(D�

(s))

2
(1�AT + 2aT -odd

CP ). (11)

We determine N(D+
(s)), N(D�

(s)), AT , and aT -odd
CP

by performing a binned maximum likelihood fit,
simultaneously to the invariant mass distributions of the
four subsamples. The signal component is described
by the superposition of two Gaussian functions with a
common mean value. The background component is
modeled with a straight line. We use a common signal
probability density function (PDF) and four independent
background PDFs for the subsamples. All parameters
of the PDFs are free to vary. The asymmetries AT and
aT -odd
CP are directly extracted from the fit. To validate our

TABLE I. Results of AT and aT -odd
CP measurements. The

uncertainties listed are statistical.

Mode AT (%) aT -odd
CP (%)

D+ ! K+K0
S⇡

+⇡� (3.67± 1.23) (0.34± 0.87)
D+

s ! K+K0
S⇡

+⇡� (�8.31± 8.89) (�0.46± 0.63)
D+ ! K+K�K0

S⇡
+ (�1.40± 4.23) (�3.34± 2.66)
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FIG. 1. Fit results for D+ ! K+K0
S⇡

+⇡� candidates. Dots
with error bars show the data; red dashed lines show the
background component; blue dotted curves show the signal
component; and solid curves show the overall fit result. Pulls
are plotted below each mass distribution, with the ±3 level
denoted by horizontal lines.

method, we extract AT and aT -odd
CP from six independent

MC samples where no T -violation is expected. For all
MC samples, the extracted asymmetries are consistent
with zero.

Projections of the fit result are superimposed on the
data in Figs. 1–3. The normalized residuals (“pulls”)
are plotted below the distributions and are calculated
as (Ndata � Nfit)/�Ndata . Here Ndata, Nfit, and �Ndata

are the yield, yield predicted by the fitted PDF, and the
error on the yield, respectively. The fitted results for AT

and aT -odd
CP are listed in Table I.

The main sources of systematic uncertainty are listed
in Table II and evaluated as follows. Possible bias
resulting from the choice of signal shape is checked by
fitting for aT -odd

CP using alternative shapes. For these
shapes we try a Gaussian function, the superposition of a
Gaussian function and an asymmetric Gaussian function,
and the superposition of two asymmetric Gaussian
functions. The largest deviation of aT -odd

CP from the
nominal result is taken as the systematic uncertainty.
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FIG. 2. Fit results for D+
s ! K+K0

S⇡
+⇡� candidates. Dots

with error bars show the data; red dashed lines show the
background component; blue dotted curves show the signal
component; and solid curves show the overall fit result. Pulls
are plotted below each mass distribution, with the ±3 level
denoted by horizontal lines.

The systematic uncertainty from possible detector bias
is checked by measuring aT -odd

CP for control sample D+ !
K0

S⇡
+⇡+⇡�. This control sample is CF decay and

is expected to have aT -odd
CP value consistent with zero

with small statistical uncertainty. We obtain aT -odd
CP =

(�0.32 ± 0.27)% for D+ ! K0
S⇡

+⇡+⇡�. We assign this
central values of aT -odd

CP as the systematic uncertainty due
to possible detector bias.

We also check for possible bias due to di↵erences in
reconstruction e�ciency between the four subsamples of
each mode. These uncertainties are evaluated by taking
the di↵erence between generated and reconstructed
values of aT -odd

CP for the signal MC samples. The total
systematic uncertainties are evaluated as the sum in
quadrature of all individual contributions and are also
listed in Table II. The results for aT -odd

CP are listed in
Table III along with the corresponding signal yields.

TABLE II. Contributions to the absolute systematic
uncertainty for aT -odd

CP in units of % for each mode.

Sources D+(CS) D+
s (CF) D+(CF)

Fit model 0.01 0.02 0.12
Detector bias 0.32 0.32 0.32
E�ciency variation with CT , CT 0.03 0.20 0.06
Total 0.32 0.38 0.35

We also perform a search for the CS decay D+
s !

K+K�K0
S⇡

+. We suppress peaking background from
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FIG. 3. Fit results for D+ ! K+K�K0
S⇡

+ candidates. Dots
with error bars show the data; red dashed lines show the
background component; blue dotted curves show the signal
component; and solid curves show the overall fit result. Pulls
are plotted below each mass distribution, with the ±3 level
denoted by horizontal lines.

TABLE III. Fitted signal yields and aT -odd
CP values. The first

uncertainties are statistical and the second are systematic.

Mode N(D+
(s)) aT -odd

CP (%)

D+ ! K+K0
S⇡

+⇡� 18632± 214 (0.34± 0.87± 0.32)
D+

s ! K+K0
S⇡

+⇡� 70080± 676 (�0.46± 0.63± 0.38)
D+ ! K+K�K0

S⇡
+ 1425± 44 (�3.34± 2.66± 0.35)

D⇤+ ! D0⇡+, D0 ! K+K�K0
S by requiring �M >

0.15 GeV/c2. As done for the aT -odd
CP measurement, we

suppress backgrounds using the variables xp, ⌃(�2/ndf),
and the significance of theD meson decay length, LD/�L.
The selection criteria are chosen to maximize the ratio
S/

p
B, where S and B are the expected yields of signal

and background events in the signal region based on MC
simulation. To normalize the sensitivity of our search,
we use the fitted yield of CF D+

s ! K+K0
S⇡

+⇡� decays;
dividing the yield of D+

s ! K+K�K0
S⇡

+ by this yield
and the ratio of e�ciencies gives the ratio of branching
fractions.
The distribution of M(K+K�K0

S⇡
+) after applying

all selection criteria is shown in Fig. 4. A clear peak
at the mass of the D+

s [31] is observed. To obtain the
signal yield, we perform a maximum likelihood fit to
the M(K+K�K0

S⇡
+) distribution. A Gaussian function

and a straight line are used to describe the shapes of
the signal and combinatorial background, respectively.
The shape of residual D⇤+ background is taken to be a

4

1.94 1.96 1.98 2

2
Ev

en
ts

 / 
1 

M
eV

/c

0

1000

2000

3000

4000
>0TC

)2) (GeV/c−π+πS
0K+M(K

Pu
ll

5−
0
5

1.94 1.96 1.98 2

2
Ev

en
ts

 / 
1 

M
eV

/c

0

1000

2000

3000

4000
<0TC

)2) (GeV/c−π+πS
0K+M(K

Pu
ll

5−
0
5

1.94 1.96 1.98 2

2
Ev

en
ts

 / 
1 

M
eV

/c

0

1000

2000

3000

4000
>0TC−

)2) (GeV/c−π+πS
0K−M(K

Pu
ll

5−
0
5

1.94 1.96 1.98 2

2
Ev

en
ts

 / 
1 

M
eV

/c

0

1000

2000

3000

4000
<0TC−

)2) (GeV/c−π+πS
0K−M(K

Pu
ll

5−
0
5

FIG. 2. Fit results for D+
s ! K+K0

S⇡
+⇡� candidates. Dots

with error bars show the data; red dashed lines show the
background component; blue dotted curves show the signal
component; and solid curves show the overall fit result. Pulls
are plotted below each mass distribution, with the ±3 level
denoted by horizontal lines.

The systematic uncertainty from possible detector bias
is checked by measuring aT -odd

CP for control sample D+ !
K0

S⇡
+⇡+⇡�. This control sample is CF decay and

is expected to have aT -odd
CP value consistent with zero

with small statistical uncertainty. We obtain aT -odd
CP =

(�0.32 ± 0.27)% for D+ ! K0
S⇡

+⇡+⇡�. We assign this
central values of aT -odd

CP as the systematic uncertainty due
to possible detector bias.

We also check for possible bias due to di↵erences in
reconstruction e�ciency between the four subsamples of
each mode. These uncertainties are evaluated by taking
the di↵erence between generated and reconstructed
values of aT -odd

CP for the signal MC samples. The total
systematic uncertainties are evaluated as the sum in
quadrature of all individual contributions and are also
listed in Table II. The results for aT -odd

CP are listed in
Table III along with the corresponding signal yields.

TABLE II. Contributions to the absolute systematic
uncertainty for aT -odd

CP in units of % for each mode.

Sources D+(CS) D+
s (CF) D+(CF)

Fit model 0.01 0.02 0.12
Detector bias 0.32 0.32 0.32
E�ciency variation with CT , CT 0.03 0.20 0.06
Total 0.32 0.38 0.35

We also perform a search for the CS decay D+
s !

K+K�K0
S⇡

+. We suppress peaking background from
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FIG. 3. Fit results for D+ ! K+K�K0
S⇡

+ candidates. Dots
with error bars show the data; red dashed lines show the
background component; blue dotted curves show the signal
component; and solid curves show the overall fit result. Pulls
are plotted below each mass distribution, with the ±3 level
denoted by horizontal lines.

TABLE III. Fitted signal yields and aT -odd
CP values. The first

uncertainties are statistical and the second are systematic.

Mode N(D+
(s)) aT -odd

CP (%)

D+ ! K+K0
S⇡

+⇡� 18632± 214 (0.34± 0.87± 0.32)
D+

s ! K+K0
S⇡

+⇡� 70080± 676 (�0.46± 0.63± 0.38)
D+ ! K+K�K0

S⇡
+ 1425± 44 (�3.34± 2.66± 0.35)

D⇤+ ! D0⇡+, D0 ! K+K�K0
S by requiring �M >

0.15 GeV/c2. As done for the aT -odd
CP measurement, we

suppress backgrounds using the variables xp, ⌃(�2/ndf),
and the significance of theD meson decay length, LD/�L.
The selection criteria are chosen to maximize the ratio
S/

p
B, where S and B are the expected yields of signal

and background events in the signal region based on MC
simulation. To normalize the sensitivity of our search,
we use the fitted yield of CF D+

s ! K+K0
S⇡

+⇡� decays;
dividing the yield of D+

s ! K+K�K0
S⇡

+ by this yield
and the ratio of e�ciencies gives the ratio of branching
fractions.
The distribution of M(K+K�K0

S⇡
+) after applying

all selection criteria is shown in Fig. 4. A clear peak
at the mass of the D+

s [31] is observed. To obtain the
signal yield, we perform a maximum likelihood fit to
the M(K+K�K0

S⇡
+) distribution. A Gaussian function

and a straight line are used to describe the shapes of
the signal and combinatorial background, respectively.
The shape of residual D⇤+ background is taken to be a
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FIG. 2. Fit results for D+
s ! K+K0

S⇡
+⇡� candidates. Dots

with error bars show the data; red dashed lines show the
background component; blue dotted curves show the signal
component; and solid curves show the overall fit result. Pulls
are plotted below each mass distribution, with the ±3 level
denoted by horizontal lines.

The systematic uncertainty from possible detector bias
is checked by measuring aT -odd

CP for control sample D+ !
K0

S⇡
+⇡+⇡�. This control sample is CF decay and

is expected to have aT -odd
CP value consistent with zero

with small statistical uncertainty. We obtain aT -odd
CP =

(�0.32 ± 0.27)% for D+ ! K0
S⇡

+⇡+⇡�. We assign this
central values of aT -odd

CP as the systematic uncertainty due
to possible detector bias.

We also check for possible bias due to di↵erences in
reconstruction e�ciency between the four subsamples of
each mode. These uncertainties are evaluated by taking
the di↵erence between generated and reconstructed
values of aT -odd

CP for the signal MC samples. The total
systematic uncertainties are evaluated as the sum in
quadrature of all individual contributions and are also
listed in Table II. The results for aT -odd

CP are listed in
Table III along with the corresponding signal yields.

TABLE II. Contributions to the absolute systematic
uncertainty for aT -odd

CP in units of % for each mode.

Sources D+(CS) D+
s (CF) D+(CF)

Fit model 0.01 0.02 0.12
Detector bias 0.32 0.32 0.32
E�ciency variation with CT , CT 0.03 0.20 0.06
Total 0.32 0.38 0.35

We also perform a search for the CS decay D+
s !

K+K�K0
S⇡

+. We suppress peaking background from

1.84 1.86 1.88 1.9

2
Ev

en
ts

 / 
1 

M
eV

/c

0

50

100 >0TC

)2) (GeV/c+πS
0K−K+M(K

Pu
ll

5−
0
5

1.84 1.86 1.88 1.9

2
Ev

en
ts

 / 
1 

M
eV

/c

0

50

100 <0TC

)2) (GeV/c+πS
0K−K+M(K

Pu
ll

5−
0
5

1.84 1.86 1.88 1.9

2
Ev

en
ts

 / 
1 

M
eV

/c

0

50

100 >0TC−

)2) (GeV/c−πS
0K−K+M(K

Pu
ll

5−
0
5

1.84 1.86 1.88 1.9

2
Ev

en
ts

 / 
1 

M
eV

/c

0

50

100 <0TC−

)2) (GeV/c−πS
0K−K+M(K

Pu
ll

5−
0
5

FIG. 3. Fit results for D+ ! K+K�K0
S⇡

+ candidates. Dots
with error bars show the data; red dashed lines show the
background component; blue dotted curves show the signal
component; and solid curves show the overall fit result. Pulls
are plotted below each mass distribution, with the ±3 level
denoted by horizontal lines.

TABLE III. Fitted signal yields and aT -odd
CP values. The first

uncertainties are statistical and the second are systematic.

Mode N(D+
(s)) aT -odd

CP (%)

D+ ! K+K0
S⇡

+⇡� 18632± 214 (0.34± 0.87± 0.32)
D+

s ! K+K0
S⇡

+⇡� 70080± 676 (�0.46± 0.63± 0.38)
D+ ! K+K�K0

S⇡
+ 1425± 44 (�3.34± 2.66± 0.35)

D⇤+ ! D0⇡+, D0 ! K+K�K0
S by requiring �M >

0.15 GeV/c2. As done for the aT -odd
CP measurement, we

suppress backgrounds using the variables xp, ⌃(�2/ndf),
and the significance of theD meson decay length, LD/�L.
The selection criteria are chosen to maximize the ratio
S/

p
B, where S and B are the expected yields of signal

and background events in the signal region based on MC
simulation. To normalize the sensitivity of our search,
we use the fitted yield of CF D+

s ! K+K0
S⇡

+⇡� decays;
dividing the yield of D+

s ! K+K�K0
S⇡

+ by this yield
and the ratio of e�ciencies gives the ratio of branching
fractions.
The distribution of M(K+K�K0

S⇡
+) after applying

all selection criteria is shown in Fig. 4. A clear peak
at the mass of the D+

s [31] is observed. To obtain the
signal yield, we perform a maximum likelihood fit to
the M(K+K�K0

S⇡
+) distribution. A Gaussian function

and a straight line are used to describe the shapes of
the signal and combinatorial background, respectively.
The shape of residual D⇤+ background is taken to be a
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Search for CPV in  decays and observation of D+
(s) → K+K0

Sh+h− D+
s → K+K−K0

Sπ+
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Search for CPV using T-odd correlations in  and  decaysD+
(s) → K+K−π+π0, K+π−π+π0 D+ → K−π+π+π0

6

TABLE I. Fitted D+
(s) and D�

(s) signal yields (ND and ND, respectively), T -odd asymmetry AT , and T -odd CP -violating

asymmetry aT -odd
CP , obtained from a simultaneous fit to the four subsamples of each decay mode. The uncertainties listed are

statistical only.

Decay D+ ! f D+
s ! f

Final state (f) K+K�⇡+⇡0 K+⇡�⇡+⇡0 K�⇡+⇡+⇡0 K+⇡�⇡+⇡0 K+K�⇡+⇡0

ND 27284± 254 2062± 127 438432± 947 15197± 484 167357± 786

ND 27177± 255 2044± 125 450667± 961 14945± 479 167064± 788

AT (%) +3.63± 0.93 �0.4± 6.0 �0.76± 0.22 +1.4± 3.2 +2.96± 0.47

aT -odd
CP (%) +0.26± 0.66 �1.3± 4.2 +0.02± 0.15 �1.1± 2.2 +0.22± 0.33

TABLE II. T -odd CP -violating asymmetries (aT -odd
CP ) in seven subregions of phase space (see text) corresponding to the inter-

mediate D+
(s) ! V V processes listed. The uncertainties listed are statistical and systematic, respectively.

Subregion D+
(s) ! V V Signal region (SR) aT -odd

CP (⇥10�2)

(1) SCS D+ ! �⇢+ �-SR, ⇢+-SR 0.85± 0.95± 0.25

(2) SCS D+ ! K⇤0K⇤+ K⇤(0,+)-SR, veto �-SR 0.17± 1.26± 0.13

(3) CF D+ ! K⇤0⇢+ K⇤0-SR, ⇢+-SR 0.25± 0.25± 0.13

(4) SCS D+
s ! K⇤0⇢+ K⇤0-SR, ⇢+-SR 6.2 ± 3.0 ± 0.4

(5) SCS D+
s ! K⇤+⇢0 K⇤+-SR, ⇢0-SR 1.7 ± 6.1 ± 1.5

(6) CF D+
s ! �⇢+ �-SR, ⇢+-SR 0.31± 0.40± 0.43

(7) CF D+
s ! K⇤0K⇤+ K⇤(0,+)-SR, veto �-SR 0.26± 0.76± 0.37

the coe�cient of the asymmetric term, is consistent with
zero, and thus the e↵ects of CT resolution are expected
to be small.

To determine the e↵ect on aT -odd
CP , we smear the CT

distributions by Gaussian functions having widths given
by the previously fitted polynomial a0 + a1x+ a2x2. We
repeat the fit for aT -odd

CP on these smeared samples and
take the di↵erence between the resulting value of aT -odd

CP
and the nominal value as a systematic uncertainty due
to CT resolution.

(3) Signal and background parameters

We consider systematic uncertainty arising from
the fixed parameters of signal and background PDFs
as follows. We sample the parameters of the signal
PDF from a multi-dimensional Gaussian function,
accounting for their respective uncertainties and
correlations, and repeat the fit for aT -odd

CP . We re-
peat this procedure 1000 times and take the RMS
of the fitted aT -odd

CP values as systematic uncertain-
ties: 0.002% for D+ ! K�K+⇡+⇡0, 0.023% for
D+ ! K+⇡�⇡+⇡0, 0.004% for D+ ! K�⇡+⇡+⇡0,
0.054% for D+

s ! K+⇡�⇡+⇡0, and 0.003% for
D+

s ! K�K+⇡+⇡0. We calculate the uncertainty due to
fixed values of �µ, k�, and background parameters in an
identical manner; the resulting uncertainties are 0.010%,
0.071%, 0.001%, 0.048%, and 0.002%, respectively. We

sum the two uncertainties in quadrature for each channel
to obtain the overall systematic uncertainty due to fixed
signal and background parameters.

(4) Signal mass resolution

We consider a possible di↵erence between D+
(s) and

D�
(s) samples arising from a di↵erence in mass resolu-

tion between data and MC events. To study this e↵ect,
we fit the M(D+

(s)) and M(D�
(s)) distributions individu-

ally to obtain separate sets of parameters: (�+µ , k
+
� ) for

D+
(s) decays, and (��µ , k�� ) for D�

(s) decays. With these
parameters, we repeat the simultaneous fit to the CT sub-
samples. The resulting change in aT -odd

CP is assigned as a
systematic uncertainty due to signal mass resolution.

(5) Fit bias

To check for bias in our fitting procedure, we study
large samples of “toy” MC events. These events are gen-
erated by sampling from the PDFs used to fit the data.
We generate 1000 samples each for di↵erent input values
of aT -odd

CP , spanning a range from �0.05 to +0.05. We fit
these samples and plot the resulting aT -odd

CP values. This
distribution is then fitted with a Gaussian function, and
the mean and width of the Gaussian are taken as the
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FIG. 2. Mass distributions M(D±) and fit results for subregions of phase space. The rows correspond to the decay modes
listed. The columns correspond to the four subsamples D+ with CT > 0, D+ with CT < 0, D� with �CT > 0, and D�

with �CT < 0, respectively. The points with error bars show the data; the dashed blue curve shows the fitted background;
the dashed red curve shows the fitted signal; and the solid red curve shows the overall fit result. The corresponding pull
distributions are shown below.

TABLE III. Systematic uncertainties for aT -odd
CP in % for five D+

(s) decay channels: (a) D+ ! K�K+⇡+⇡0;

(b) D+ ! K+⇡�⇡+⇡0; (c) D+ ! K�⇡+⇡+⇡0; (d) D+
s ! K+⇡�⇡+⇡0; and (e) D+

s ! K�K+⇡+⇡0.

Decay channel (a) (b) (c) (d) (e)

CT -dependent e�ciency 0.13 0.02 0.08 0.02 0.41

CT resolution 0.01 0.06 0.01 0.07 0.02

PDF parameters 0.01 0.07 0.01 0.07 0.04

Mass resolution 0.03 0.01 ... 0.02 0.11

Fit bias 0.01 0.07 0.00 0.06 0.02

Total syst. 0.13 0.12 0.08 0.12 0.43

mean measured value and its uncertainty corresponding
to that input value of aT -odd

CP . Plotting these mean val-
ues versus the input value displays a linear dependence;
fitting a line to these points gives a slope consistent with
unity and an intercept consistent with zero. However,

we conservatively assign the di↵erence between our mea-
sured value and the input value corresponding to our
measured value as given by this fitted line (including its
uncertainty) as a systematic uncertainty due to possible
fit bias.


