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We measure the time-integrated CP asymmetry in D0
→ K0

SK
0

S decays reconstructed in eþe− → cc̄

events collected by the Belle and Belle II experiments. The corresponding data samples have integrated

luminosities of 980 and 428 fb−1, respectively. To infer the flavor of the D0 meson, we exploit the

correlation between the flavor of the reconstructed decay and the electric charges of particles reconstructed

in the rest of the eþe− → cc̄ event. This results in a sample which is independent from any other previously

used at Belle or Belle II. The result, ACPðD0
→ K0

SK
0

SÞ ¼ ð1.3� 2.0� 0.2Þ%, where the first uncertainty

is statistical and the second systematic, is consistent with previous determinations and with CP symmetry.

DOI: 10.1103/8x1h-39dp

I. INTRODUCTION

Decays of charm hadrons offer a unique avenue for

exploring flavor and charge-parity (CP) violation in the

sector of up-type quarks, which is complementary to the

searches performed with strange and beauty hadrons.

The dynamics of charm decays is complicated by the

presence of nonperturbative QCD effects that are difficult

to calculate, making it a test case for both the electroweak

and strong interactions. After being first observed in

2019 [1], CP violation in charm decays has gained renewed

attention. The nature of the observed CP violation has yet

to be fully understood, and could be due to enhanced

nonperturbative QCD effects or to physics beyond the

standard model [2–13]. Flavor and isospin symmetries can

be used to relate measurements from different decay

modes, helping to constrain nonperturbative QCD effects

and identify possible new physics contributions [5,14,15].

Hence, searches in additional channels and improved

measurements of CP asymmetries in already explored

decay modes are important.

In this paper, we report a measurement of the time-

integrated CP asymmetry in D0
→ K0

SK
0

S decays using a

combination of Belle and Belle II data, which have

integrated luminosities of 980 and 428 fb−1, respectively

[16,17]. The time-integrated CP asymmetry is defined as

ACPðD0
→ K0

SK
0

SÞ ¼
ΓðD0

→ K0

SK
0

SÞ − ΓðD̄0
→ K0

SK
0

SÞ
ΓðD0

→ K0

SK
0

SÞ þ ΓðD̄0
→ K0

SK
0

SÞ
;

ð1Þ

where Γ indicates the decay rate integrated over decay time,

which includes effects due to D0-D̄0 mixing. Experimental

measurements of ACPðD0
→ K0

SK
0

SÞ [18–22] are consistent
with CP symmetry within about 1%, putting them at the

upper limit of that predicted by the standard model

and in the range where new-physics contributions might be

seen [15,23–26].

An important part in the measurement of

ACPðD0
→ K0

SK
0

SÞ is the ability to determine the production

flavor of the neutral D meson, which is referred to as

“tagging.”All measurements performed so far use neutralD

decays originating from the strong-interaction decay

D�þ
→ D0πþ, where the charge of the accompanying pion

can be used for tagging. (Charge-conjugate modes are

implied throughout the paper, unless stated otherwise.) In

this measurement, instead, we use the charm flavor tagger

(CFT) described in Ref. [27]. The CFT identifies the flavor

of a reconstructed neutral D meson by exploiting correla-

tions with the electric charges of particles reconstructed in

the rest of the eþe− → cc̄ event. These include those

originating from the decay of the other charm hadron

produced in the event, as well as those possibly produced

in association with the reconstructed D meson, such as in

D�þ
→ D0πþ decays. To avoid correlations with the

recently published D�þ-tagged measurement of Ref. [22],

we use an independent dataset where all the candidates

previously used are removed. As a consequence, the CFT in

this measurement acts as an “opposite-side” tagger using

information from the other charm hadron in the event. The

CFT is calibrated on large data samples of D0
→ K−πþ

decays, following the procedure described in Ref. [27]. The

time-integrated CP asymmetry is then determined from an

unbinned maximum-likelihood fit to the two-dimensional

distribution of theK0

SK
0

S mass and the CFToutput. To avoid

potential bias, an arbitrary and undisclosed offset was added

to the measured value of ACPðD0
→ K0

SK
0

SÞ when fitting to
the data. The offset remained undisclosed until the entire

analysis procedure was completed and the determination of

all uncertainties was finalized.

The paper is organized as follows. Sec. II provides an

overview of the Belle and Belle II detectors. Sec. III details

the simulation samples used in the measurement. The

reconstruction and selection of the signal D0
→ K0

SK
0

S

decays is presented in Sec. IV. Determination of the

asymmetry is covered in Sec. V, followed by a discussion

of the systematic uncertainties affecting the measurement in

Sec. VI. The final results, and a combination with the D�þ-
tagged measurement of Ref. [22], are presented in Sec. VII.
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II. BELLE AND BELLE II DETECTORS

The Belle experiment [16,28] operated at the KEKB

asymmetric-energy eþe− collider [29,30] between 1999

and 2010. The detector consisted of a large-solid-angle

spectrometer, which included a double-sided silicon-strip

vertex detector, a 50-layer central drift chamber, an array of

aerogel threshold Cherenkov counters, a barrel-like

arrangement of time-of-flight scintillation counters, and

an electromagnetic calorimeter comprised of CsI(Tl) crys-

tals. All subdetectors were located inside a superconducting

solenoid coil that provided a 1.5 T magnetic field. An iron

flux-return yoke, placed outside the coil, was instrumented

with resistive-plate chambers to detect K0

L mesons and

identify muons. Two inner detector configurations were

used: a 2.0 cm radius beam pipe and a three-layer silicon

vertex detector; and, from October 2003, a 1.5 cm radius

beam pipe, a four-layer silicon vertex detector, and a small-

inner-cell drift chamber [31].

The Belle II detector [32,33] is an upgrade with several

new subdetectors designed to handle the significantly larger

beam-related backgrounds of the new SuperKEKB eþe−

collider [34]. It consists of a silicon vertex detector wrapped

around a 1 cm radius beam pipe and comprising two inner

layers of pixel detectors and four outer layers of double-

sided strip detectors, a 56-layer central drift chamber, a

time-of-propagation detector, an aerogel ring-imaging

Cherenkov detector, and an electromagnetic calorimeter,

all located inside the same solenoid as used for Belle. A

flux return outside the solenoid is instrumented with

resistive-plate chambers, plastic scintillator modules, and

an upgraded read-out system to detect muons and K0

L

mesons. For the data used in this paper, collected between

2019 and 2022, only part of the second layer of the pixel

detector, covering 15% of the azimuthal angle, was

installed.

For both experiments, the z axis of the laboratory frame

is defined as the central axis of the solenoid, with its

positive direction determined by the direction of the

electron beam.

III. SIMULATION

We use simulated event samples to identify sources of

background, optimize selection criteria, and validate the

analysis procedure. We generate eþe− → ϒðnSÞ (n ¼ 4, 5)

events and simulate particle decays with EvtGen [35]; we

generate continuum eþe− → qq̄ (where q is a u, d, c, or s
quark) with Pythia6 [36] for Belle, and with KKMC [37] and

Pythia8 [38] for Belle II; we simulate final-state radiation

with Photos [39,40]; we simulate detector response using

Geant3 [41] for Belle and Geant4 [42] for Belle II. Beam

backgrounds are taken into account by overlaying random

trigger data.

IV. RECONSTRUCTION AND EVENT SELECTION

We use the Belle II analysis software framework (basf2)

to reconstruct both Belle and Belle II data [43,44]. The

Belle data are converted to the Belle II format for basf2

compatibility using the B2BII framework [45].

Events are selected by a trigger based on either the total

energy deposited in the electromagnetic calorimeter or the

number of charged-particle tracks reconstructed in the

central drift chamber. The efficiency of the trigger is found

to be close to 100% for signal decays.

Candidate K0

S → πþπ− decays are reconstructed from

combinations of oppositely charged particles that are con-

strained to originate from a common vertex. These particles

are assumed to be pions and the resulting dipion mass is

required to be in the ½0.45; 0.55� GeV=c2 range. Pairs ofK0

S

candidates are combined to form candidate D0
→ K0

SK
0

S

decays. We perform a kinematic fit [46] to the D0

candidates by constraining their momentum directions to

point back to the measured position of the beam interaction

point, and constraining the masses of the twoK0

S candidates

to the nominal K0

S mass [47]. Only candidates whose

kinematic fits converge are retained for further analysis.

The mass of the D0 candidate, mðK0

SK
0

SÞ, is required to be

in the range ½1.84; 2.00� GeV=c2 to exclude partially

reconstructed Dþ
s → K0

SK
0

Sπ
þ decays, which peak at lower

mass values. The D0 momentum in the eþe− center-of-

mass system is required to be greater than 2.2 GeV=c to

suppress candidates in which the D0 meson arises from the

decay of a Bmeson, as the CFT is trained and calibrated for

eþe− → cc̄ events. Candidates that are also reconstructed

in the D�þ-tagged analysis of Ref. [22] are removed.

To suppress D0
→ K0

Sπ
þπ− decays, we use the large

distance (L) between theK0

S andD
0 decay vertices resulting

from the long K0

S lifetime. We introduce the variable

SminðK0

SÞ ¼ log ½min ðL1=σL1
; L2=σL2

Þ�, where L1ð2Þ and

σL1ð2Þ are the distance and its uncertainty for the first (second)

K0

S candidate, respectively [22]. Candidates satisfying

min ðL1=σL1
; L2=σL2

Þ ≤ 0 are removed. We require

SminðK0

SÞ to be larger than 1.75 and 2.05 for the Belle

and Belle II samples, respectively.

Combinatorial background from two unrelated K0

S can-

didates is suppressed using the output of a boosted decision

tree (BDT) trained to discriminate such background from

signal decays [48,49]. The BDT is trained using simulated

D0
→ K0

SK
0

S decays as signal, and data candidates pop-

ulating the mðK0

SK
0

SÞ sideband ½1.90; 2.00� GeV=c2 as

background. The input variables to the BDT are selected

to effectively separate the signal from the background,

while minimizing any correlations with mðK0

SK
0

SÞ and

SminðK0

SÞ. The input variables are the logarithm of the

minimum of the transverse impact parameters of the four
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final-state pions, the logarithm of the minimum of the

longitudinal impact parameters of the four final-state pions,

the maximum of the momenta of the final-state pions of the

K0

S candidate with lower momentum, the minimum of the

momenta of the final-state pions of the K0

S candidate with

lower momentum, the absolute value of the polar angle

difference between the final-state pions of the K0

S candidate

with lower momentum, the invariant masses of the two K0

S

candidates, the scalar sum of the momenta of the two K0

S

candidates, the absolute value of the asymmetry between

the momenta of the two K0

S candidates, the flight-distance

of the D0 candidate divided by its uncertainty, and the

logarithm of the χ2 probability of the vertex fit of the D0

candidate. The BDT output distributions for the training

samples of signal and background candidates are shown in

Fig. 1. The background distribution shows a two-peak

structure, arising from candidates formed with either

correctly reconstructed K0

S candidates or random pion

combinations. Due to the additional pixel detector layers

and the improved reconstruction performance, the Belle II

sample has a better signal-to-background separation as

compared to Belle. We require the BDT output to exceed

0.037 and 0.075 for Belle and Belle II, respectively.

The requirements on SminðK0

SÞ and on the BDT output

are optimized simultaneously by maximizing the quantity

S=
ffiffiffiffiffiffiffiffiffiffiffiffi

Sþ B
p

, where S and B are simulated signal and

background yields in a 3σmðK0

SK
0

SÞ range around the

signal peak (i.e., the signal region shown in Fig. 3), while

keeping the residual D0
→ K0

Sπ
þπ− background below 3%

of theD0
→ K0

SK
0

S yield. The 3% threshold ensures that the

measured asymmetry cannot be biased by more than about

one tenth of the expected statistical uncertainty, as dis-

cussed in Sec. VI. The optimization is done separately for

the Belle and Belle II samples. The optimized requirements

have signal efficiencies of 55% in Belle and 58% in Belle

II, and background rejections of 87% for Belle and 94% for

Belle II.

We use the CFT to predict the flavor q of the selected

candidates (q ¼ þ1 for D0, q ¼ −1 for D̄0). The tagger

also outputs an associated dilution factor r, which is related
to the per-candidate mistag probability ω by r ¼ 1–2ω. We

remove untagged candidates, i.e., candidates for which the

CFT does not produce any flavor prediction (qr ¼ 0),

which amount to 0.2% and 0.6% of the total in Belle and

Belle II, respectively. We accept all candidates in events

where multiple D0 candidates are reconstructed, which

amount to 1% and 0.3% of the total in Belle and Belle II,

respectively.

V. DETERMINATION OF THE CP ASYMMETRY

The CP asymmetry is determined using an unbinned

maximum-likelihood fit to themðK0

SK
0

SÞ and r distributions
of the two flavors q ¼ �1. The mðK0

SK
0

SÞ distribution

discriminates the D0
→ K0

SK
0

S signal component from a

smooth combinatorial background. The qr distribution

determines the asymmetry between D0 and D̄0 candidates.

The two-dimensional probability density functions (PDFs)

of each component can be factorized into the product of

one-dimensional PDFs. The signal mðK0

SK
0

SÞ PDF, PsðmÞ,
is modeled using the sum of two Gaussian distributions.

The background PDF, PbðmÞ, is modeled with an expo-

nential distribution. We model the distributions of r,
Ps;bðrÞ, using histogram templates extracted directly from

the data. For background, we use candidates populating the

mðK0

SK
0

SÞ sideband ½1.91; 2.00� GeV=c2; for signal, we

subtract the background distribution from that of the

candidates in the mðK0

SK
0

SÞ signal region. Simulation

shows that the sideband data describe well the r distribution
of the background candidates in the signal region.

The symbolic expression of the PDF of a single

candidate is

FIG. 1. Distributions of the BDToutput for the training samples

of (green) signal and (red) background candidates in (top) Belle

and (bottom) Belle II.
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Pðm; q; rjACP; Ab;…Þ ¼ fbð1þ qrAbÞPbðmj…ÞPbðrÞ þ ð1 − fbÞ½1þ qdðrj…ÞACP þ qΔdðrj…Þ�Psðmj…ÞPsðrÞ; ð2Þ

where fb is the fraction of background candidates, Ab is the observed background asymmetry, d and Δd are third-order

polynomials used to calibrate the per-candidate dilution, and the ellipses (…) indicates other fit parameters omitted here for

brevity. All parameters are floated in the fit together with the signal asymmetry ACP.

The true dilution, rtrue, is expressed as a function of the predicted flavor q and per-candidate dilution r using

rtrueðq; rjp1; p2; p3;Δp1
;Δp2

;Δp3
Þ ¼ dðrjp1; p2; p3Þ þ qΔdðrjΔp1

;Δp2
;Δp3

Þ; ð3Þ

where the coefficients of the polynomials (p1;…;Δp1
;…)

are determined by comparing predicted and true dilutions in

high-yield data samples of D0
→ K−πþ decays, where the

neutralD flavor is inferred from the charge of the final-state

kaon [27] (Fig. 2). The tagging power (or effective tagging

efficiency), computed from the calibrated per-candidate

dilution, is ð23.52� 0.01Þ% in Belle and ð32.71� 0.05Þ%
in Belle II. The tagging power is lower than reported in

Ref. [27] due to the removal of the same-side D�þ-tagged
candidates. To account for the uncertainties in the calibra-

tion parameters, a term constructed from their covariance

matrix is included in the likelihood, such that the param-

eters are Gaussian constrained to their measured values.

Thus, the systematic uncertainty associated with the knowl-

edge of the calibration parameters is already taken into

account in the statistical uncertainty returned by the fit.

Fits to the simulation and to pseudoexperiments gen-

erated by sampling from the PDF show no evidence of a

bias in the determinations of the signal yield and asym-

metry, or in their uncertainties.

We perform independent fits to Belle and Belle II data.

The fit model describes the data well, as shown in Fig. 3.

The measured signal yields are 14490� 340 in Belle, and

5180� 120 in Belle II. The asymmetry is measured to be

ð2.5� 2.7Þ% in Belle, and ð−0.1� 3.0Þ% in Belle II. The

uncertainties are statistical only. The two results are in

agreement.

VI. SYSTEMATIC UNCERTAINTIES

We consider the following sources of systematic uncer-

tainties: fit modeling, residual contamination from D0
→

K0

Sπ
þπ− decays, and effects due to the forward-backward

asymmetry in eþe− → cc̄ production.

We estimate the first using pseudoexperiments generated

with the default fit model, and fitted with alternative models

derived from data where one of the fit shapes is changed.

As alternative models for the mass shapes we use a Johnson

SU distribution [50] for signal and a second-order poly-

nomial for background. For the r distributions, we fill

alternative histogram templates by varying the definition of

the mass sideband. The alternative models give an equally

good description of the data as the default models. The

observed average differences between measured and gen-

erated asymmetries, 0.35% for Belle and 0.10% for Belle

II, are assigned as systematic uncertainties.

The residual D0
→ K0

Sπ
þπ− background, which is indis-

tinguishable from the signal in mðK0

SK
0

SÞ, is neglected in

the fit and counted as part of the signal component. This

introduces a bias on the measured asymmetry, which can be

estimated as the product of the contamination fraction and

FIG. 2. True dilution as a function of the predicted dilution for

D0
→ K−πþ and D̄0

→ Kþπ− decays in (top) Belle and (bottom)

Belle II data with projections of the calibration fit overlaid. The

bisector of the plane (red dotted line) represents the expected

relation for perfectly calibrated predicted dilution.
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the difference between the CP asymmetries in D0
→

K0

Sπ
þπ− and D0

→ K0

SK
0

S decays. The contamination

fraction is estimated in simulation to be 2.5% for Belle,

and 2.3% for Belle II. Given that ACPðD0
→ K0

Sπ
þπ−Þ −

ACPðD0
→ K0

SK
0

SÞ < 10% [47], the bias can be conserva-

tively bounded to be smaller than 0.25% for Belle, and

0.23% for Belle II. These values are assigned as systematic

uncertainties due to neglecting D0
→ K0

Sπ
þπ− contamina-

tion, and are conservative enough to also cover possible

detection asymmetries in the D0
→ K0

Sπ
þπ− decay.

In eþe− → cc̄ events, charmed hadrons are produced

with a forward-backward asymmetry due to γ-Z0 interfer-

ence and higher order effects [51–53]. The forward-back-

ward asymmetry is an odd function of the cosine of

the polar angle in the center of mass system, cos θ�.
Since the acceptances of the Belle and Belle II detectors

are not the same for cos θ� > 0 and cos θ� < 0, a charge

asymmetry in the production of a given species of charmed

hadrons remains. In our measurement, however, we effec-

tively count pairs of charmed hadrons: the signal D0
→

K0

SK
0

S and the other (oppositely flavored) charmed hadron

of the event, which provides the tagging information. As a

result, we expect a negligible effect from the forward-

backward asymmetry. To verify this, we weight the

reconstructed candidates so that the j cos θ�j distribution
of the signal is the same for candidates with cos θ� > 0 and

cos θ� < 0 and redetermine the values of ACP. As expected,

we find variations in ACP consistent with zero and do not

assign any systematic uncertainty due to the forward-

backward asymmetry.

Finally, as a cross-check we fit to subsamples of the data

defined according to data-taking conditions and find no

significant variation of the measured asymmetry.

The total systematic uncertainties, 0.43% for Belle and

0.25% for Belle II, are evaluated as the sums in quadrature

of the components due to the fit modeling and the

D0
→ K0

Sπ
þπ− contamination.
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FIG. 3. Distributions of (left) mðK0

SK
0

SÞ and (right) qr for D0
→ K0

SK
0

S candidates in (top) Belle and (bottom) Belle II data, with fit

projections overlaid. The qr distributions are only for candidates in the mðK0

SK
0

SÞ signal regions indicated by the vertical lines.
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VII. FINAL RESULTS AND CONCLUSIONS

We measure the time-integrated CP asymmetry in

D0
→ K0

SK
0

S decays using a charm-flavor tagging algo-

rithm that exploits the correlation between the flavor of the

reconstructed neutral D meson and the electric charges of

particles reconstructed in the rest of the eþe− → cc̄ event.

Using 980 fb−1 of data collected by Belle and 428 fb−1 of

data collected by Belle II, we obtain

ACPðD0
→ K0

SK
0

SÞ ¼ ð2.5� 2.7� 0.4Þ% ð4Þ

and

ACPðD0
→ K0

SK
0

SÞ ¼ ð−0.1� 3.0� 0.3Þ%; ð5Þ

respectively. The first uncertainties are statistical and the

second systematic. The two results are in agreement and

combined, using the best linear unbiased estimator [54],

into

ACPðD0
→ K0

SK
0

SÞ ¼ ð1.3� 2.0� 0.2Þ%: ð6Þ

In the combination, the systematic uncertainties due to the

fit modeling are considered uncorrelated, while those due

to the D0
→ K0

Sπ
þπ− contamination are considered fully

correlated.

The results are also consistent with previous Belle and

Belle II determinations based on the independent sample of

D�þ-tagged D0
→ K0

SK
0

S decays [22]. A combination of

the result of this paper with that of Ref. [22],

ð−1.4� 1.3� 0.1Þ%, yields

ACPðD0
→ K0

SK
0

SÞ ¼ ð−0.6� 1.1� 0.1Þ%: ð7Þ

This is the most precise determination of

ACPðD0
→ K0

SK
0

SÞ to date. It agrees with CP symmetry

and with results from other experiments [18–21].
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