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Utilizing data samples of electron-positron collisions recorded with the BESIII detector at the center of
mass energy of 3.773 GeV, corresponding to an integrated luminosity of 20.28 fb−1, we report the first
search for the CP forbidden process eþe− → ψð3773Þ → D0D̄0 → ðK0

Sπ
0ÞðK0

Sπ
0Þ. No significant signal is

observed. We set the upper limit on the observed cross section to be 7.37 fb, and the upper limit on the joint
branching fraction of the C-odd correlated neutralD pair B½ðD0D̄0ÞC-odd → ðK0

Sπ
0ÞðK0

Sπ
0Þ� < 2.04 × 10−6

at the 90% confidence level.

DOI: 10.1103/dwlf-f4jn

I. INTRODUCTION

The phenomenon of CP violation remains one of the
least understood aspects of particle physics. Over the past
60 years, CP violation has been detected in several
processes involving the K, B, and D meson systems.
The recent observation of CP violation [1] in the charm
quark sector is stimulating a wide discussion to understand
its nature. Identifying the sources of CP violation, whether
within or beyond the Standard Model (SM), requires an
accurate study performed across various processes.
As suggested in Refs. [2–4], a variety of neutralD decays,

including the semileptonic decays, the hadronicCP and non-
CP eigenstates, and the CP-forbidden states, provide an
environment to obtain additional observations of CP viola-
tion, since they serve to clarify the ambiguities in current
theoretical estimates and to shed some light on the dynamics
of the D0 − D̄0 mixing [5], of the subsequent K0 − K̄0

mixing [6], searching for possible sources of new physics
beyond the SM. It is notable that the interference between
these sources could potentially enhance the overall CP
violation and affect the cross section [2,4], from which
D0 − D̄0 mixing could be accessed. One possible hadronic
CP eigenstate in D0 decays is the K0

Sπ
0 final state. In the

SM, the decays D0 → K̄0π0 and D0 → K0π0 and their
CP-conjugate processes are Cabibbo favoured and doubly
Cabibbo suppressed, respectively. Both occur only through
the tree-level quark diagrams, as illustrated in Fig. 1.
The Kobayashi-Maskawa CP violating phase, interference

between Cabibbo-favoured and doubly Cabibbo-suppressed
diagrams, and the double-mixing from D0 − D̄0 and
K0 − K̄0, generate rich opportunities for studying CP
violation [2,7,8] and create an ideal platform for exploration.
Furthermore, the D0D̄0 pairs produced in eþe− annihi-

lations originate from a virtual photon with quantum
numbers JPC ¼ 1−−, and while the two daughterDmesons
have spin-0, the initial virtual photon has spin-1. This
results in the production of a P-wave two-meson system,
which ensures that the two D mesons must have opposite
C × P. This is known as the Einstein-Podolsky-Rosen
(EPR) correlation [9,10].
According to CP conservation, Bose-Einstein statistics

and the resulting EPR correlation, the process eþe− →

ψð3770Þ → D0D̄0 → ðK0
Sπ

0ÞðK0
Sπ

0Þ is forbidden since the
final states share the same CP numbers, and thus violate

(a) (b)

(c) (d)

FIG. 1. Feynman diagrams for (a), (b) Cabibbo-favoured
process D0 → K̄0π0 and (c), (d) doubly Cabibbo-suppressed
D0 → K0π0 at tree-level [4].
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the correlation. However, in the classical interpretation,
the EPR correlation is entirely violated, with the D mesons
decaying independently with their own branching fractions
(BFs). The expected number of produced events in the
classical picture is given by

Nclassical ¼ ND0D̄0BD0BD̄0 ; ð1Þ

where ND0D̄0 is the total number ofD0D̄0 pairs produced in
data, BD0ðBD̄0Þ ¼ ð1.240� 0.022Þ% is the BF of D0 →
K0

Sπ
0ðD̄0 → K0

Sπ
0Þ [11].

In this paper, we search for the eþe− → ψð3770Þ →
D0D̄0 → ðK0

Sπ
0ÞðK0

Sπ
0Þ process at

ffiffiffi
s

p ¼ 3.773 GeV. We
use the data sample collected by BESIII at

ffiffiffi
s

p ¼
3.773 GeV, corresponding to an integrated luminosity of
20.28 fb−1 [12]. In the collected data sample, with Eq. (1),
about 11000 events of the eþe− → ψð3770Þ → D0D̄0 →
ðK0

Sπ
0ÞðK0

Sπ
0Þ process are expected from a classical point

of view [13], allowing one to test the CP violation and the
EPR correlation at 10−4 level. We set an upper limit on the
observed cross section and on the joint branching fraction
of C-odd correlated neutral D pair B½ðD0D̄0ÞC-odd →
ðK0

Sπ
0ÞðK0

Sπ
0Þ� at the 90% confidence level (CL). Here,

the subscript in ðD0D̄0ÞC-odd denotes the two neutral
D mesons are in C-odd correlation and have opposite
C × P. To avoid possible bias, a semiblind analysis by using
a subsample of the data, corresponding to an integrated
luminosity of 2.93 fb−1, is performed. Throughout this
paper, charge conjugation is always implied.

II. DETECTOR AND DATASETS

The BESIII detector [14] records symmetric eþe−
collisions provided by the BEPCII storage ring [15] in
the center-of-mass energy range from 1.84 to 4.95 GeV,
with a peak luminosity of 1.1 × 1033 cm−2 s−1 achieved atffiffiffi
s

p ¼ 3.773 GeV. BESIII has collected large data samples
in this energy region [16]. The cylindrical core of the
BESIII detector covers 93% of the full solid angle and
consists of a helium-based multilayer drift chamber
(MDC), a plastic scintillator time-of-flight system (TOF),
and a CsI(Tl) electromagnetic calorimeter (EMC), which
are all enclosed in a superconducting solenoidal magnet
providing a 1.0 T magnetic field. The solenoid is supported
by an octagonal flux-return yoke with resistive plate
counter muon identification modules interleaved with steel.
The charged-particle momentum resolution at 1 GeV=c is
0.5%, and the dE=dx resolution is 6% for electrons from
Bhabha scattering. The EMC measures photon energies
with a resolution of 2.5% (5%) at 1 GeV in the barrel (end
cap) region. The time resolution in the TOF barrel region is
68 ps, while that in the end cap region was 110 ps. The end
cap TOF system was upgraded in 2015 using multigap
resistive plate chamber technology, providing a time

resolution of 60 ps, which benefits 83% of the data used
in this analysis [17].
Simulated Monte-Carlo (MC) samples produced with

GEANT4-based [18] software, which includes the geometric
description of the BESIII detector and the detector
response, are used to determine the detection efficiency
and to estimate the background contributions. The simu-
lation includes the beam energy spread and initial state
radiation (ISR) in the eþe− annihilation modeled with the
generator KKMC [19]. The inclusive MC samples, which are
divided into 40 subsamples with the same size as the data
sample, are used to study the background contributions.
This sample includes the production of open charm
processes, the ISR production of vector charmonium(-like)
states, and the continuum processes incorporated in KKMC.
The known decay modes are modeled with EVTGEN [20]
using world averaged BF values [11], and the remaining
unknown decays from the charmonium states with
LUNDCHARM [21]. Final state radiation from charged final
state particles is incorporated with PHOTOS [22]. The signal
detection efficiencies and signal shapes are obtained from
signal MC simulation.

III. DATA ANALYSIS

In this analysis, K0
S and π0 candidates are reconstructed

via K0
S → πþπ− and π0 → γγ decays, respectively. The

observed cross section σobs of the process eþe− →
ψð3770Þ → D0D̄0 → ðK0

Sπ
0ÞðK0

Sπ
0Þ is given by

σobs ¼
Nobs

L × ϵ × Bsub
; ð2Þ

and the joint branching fraction of the C-odd correlated
D0D̄0 is given by

B½ðD0D̄0ÞC-odd → ðK0
Sπ

0ÞðK0
Sπ

0Þ�

¼ Nobs

ND0D̄0 × ϵ × Bsub
; ð3Þ

whereNobs is the number of observed signal events, L is the
total integrated luminosity of the data, ϵ is the efficiency for
the event reconstruction, and Bsub is the BF of the subdecay,
given as Bsub ¼ B2

K0
S
× B2

π0
, where BK0

S
and Bπ0 are the BFs

of K0
S → πþπ− and π0 → γγ, respectively.

The signal process eþe− → ψð3770Þ → D0D̄0 →
ðK0

Sπ
0ÞðK0

Sπ
0Þ is searched using the double-tag method

[23–25]. In this method, two D mesons which decay
through the K0

Sπ
0 channel in the same event are simulta-

neously reconstructed. The final state K0
Sπ

0 is reconstructed
with the K0

S and π0 candidates satisfying the selections
detailed below.
Photon candidates are identified using isolated clusters in

the EMC. The EMC time is required to be within (0, 700) ns
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from the event start time in order to suppress fake photons
due to electronic noise or eþe− beam background. The
deposited energy of each shower must be more than 25 MeV
in the barrel region (j cos θj < 0.80) and more than 50 MeV
in the end cap region (0.86 < j cos θj < 0.92), where θ is the
polar angle with respect to the z axis, which is the symmetry
axis of the MDC. The π0 candidates are reconstructed
through the π0 → γγ decay, with at least one photon in
the barrel region. The two-photon invariant mass is required
to be in the range ð0.115; 0.150Þ GeV=c2. A 1C kinematic
fit is performed constrainingMγγ to the π0 known mass [11],
and the χ2 of the fit must be less than 50.
Charged tracks detected in the MDC are required to

be within a polar angle range of j cos θj < 0.93. Each
K0

S candidate is reconstructed from two oppositely charged
tracks whose distance of closest approach to the interaction
point along the z axis is less than 20 cm. These tracks are
assumed to be pions. They are constrained to originate from
a common vertex and are required to have an invariant mass
within ð0.450; 0.550Þ GeV=c2. The decay length of the
K0

S candidate is required to be greater than twice the vertex
resolution away from the IP. The quality of the vertex fit is
ensured by requiring χ2 < 100.
SignalDmeson pairs are reconstructed from two pairs of

K0
S and π

0 mesons. For each D meson candidate, we define
the beam energy difference (ΔE) as

ΔE ¼ ED − Ebeam; ð4Þ

where ED is the energy of the reconstructed D meson and
Ebeam is the beam energy, and we require ΔE to be within
ð−0.042; 0.072Þ GeV. We define the distance from the left
and right edges of the signal region to the most probable
beam energy difference value, ΔEm, as 3σL and 3σR,
respectively, and define the ΔE significance (σΔE) for
the D meson as

σΔE ¼
8<
:

jΔE−ΔEmj
σL

; ΔE < ΔEm;

jΔE−ΔEmj
σR

; ΔE > ΔEm;
: ð5Þ

For a candidateDmeson pair, the σΔE of the twoDmesons
are added up as “total σΔE.” Formultiple candidate pairs, the
one with the least “total σΔE” is kept for further analysis.
The dominant background is composed of events with

D0ðD̄0Þ → πþπ−π0 decays. To estimate this background,
the invariant masses of the K0

S candidates are checked.
Figure 2 shows the two-dimensional πþπ− invariant mass
distribution for both D meson sides in the same event. We
define the K0

S signal region as ð0.487; 0.511Þ GeV=c2, and
the sideband regions as (0.455, 0.479) and ð0.519;
0.543Þ GeV=c2. We define Region I, corresponding to
the signal region, where both πþπ− combinations lie in the
K0

S signal region. Region II is defined with either one of the

πþπ− combinations in the K0
S signal region and the other in

the K0
S sideband regions. The Region III has both the π

þπ−

combinations located in the K0
S sideband regions. Signal

events are expected to peak in Region I, the D0 → πþπ−π0
background events are expected to distribute mainly in
Region I and Region II, and other flat background events
distribute in all the regions.
We use the beam-constrained mass MBC to identify

D mesons in the three regions, defined as

MBC ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
beam − jp⃗Dj2c2

q
; ð6Þ

where Ebeam is the beam energy and p⃗D is the three-
momentum of the reconstructed D meson.
TheDmeson yield is acquired by a two-dimensional (2D)

fit to the M1
BC versus M2

BC distribution of two D mesons in
the same event, where the order of theDmesons is arbitrary.
The probability density function used in the fit comprises
four components: “Signal” describes candidates where both
Dmesons are correctly reconstructed; “BKGI” and “BKGII”
denote the background where only oneD meson is correctly
reconstructed; “BKGIII” describes the background that
diagonally populates the 2D distributions.
Specifically, the four components are constructed as

follows:
Signal: S1 × S2,
BKGI: S1 × f2,
BKGII: f1 × S2,
BKGIII: f1þ2 × S1−2.
Here, 1 and 2 correspond to the two dimensions of the

2D fit. The Si are Gaussian functions that describe the
signal D shape, while fi are ARGUS functions [26] that
characterize the combinatorial background. The subscript
i denotes the argument of the functions.
Finally, by fitting the MBC distributions of the events

within the three Regions defined in Fig. 2, three D signal

FIG. 2. Two-dimensional πþπ− invariant mass distribution for
the K0

S candidates from the two D mesons in data (the order is
arbitrary). The red solid box defines Region I, the green dotted
box Region II, and the blue dashed box Region III.
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yields are obtained as NðIÞ ¼ 53� 8, NðIIÞ ¼ 144� 12 and
NðIIIÞ ¼ 2� 2. Notice that Region II (Region III) refers to
all the green (blue) dashed square regions. The fit results
are shown in Fig. 3. Assuming the background is flat, the
background in Region I can be estimated as Nbkg ¼
1
2
NðIIÞ − 1

4
NðIIIÞ ¼ 72� 6. The observed signal yield is

determined to be Nobs ¼ NðIÞ − Nbkg ¼ −19� 10. The
selection efficiency ϵ is estimated to be ð18.44� 0.10Þ%
from the signal MC sample. Since no significant signal is
observed, an upper limit of Nobs is determined with the
Bayesian approach, as shown in Fig. 4. The upper limit at
the 90% CL is 12.9, which is incorporated with the
systematic uncertainties described in the next Section.
This leads to an upper limit of observed cross section
σsig < 7.37 fb using Eq. (2). The method to incorporate
systematic uncertainty is discussed in the next Section.

IV. SYSTEMATIC UNCERTAINTY

The systematic uncertainties on this measurement are
summarized in Table I and are classified into multiplicative

cM

c
M

(a)

cM

c

(b)

cM

c (c)

cM

c
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(d)

cM
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cM

c
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(g)
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c

(h)
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FIG. 3. MBC distributions of the reconstructed D mesons. The first, second, and third rows correspond to events in Regions I, II, and
III, respectively. These Regions are shown in Fig. 2; (a), (d), and (g) are the 2D distributions ofMBC for twoDmesons in the same event,
where the red dashed squares refer to the D signal region; (b), (e), and (h) are the MBC distributions and fit result projections on one of
the two D meson, while (c), (f), and (i) are for the other D meson. The order of D mesons is arbitrary.

FIG. 4. Likelihood distributions as a function ofNobs of the data
sample. The results obtained with and without incorporating the
systematic uncertainties are shown as red solid and blue dashed
curves, respectively. The dashed red line shows the result
corresponding to the 90% CL. A flat prior for Nobs from 0 to
infinity is assumed. The shaded area shows the integration above
zero to the upper limit.
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terms σϵ, proportional to the measured BF, and additive
terms Nadd, independent of the measured BF. The multipli-
cative uncertainties are from the efficiency determination and
the quoted BFs. The uncertainty from K0

S and π0 recon-
struction is studied from the control samples D0 → K0

Sπ
0,

D0 → K0
Sπ

0π0, D0 → K0
Sπ

0πþπ− and D0 → K−πþπ0,
extracted from the same data sample [12]. The uncertainty
from the ΔE signal region selection is estimated by fitting
the ΔE signal with a double-Gaussian function, and then
using the �3σ range as an alternative signal region; the
resulting change in Nobs is taken as the related uncertainty.
The uncertainty due to the size of the MC sample is assigned
as the statistical uncertainties related to the number of
generated events. The uncertainty for luminosity is quoted
from Ref. [12], and the uncertainty for the intermediate BFs
is quoted from Particle Data Group (PDG) [11]. By adding
these uncertainties in quadrature, the total uncertainty σϵ is
estimated to be 2.7%.
The additive uncertainties directly affect the total number

of observed signal events Nobs. The total additive uncer-
tainty Nadd is estimated to be about 11 events. The
uncertainty from the choice of the signal shape is obtained
by altering the nominal signal shape Si from a Gaussian
function to a simulated signal shape, and the difference in
Nobs is considered as the related uncertainty. The uncer-
tainty from the choice of the background shape is estimated
in a similar way by changing the function fi with the
simulated shape, and is found to be negligible. The
uncertainty from the Nobs estimation, including the back-
ground subtraction, is studied using 40 inclusive MC
samples with the same size of the data sample; the obtained
values of Nobs are fitted with a Gaussian function and we
obtain as mean value 0.3� 1.2 and as standard deviation

7.7� 0.9. To be conservative, we consider the sum of the
mean value and standard deviation, together with their
uncertainties, as the uncertainty from the Nobs estimation.

V. RESULTS

The multiplicative systematic uncertainty is incorporated
in the calculation of the upper limit following the pre-
scriptions of Refs. [27,28], as

LðNobsÞ ∝
Z

1

0

L

�
Nobs

ϵ0

ϵ

�
exp

�
−ðϵ0=ϵ − 1Þ2

2ðσϵÞ2
�
dϵ0; ð7Þ

where LðNobsÞ is the likelihood distribution as a function of
the assumed observed signal number Nobs; ϵ0 is the
expected efficiency and ϵ is the MC-estimated efficiency.
To take into account the additive systematic uncertainty, the
updated likelihood is then shifted upward according to the
number of additive uncertainty events Nadd. The blue
dashed and red solid curves in Fig. 4 show the original
and the modified likelihood distributions, respectively.
The upper limit on Nobs at the 90% CL, obtained by inte-

grating the resulting curve from zero to 90%, is Nobs < 12.9.
It gives an upper limit of the observed cross section
σobsðeþe−→ψð3770Þ→D0D̄0→ ðK0

Sπ
0ÞðK0

Sπ
0ÞÞ<7.37 fb,

and of the joint branching fraction B½ðD0D̄0ÞC-odd →
ðK0

Sπ
0ÞðK0

Sπ
0Þ� < 2.04 × 10−6 at

ffiffiffi
s

p ¼ 3.773 GeV.

VI. CONCLUSION

Using data taken at
ffiffiffi
s

p ¼ 3.773 GeV corresponding to an
integrated luminosity of 20.28 fb−1, recorded by the BESIII
detector, we perform the first search for eþe− → D0D̄0 →
ðK0

Sπ
0ÞðK0

Sπ
0Þ following a semiblind analysis. The quan-

tum-correlated process eþe− → D0D̄0 → ðK0
Sπ

0ÞðK0
Sπ

0Þ is
forbidden by CP conservation, and only allowed via
D0 − D̄0 mixing and K0 − K̄0 mixing mechanism in the
secondary decays, and interference between them. In this
analysis, we establish the upper limit on the observed cross
section σobsðeþe− → D0D̄0 → ðK0

Sπ
0ÞðK0

Sπ
0ÞÞ < 7.37 fb;

additionally, the joint branching fraction is constrained to
B½ðD0D̄0ÞC-odd → ðK0

Sπ
0ÞðK0

Sπ
0Þ� < 2.04 × 10−6, both at

the 90% CL and at
ffiffiffi
s

p ¼ 3.773 GeV. This is the first
exploration on the joint branching fraction and cross section
of EPR correlated neutral D pair. This method can be
generalized to study other EPR correlated systems like
eþe− → D0D̄�0 [29], and the result provides crucial infor-
mation for the CP violation of neutral D meson and helps
eliminate or set theoretical boundaries to potential new
physics effect in charm physics [4]. In the future, by studying
the interference between different CP violation sources and
existing CP violation results in neutral K mesons, more
accurate cross section measurements will be able to bring a
deeper insight into the D0 − D̄0 mixing parameters, and
finally reveal the nature of this broken symmetry.

TABLE I. Estimated multiplicative and additive systematic
uncertainties.

Multiplicative

Source σϵ (%)

K0
S reconstruction 1.5

π0 reconstruction 1.7
ΔE signal region 1.3
MC statistics 0.2
Luminosity 0.5
Intermediate BF 0.2

Total 2.7

Additive

Source Nadd

Signal shape 3.5
Background shape 0.0
Nobs estimation 10.3

Total 10.9
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