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Using ð10087� 44Þ × 106J=ψ events collected with the BESIII detector, we search for the rare decay
J=ψ → γD0 þ c:c: for the first time. No significant signal is observed and the upper limit on the branching
fraction is determined to be BðJ=ψ → γD0 þ c:c:Þ < 9.1 × 10−8 at 90% confidence level.

DOI: 10.1103/PhysRevD.110.112012

I. INTRODUCTION

Search for physics beyond the Standard Model (SM) is
one of the major tasks in particle physics. Weak decays
of the charmonium state J=ψ are an excellent probe of
potential new Physics (NP) effects. In the SM, a J=ψ can
weakly decay through flavor changing charged currents
(FCCCs), allowed at tree level, producing a single charm
meson alongside other noncharmed mesons or leptons.
These decays have branching fractions (BFs) in the range
of 10−9 to 10−11 in the SM [1–7]. Many NP models predict
an enhancement of these BFs by 2 or 3 orders of magnitude
[8–10]. Therefore, extensive studies of these BFs in the
BESIII experiment [11–14] can constrain the parameter
space of various models.
In addition, the weak decay of J=ψ mediated by a flavor

changing neutral current (FCNC) is another interesting
process. While prohibited at the tree level, it can occur via
c → u transition at the loop level in the SM but is highly
suppressed due to the Glashow-Iliopoulos-Maiani (GIM)
mechanism [15]. Such decays can also occur via long-
distance effects, which are expected to have the same order
of magnitude as the production rate of the FCNC process
[16]. The FCNC decay J=ψ → D0lþl−, within the SM
framework, is anticipated to have a BF of the order of 10−13

[16]. In comparison, the FCNC process J=ψ → γD0 (the
charged conjugate channel is always implied throughout
the text), as depicted in Fig. 1, is expected with a 1 or 2
orders of magnitude larger BF, due to the presence of one
fewer decay vertex. The experimental evidence for this
FCNC process provides an opportunity to study the non-
perturbative QCD effects and their underlying dynamics.

Any enhancement of the BF with respect to the SM would
be a strong indication of NP [17,18].
Experimentally, the FCNC processes have been com-

prehensively studied in the B meson sector via b → s
transitions [19,20] and in the DðsÞ meson sector via c → u
transitions [21–25]. So far, they have not been observed in
the charm sector. The c → uγ transition can be directly
probed by studying the radiative decay J=ψ → γD0. In
2017, the BESIII experiment searched for J=ψ → D0eþe−

[26] using ð1310.6� 7.2Þ × 106 J=ψ events resulting in an
upper limit on the BF < 8.5 × 10−8 at 90% confidence
level (C.L.).
In this paper, we search for J=ψ → γD0 based on

ð10087� 44Þ × 106J=ψ events [27] collected by the
BESIII detector. This is the world’s largest J=ψ sample
produced at an electron-positron collider. Its clean envi-
ronment provides an excellent opportunity to search for this
rare decay. To study the decay J=ψ → γD0, the D0 is
reconstructed through its three prominent exclusive had-
ronic decay modes,K−πþ (mode I),K−πþπ0 (mode II), and
K−πþπþπ− (mode III), which have large BFs. The semi-
blind analysis strategy is adopted, where the selection
criteria are determined using 10% of the data sample, and
the final results are obtained using the full data sample.

II. BESIII DETECTOR AND MONTE
CARLO SIMULATION

The BESIII detector [28] records symmetric eþe−
collision events provided by the BEPCII storage ring
[29] in the center-of-mass energy ranging from 1.84 to

FIG. 1. Feynman diagram for J=ψ → γD0.
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4.95 GeV, with an achieved peak luminosity of 1.1 ×
1033 cm−2 s−1 at

ffiffiffi

s
p ¼ 3.773 GeV. BESIII has collected

large data samples in this energy region [30]. The cylin-
drical 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 magnetic
field was 0.9 T in 2012, which affects 11% of the total J=ψ
data. The solenoid is supported by an octagonal flux-return
yoke with resistive plate counter muon identification
modules interleaved with steel. The momentum resolution
of charged-particle 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 is 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 87% of the data used in this analysis [31–33].
Simulated data samples produced with a Geant4-based [34]

Monte Carlo (MC) package, which includes the geometric
description of the BESIII detector and the detector response,
are used to determine the detection efficiencies and to
estimate backgrounds. In the simulation, the beam energy
spread and initial state radiation in the eþe− annihilations are
modeled with the generator KKMC [35]. An inclusive MC
sample of 1010 J=ψ events, including the production of the
J=ψ resonance, is generated to study the backgrounds. All
particle decays are modeled either with EvtGen [36,37] using
BFs taken from the Particle Data Group (PDG) [38], when
available, or otherwise estimated with the LUNDCHARM

[39,40] package. Final state radiation from charged final
state particles is incorporated using the PHOTOS package [41].
To estimate the detection efficiency, the signal events of
J=ψ → γD0 are generated by the JPE model [42] which is
constructed for a vector meson decays into a photon plus a
pseudoscalar meson, with the phase space model for D0 →
K−πþ and the model from the amplitude analyses forD0 →
K−πþπ0 and D0 → K−πþπþπ− [43].

III. DATA ANALYSIS

A. Common selection

Charged tracks reconstructed in the MDC are required to
be within a polar angle (θ) range of jcos θj < 0.93, where θ
is defined with respect to the z-axis, which is the symmetry
axis of the MDC. The distance of closest approach to the
interaction point (IP) must be less than 10 cm along the
z-axis, and less than 1 cm in the transverse plane. Particle
identification (PID) is carried out for charged tracks by
combining the specific ionization energy loss measured by
the MDC (dE=dx) and the flight time in the TOF to form

the likelihoods LðhÞ for the h ¼ K, π hypotheses. Charged
kaons and pions are identified by requiring LðKÞ > LðπÞ
and LðπÞ > LðKÞ, respectively.
Photon candidates are identified by using showers in the

EMC. The deposited energy of each shower must be more
than 25 MeV in the barrel region (jcos θj < 0.80) and more
than 50 MeV in the end cap region (0.86 < jcos θj < 0.92).
To exclude showers originating from charged tracks, the
opening angle subtended by the EMC shower and the
position of the closest charged track at the EMC must be
greater than 20° as measured from the IP. To suppress
electronic noise and showers unrelated to the event, the
difference between the EMC time and the event start time is
required to be within [0, 700] ns. The π0 candidates
are reconstructed with pairs of selected photons. The
invariant mass of the photon pair is required to be within
½0.115; 0.150� GeV=c2. To improve the kinematic resolu-
tion, a kinematic fit [44] is carried out, constraining the
invariant mass of the photon pair to be the π0 nominal
mass [38], and the corresponding χ2 of the kinematic fit is
required to be less than 20.
The candidate events are selected by requiring a radiative

photon from J=ψ decay, the charged track of a kaon, and
one or three charged pions or additionally a neutral pion
(depending on the D0 decay modes). The radiative photon
with the maximum energy is selected and the charged
tracks are required to have zero net charge. All three modes
require to have no additional charged track, and mode II
requires one π0 candidate. To improve the resolution and
reduce the backgrounds, a four-constraint (4C) kinematic
fit is performed, imposing energy-momentum conservation
under the hypothesis of J=ψ → K−πþγ for mode I or
J=ψ → K−πþπþπ−γ for mode III. Alternatively, a five-
constraint (5C) kinematic fit is carried out under the
hypothesis of J=ψ → K−πþγγγ for mode II, with an
additional constraint on the γγ invariant mass to match
the π0 nominal mass. For the fit, χ24C=5C < 30 is required.

For events with more than one π0 candidate in mode II, the
one with the minimum χ25C value is retained for further
analysis. The momenta of the charged tracks and the
showers after the kinematic fit are used for further analysis
throughout the text if not mentioned explicitly.

B. Further selection

For mode I, the dominant backgrounds are
J=ψ → πþπ−γ, J=ψ → KþK−γ, and J=ψ → πþπ−π0, due
to the misidentification between a high momentum kaon
and a pion, or due to missing a soft photon. To remove
these backgrounds, 4C kinematic fits under the hypotheses
of J=ψ → πþπ−γ, J=ψ → KþK−γ and J=ψ → πþπ−γγ
(named as alternative kinematic fit1/fit2/fit3, similarly
named for mode II and III) are carried out demanding
χ2πþπ−γ=KþK−γ=πþπ−γγ > 85=50=35. These requirements have
been optimized by maximizing the quantity of Punzi figure
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of merit (FOM) ϵ=ð1.5þ ffiffiffiffi

B
p Þ [45] (analogously employed

in the similar event selection), where ϵ is the signal effici-
ency and B is the background yield. After these selections,
the momentum requirements, pK=π < 1.25=1.35 GeV=c,
are applied to suppress the backgrounds from K=π mis-
identification. Other backgrounds from radiative Bhabha
and dimuon events occur due to misidentifying leptons as
hadrons and their large cross sections. To suppress the radia-
tive Bhabha background, the requirement of E=p < 0.8 is
applied for any charged pion candidate, where E and p
are the corresponding energy deposited in the EMC and
the momentum measured in the MDC, respectively. The
requirement of χ2πþπ−γ > 85 suppresses the radiative dimuon
background.
For mode II, the dominant background is J=ψ →

K−πþπ0π0 with the intermediate process K0
S → π0π0 with

a missing soft photon. A mass window 0.32 < MRecoil
K−πþ <

0.66 GeV=c2 is applied to veto this background, where
MRecoil

K−πþ is the recoil mass of the K−πþ system calculated
with the K−πþ momenta before the kinematic fit. There
are also backgrounds from J=ψ → πþπ−π0γ (including
ω → γπ0), J=ψ → KþK−π0γ, and J=ψ → πþπ−π0π0ðγγÞ
due to the misidentification between a high momentum
kaon and a pion, or due to missing a soft photon. To suppress
these backgrounds, 4Ckinematic fits under the hypotheses of
J=ψ → πþπ−γγγ, J=ψ → KþK−γγγ and J=ψ → πþπ−γγγγ
are performed and χ2

πþπ−π0γ=KþK−π0γ=πþπ−π0γγ > 40=40=95 are

required, individually. A mass window of the γπ0 invariant
mass, 0.68 < Mγπ0 < 0.92 GeV=c2, is applied to veto the
background from J=ψ → ωπþπ− → πþπ−π0γ. Another
potential background is J=ψ → KþK−γ due to the charged
kaon decay Kþ → πþπ0. A mass window is applied to the
πþπ0 invariant mass with 0.45 < Mπþπ0 < 0.53 GeV=c2 to
veto this background. The background with J=ψ →
K−πþπ0K0

L also presents in the case of a K0
L shower in

the EMCmisidentified as the radiative photon candidate. To
veto this background, a multivariate data analysis (MVA) in
the ROOT TMVA package [46] is performed on the shower
shape in the EMC based on a gradient boosted decision trees
(BDTG) algorithm. The input parameters in the MVA
include Nhit (the number of hit crystals in the EMC),
Eseed=E3×3 (ratio of energy deposited in the center crystal
of the shower to that in the 3 × 3 crystals), E3×3=E5×5 (ratio
of energy deposited in the 3 × 3 crystals to that in the 5 × 5
crystals) and A42 moment as defined in Ref. [47] with
relatively small correlation. In order to train and test the
MVA, the photon candidates from the exclusive signal MC
sample and theK0

L candidates from the exclusiveMC sample
of J=ψ → K−πþπ0K0

L are used. By applying the MVA
method on the surviving events of inclusive and signal
MC samples, the K0

L background is suppressed by 90%
with the requirement of the BDTG output value while
keeping 98.4% signal efficiency.

For mode III, the dominant background is J=ψ →
K−πþπþπ−γðπ0Þ with a πþπ− pair from K0

S decay (missing
a soft photon). Therefore a mass window 0.46 < Mπþπ− <
0.55 GeV=c2 is applied to veto this background, where
Mπþπ− is the invariant mass of any πþπ− pair (two pairs per
event). Another main background contribution is J=ψ →
πþπ−πþπ−γ due to the misidentification between a high
momentum kaon and a pion. A 4C kinematic fit under the
hypothesis of J=ψ → πþπ−πþπ−γ is carried out and
χ2πþπ−πþπ−γ > 430 is required. There are also backgrounds
due to charged kaon decay, such as J=ψ → KþK−γ with
Kþ → πþπþπ− and J=ψ → KþK−πþπ− with Kþ → πþπ0
and a missing soft photon. The corresponding mass
windows for the πþπþπ− invariant mass 0.47 < Mπþπþπ− <
0.52 GeV=c2 and the recoil mass of the K−πþπ− combi-
nation with the least deviation from the nominal K mass
0.42 < MRecoil

K−πþπ− < 0.52 GeV=c2 are applied to veto these
backgrounds. Another potential background is J=ψ →
KþK−π0 due to the Dalitz decay π0 → eþe−γ. To reject
this background, a mass window of the eþe−γ invariant
mass (replacing the mass of the pion with that of an
electron), 0.09 < Meþe−γ < 0.19 GeV=c2, is applied.

C. Signal extraction and branching fraction calculation

After the selection criteria described in Sec. III B have
been applied, the invariant mass distributions of the K−πþ,
K−πþπ0 and K−πþπþπ− for the three D0 decay modes are
shown in Fig. 2. The BF of J=ψ → γD0 is calculated by

BðJ=ψ → γD0 þ c:c:Þ ¼ Nsig
i

NJ=ψ × Bi × ϵi
; ð1Þ

where Nsig
i is the signal yield observed in the ith decay

mode, NJ=ψ is the total number of J=ψ events, Bi is the
corresponding BF of the D0 decay and its subsequent
daughter particles’ decays, and ϵi is the reconstruction
efficiency obtained with the signal MC samples, which is
ð22.96� 0.11Þ%, ð14.83� 0.09Þ%, and ð17.55� 0.10Þ%
for modes I, II and III, respectively.
To extract the BF of J=ψ → γD0, an unbinned simulta-

neous maximum-likelihood fit is carried out to the selected
samples of the three D0 decay modes by sharing the same
decay BF of J=ψ → γD0. In the fit, the signal is described
with a pdf based on kernel estimation derived from the signal
MC sample, and the background is described by a line with
the slope allowed to float. The simultaneous fit results are
shown in Fig. 2 with the statistical significance 0.51σ. No
obvious signal is observed, therefore an upper limit on theBF
of J=ψ → γD0 at 90% C.L. is set in Sec. III E.

D. Systematic uncertainties

Several systematic uncertainties are considered in the BF
measurement. The uncertainties are separated into two
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categories according to the approaches to evaluate their
effects on the BF measurement, 1) effects that are evaluated
with the different scenarios (under different selection
criteria) and extracted by their resultant differences with
respect to the nominal value, named category A thereafter;
2) effects that are evaluated with the various methods, and
propagated to the final results directly, named category B
thereafter. The sources of systematic uncertainties and the
assigned values are summarized in Table I.
The category A uncertainties include those associated

with the K=π momentum requirements, the mass window
veto requirement as well as the shapes of signal and back-
ground in the fit. The uncertainties associated with the K=π

momentum requirements are estimated by changing the
boundary by �0.005 or �0.010 GeV=c based on the
nominal values. The different mass windows are applied
to veto the backgrounds associated with narrow intermedi-
ate states K0

S, K, ω and π0. The corresponding uncertainties
are estimated by varying the mass window boundaries by
�1 or �2 times the corresponding mass resolution. The
uncertainties associated with the line shapes of signal and
background in the fit are estimated with the alternative line
shapes; i.e., the signal shape is parametrized with a double
Gaussian function with the parameters extracted from a fit
to the signal MC sample, while the background line shape
is described with a second-order polynomial function. All
above alternative scenarios are carried out, and the scenario
yielding the largest difference with respect to the nominal
value is finally adopted as the corresponding systematic
uncertainties concerned.
The category B uncertainties are those associated with

the tracking and PID for the charged tracks, the photon
detection and π0 reconstruction, the E=p ratio, the MVA cut
for the radiative photon, the number of extra track require-
ment, the kinematic fit, the quoted BFs of intermediate
states, and the total number of J=ψ events.
To estimate the corresponding uncertainties, the effici-

encies of tracking and PID for the pions and koans are
studied with the control samples of J=ψ → πþπ−π0 and
J=ψ → K0

SK
−πþ → K−πþπþπ−, respectively. The efficien-

cies of photon detection [48], π0 reconstruction [48] andE=p
ratio are studied with control sample of J=ψ → πþπ−π0
individually. All above efficiencies are studied both for the
data and for the corresponding MC samples in bins of p and
cos θ. The average relative differences of the efficiencies
between data and MC simulation, which are obtained by
weighting according to the distribution of signal MC
samples, are taken as the systematic uncertainties.
The efficiencies of the number of extra tracks require-

ment and the MVA cut for the radiative photon are also
studied using the control sample of J=ψ → πþπ−π0. The
relative differences of the efficiencies between data andMC
simulation are taken as the uncertainty. The uncertainty
associated with the kinematic fit is mainly due to the

TABLE I. Sources of systematic uncertainties and the corre-
sponding uncertainties to the BF (in %), where “-” denotes not
applied, and “*” indicates the category A uncertainties.

Source/mode I II III

Momentum * - -
Veto K0

S - * *
Veto K decay - * *
Veto ω - * -
Veto π0 - - *
Signal line shape * * *
Background line shape * * *

Tracking 0.6 1.1 2.4
PID 2.0 1.4 1.8
Photon requirement 1.0 1.0 1.0
π0 selection - 2.2 -
Nextra ¼ 0 0.1 0.1 0.1
Kinematic fit 0.8 0.5 2.0
Alternative kinematic fit1 0.2 0.4 0.8
Alternative kinematic fit2 0.0 0.0 -
Alternative kinematic fit3 0.1 0.1 -
E=p ratio 0.9 - -
MVA cut - 0.2 -
Quoted BFs 0.8 4.2 1.7
NJ=ψ 0.4 0.4 0.4

Total 2.7 5.2 4.1

(a) (b) (c)

FIG. 2. The unbinned simultaneous fit on the invariant mass distributions of modes (a) I, (b) II and (c) III, where the dots with error bar
are data, the blue lines are the fit result, and the red dotted and purple curves are the fitted signal and background, respectively.
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inconsistency of the kinematic variables of charged tracks.
Therefore the kinematic variables of charged tracks of the
signal MC sample are smeared to minimize the differ-
ence between data and MC simulation, and the resulting
change in the detection efficiency is taken as the uncer-
tainty. The systematic uncertainties due to the kinematic fit
are estimated for all the signal and background hypotheses
individually. The details of smearing parameters of charged
tracks can be found in Ref. [49]. The uncertainties of
the decay BFs of intermediate states are taken from the
PDG [38]. The uncertainty of the total number of J=ψ
events is taken from Ref. [27].

E. Upper limit on branching fraction

As the data are compatible with a background-only
hypothesis, a Bayesian method [50] is utilized to obtain
an upper limit at 90% C.L. on the BF of J=ψ → γD0. The
likelihood values are obtained by performing simultaneous
fits on the distributions of the invariant masses of K−πþ,
K−πþπ0, and K−πþπþπ− with different BF hypotheses, as
shown in Fig. 3.
To incorporate the effects of category A uncertainties, the

alternative simultaneous fits for the three D0 decay modes
are carried out with all different scenarios, as discussed in
Sec. III D. The fit with the largest upper limit, with the
statistical significance 0.77σ, ensuring the most conser-
vative estimate, is selected for analysis. To further incor-
porate the category B uncertainties, the simultaneous fit
for the three D0 decay modes is carried out, where the BF
is the fitting parameter and the signal efficiencies of the
three decay modes are treated as nuisance parameters. The
distributions of the signal efficiencies for the three D0

decay modes are assumed to follow a Gaussian distri-
bution with a mean of the corresponding signal MC
efficiency, and a width of the corresponding absolute
systematic uncertainties without correlation. For the
systematic uncertainties with correlation, such as the
uncertainty of NJ=ψ , a Gaussian distribution with a mean
of 1 and the corresponding uncertainty as the standard
deviation is incorporated for three decay modes. The
profiled likelihood value incorporating the category B
uncertainties is shown in Fig. 3.
The upper limit at 90% C.L. on the BF of J=ψ → γD0 is

BðJ=ψ → γD0Þ < 9.1 × 10−8 with the systematic uncer-
tainties (6.1 × 10−8 without the systematic uncertainties),
obtained by integrating the profile likelihood value
from 0 to a definitive value which corresponds to 90%
of total area.

IV. SUMMARY

In summary, we have presented the first search for the
rare decay J=ψ → γD0 using ð10087� 44Þ × 106 J=ψ
events collected with the BESIII detector. Our results are
consistent with a background-only hypothesis, and we
establish an upper limit on the branching fraction of
BðJ=ψ → γD0 þ c:c:Þ < 9.1 × 10−8 at 90% C.L., repre-
senting the most stringent limit to date. Although our
measurement do not reach the precision predicted by the
SM, it provides a valuable reference for studying different
NP models and restrict the phase space of parameters. The
sensitivity of searching for this decay could be improved
with a larger J=ψ sample, potentially achievable through
future experiments [51].
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