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We report a direct search for a new gauge boson, X, with a mass of 17 MeV=c2, which could explain
the anomalous excess of eþe− pairs observed in the 8Be nuclear transitions. The search is conducted in
the charmonium decays χcJ → XJ=ψðJ ¼ 0; 1; 2Þ via the radiative transition ψð3686Þ → γχcJ using
ð2712.4� 14.3Þ × 106 ψð3686Þ events collected with the BESIII detector at the BEPCII collider. No
significant signal is observed, and the updated upper limit on the coupling strength of charm quark and the
new gauge boson, ϵc, is set to be jϵcj < 1.2 × 10−2 at 90% confidence level. We also report new constraints
on the mixing strength ϵ between the Standard Model photon and dark photon γ0 in the mass range from
5 to 300 MeV=c2. The upper limits at 90% confidence level vary within ð2.5–17.5Þ × 10−3 depending on
the γ0 mass.
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I. INTRODUCTION

Several experiments conducted with the ATOMKI pair
spectrometer have observed anomalous excesses in the
distributions of opening angles between eþe− pairs from
8Be, 4He, and 12C nuclear transitions [1–3]. These anoma-
lies have been interpreted as a new particle with a mass of
about 17 MeV=c2, called the X (or X17) boson. Many
theoretical explanations for the nature of X have been
proposed, including protophobic vector gauge boson [4–6],
axial vector boson [7,8], and QCD axion [9,10], etc.
Among those, the protophobic gauge boson theory pro-
poses that X couples to the Standard Model (SM) fermions
with nonuniversal fermion charges ϵf in the units of e,
through the Lagrangian term

P
f eϵfX

μJμ, where Xμ is the
gauge field of X, and Jμ ¼ ψ̄fγμψf is the current of
ordinary SM matter. The experimental constraints on the
first-generation fermion charges are also discussed.
Experimentally, the NA64 [11,12] and NA62 [13] experi-
ments found no evidence for the existence of X in the
bremsstrahlung reactions and kaon decays, while the
PADME collaboration recently reported an excess of events
over the predicted background with local and global signi-
ficance of 2.5σ and 1.8σ for an X mass of 16.9 MeV=c2

from eþe− annihilation processes [14]. Extensive efforts

are currently underway [15–22] to study the “17 MeV=c2

anomaly” and explore new physics. The nature of X
has triggered great interest in the physics community
(see Refs. [23,24] for a brief review). Therefore, it is
desirable to extend the searches for the X boson to eþe−

collision experiments, especially in charmonium transi-
tions, by examining the final state eþe− invariant mass
spectrum [25–27].
Another impetus for the search of light gauge bosons is

triggered by the dark photon model. Many new physics
models beyond the SM propose a dark sector to explain the
dark matter, where dark and ordinary sectors interact
through various portals [28,29]. One scenario is to extend
the SM with an extra Uð1Þ gauge group, which leads to a
neutral spin 1 mediator called the dark photon γ0 [30,31].
The dark photon couples to the SM photon through the
kinetic mixing term ϵF0μνFμν=2, where F0μν and Fμν are the
field strengths of the dark photon and the SM photon,
respectively, and ϵ is the mixing strength. The dark photon
model is the simplified case of the protophobic gauge
boson theory, if the fermion coupling strengths ϵf are
universal to all fermions; then ϵf are equal to the mixing
strength ϵ. Several mechanisms suggest that the mixing
strength is expected to be of the order of 10−2–10−6

[32,33]. The light dark photon with a mass less than
1 GeV=c2, which leads to a negligible width ≪ 1 MeV
[34–36], is of great interest in the experimental search for
narrow resonances. In experiments, dark photons in the
sub-GeV mass range have been extensively searched for
in fixed-target [37–44], beam dump [45,46], and collider
[47–54] experiments. The eþe− colliders provide an ideal
environment to search for low mass dark photons in the
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sub-GeV region as they can have a good understanding of
backgrounds and therefore have the ability to set con-
straints on ϵ [33].
In this paper, we report a direct search for a hypothetical

gauge boson X and dark photons at BESIII, in the
charmonium decays χcJ → γ0ðXÞJ=ψðJ ¼ 0; 1; 2Þ via the
radiative transition ψð3686Þ → γχcJ, where the γ0ðXÞ boson
decays into an eþe− pair. This analysis is based on
ð2712.4� 14.3Þ × 106 ψð3686Þ events collected at the
center-of-mass energy of

ffiffiffi
s

p ¼ 3.686 GeV [55] with the
BESIII detector in 2009, 2012, and 2021. This is the first
search for the X particle and dark photons in χcJ transitions.

II. BESIII DETECTOR AND MONTE CARLO
SIMULATION

The BESIII detector [56] records symmetric eþe−
collisions provided by the BEPCII storage ring [57] 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 [58–60]. 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 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 identi-
fication 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 plastic scintillator TOF
barrel region is 68 ps, while that in the end cap region was
110 ps before 2015, when the system was upgraded using
multigap resistive plate chamber technology providing a
time resolution of 60 ps, which benefits 83% of the data
used in this analysis [61–63].
Monte Carlo (MC) simulated data samples produced

with a GEANT4-based [64] software package, which
includes the geometric description of the BESIII detector
and the detector response, are used to determine detection
efficiencies and to estimate backgrounds. The simulation
models the beam energy spread and initial state radiation
(ISR) in the eþe− annihilations with the generator KKMC

[65,66]. The inclusive MC sample includes the production
of the ψð3686Þ resonance, the ISR production of the J=ψ ,
and the continuum processes incorporated in KKMC. All
particle decays are modeled with EVTGEN [67,68] using
branching fractions (BFs) either taken from the Particle
Data Group (PDG) [69], when available, or otherwise
estimated with LUNDCHARM [70,71]. Final state radiation
from charged final state particles is incorporated using the
PHOTOS package [72].

To simulate the signal decays, the process ψð3686Þ →
γχcJðJ ¼ 0; 1; 2Þ is modeled according to its helicity decay
amplitudes [73]; a phase space model is used for the
subsequent decays χcJ → γ0ðXÞJ=ψ ; γ0ðXÞ → eþe−, and a
vector meson to a pair of leptons model (PHOTOS VLL in
EVTGEN) is used for J=ψ → lþl−ðl ¼ e; μÞ. The signal
samples either for X or for different masses of γ0 are
individually simulated using one million events per sample,
where dark photon mass mγ0 varies from 5 to 300 MeV=c2

by a step of 5 MeV=c2, and in particular, mX (the mass of
the X boson) is set to 17 MeV=c2. Exclusive background
samples are also generated, with a yield equivalent to
2712.4 × 107 ψð3686Þ events. These background samples
include the electromagnetic Dalitz decays ψð3686Þ →
eþe−χcJ and χcJ → eþe−J=ψ , and other processes such
as χcJ → γJ=ψ , ψð3686Þ → π0π0J=ψ , and ψð3686Þ →
π0ðηÞJ=ψ . A semiblind analysis procedure is performed
to avoid possible bias, where the analysis strategy is fixed
and validated, using the MC samples and approximately
10% of the full data sample prior to analyzing the full
dataset.
In addition, the data samples collected at

ffiffiffi
s

p ¼ 3.773
and 3.650 GeV [74,75], corresponding to integrated lumi-
nosities of 7926.8 and 464.2 pb−1, are used to estimate the
continuum backgrounds.

III. DATA ANALYSIS

A. Event selection

The final state particles in this analysis are γeþe−eþe−
and γeþe−μþμ−. The signal events are required to have two
positive and two negative charged tracks and at least one
photon.
Charged tracks detected in the MDC are required to be

within a polar angle (θ) range of j cos θj < 0.93, where θ is
defined with respect to the z axis, which is the symmetry
axis of the MDC. For charged tracks, the distance of closest
approach to the interaction point (IP) must be less than
10 cm along the z axis, jVzj, and less than 1 cm in the
transverse plane, jVxyj.
Photon candidates are identified using isolated showers

in the EMC. 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 previously
defined. To exclude showers that originate from charged
tracks, the angle subtended by the EMC shower and the
position of the closest charged track at the EMC must be
greater than ten degrees as measured from the IP. To
suppress electronic noise and showers unrelated to the
event, the difference between the EMC time and the trigger
start time is required to be within ½0; 700� ns.
Particle identification (PID) uses the measured

information in the MDC, TOF, and EMC. The combined
likelihoods (Lp) under the electron or positron, pion, and
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kaon hypotheses are obtained. Electron or positron candi-
dates are required to satisfy LpðeÞ > 0.001 and
LpðeÞ=ðLpðeÞ þ LpðπÞ þ LpðKÞÞ > 0.8. Muon candidates
are required to satisfy LpðμÞ > 0.001, LpðμÞ > LpðKÞ,
and LpðμÞ > LpðeÞ.
If there is more than one photon candidate, the

combination with the smallest energy difference ΔE ¼
jEcms − Eψð3686Þj is retained, where Ecms is the center-of-
mass energy and Eψð3686Þ is the energy of the reconstructed
ψð3686Þ particle.
For the γeþe−eþe− final state, the highest-momentum

electron and positron tracks are considered to be leptons
from J=ψ decay. The other two tracks are considered as
leptons from γ0ðXÞ decay. Simulation studies of this
assignment show that the misidentification rate is negli-
gible (< 1%). The J=ψ and ψð3686Þ signals are identi-
fied by requiring the invariant masses of the high
momentum lepton pair and the γeþe−lþl− candidate
to be within the intervals jMlþl− −MJ=ψ j < 0.05 and
jMγeþe−lþl− −Mψð3686Þj < 0.06 GeV=c2. The mass win-
dows correspond to about �3σ of their mass resolutions,
where MJ=ψ and Mψð3686Þ are the nominal masses of J=ψ
and ψð3686Þ particles taken from the PDG [69], and σ is
the resolution obtained from the fits to the Mlþl− and
Mγeþe−lþl− distributions of signal MC samples with a
Crystal Ball function convolved with a Gaussian function.
A study of the inclusive MC sample, using the TopoAna

[76] tool, shows that the main background arises from
ψð3686Þ → γχcJ; χcJ → γJ=ψ events, where one photon
converts to an eþe− pair in the detector material. To
suppress these background events, a photon conversion
veto algorithm [77] is applied to reconstruct the conversion
vertex. The length Rxy is defined as the projected distance
from the (0,0,0) point to the conversion vertex of the lower
momentum eþe− pair in the x-y plane. For this kind of
background, Rxy mainly accumulates at 3 and 6 cm,
corresponding to the positions of the beam pipe and the
inner wall of the MDC, respectively, as displayed in Fig. 1.
Rxy is required to be less than 2 cm to reject this back-
ground. Simulation studies show that the rejection rates
of the photon conversion veto are ð77.17� 0.26Þ%,
ð68.40� 0.17Þ%, and ð67.40� 0.18Þ% for three χcJ
channels.
To exclude backgrounds from ψð3686Þ → ηðπ0ÞJ=ψ ,

ηðπ0Þ → γeþe− decays, the invariant mass Mγeþe− of the
photon and the lower momentum eþe− pair is required to
be outside the mass windows of [0.115, 0.150] and
½0.505; 0.570� GeV=c2, respectively.
To distinguish χc0, χc1, and χc2 candidates, the photon

energy Eγ is required to be in the ranges of [0.23, 0.28],
[0.15, 0.18], and ½0.11; 0.14� GeV, and the eþe−lþl−

invariant mass Meþe−lþl− is required to be in the ranges
of [3.39, 3.47], [3.48, 3.55], and ½3.52; 3.58� GeV=c2,
respectively. The photon energy and eþe−lþl− mass

requirements are optimized by maximizing the figure-of-
merit ε=ða=2þ BÞ proposed by Punzi [78]. Here, a stands
for the signal significance assumed to be 3; ε and B are the
detection efficiency and the number of expected back-
ground events estimated by the signal and inclusive MC
samples, respectively.

B. Background analysis

After the selections, there are two types of remaining
backgrounds. The first is from ψð3686Þ decays, which is
studied using the exclusive MC samples. The dominant
contribution arises from the electromagnetic Dalitz decays
ψð3686Þ → eþe−χcJ and χcJ → eþe−J=ψ , accounting for
more than 50% of the total background. Other contributing
processes mainly include χcJ → γJ=ψ , ψð3686Þ →
π0π0J=ψ , and ψð3686Þ → π0ðηÞJ=ψ . The expected yields
of different backgrounds are listed in Table I. The second
type of background, the continuum background, is studied
using data samples collected at

ffiffiffi
s

p ¼ 3.773 and
3.650 GeV, and is found to be negligible.

C. Fits to the data

With the selections above, the detection efficiencies
estimated by the signal MC samples of the χc0;1;2 →
XJ=ψ ; X → eþe− channels are ð4.39� 0.02Þ%,
ð7.13� 0.02Þ%, and ð7.10� 0.03Þ%, respectively. The
signal yields, Nsig, of the three χcJ → γ0ðXÞJ=ψ ; γ0ðXÞ →
eþe− channels are determined from unbinned extended
maximum likelihood fits to the distributions of the invariant
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FIG. 1. The distribution of the photon conversion points for
simulated events from the process ψð3686Þ → γχcJ; χcJ → γJ=ψ .
A photon converts into an electron-positron pair in the beam pipe
or the inner wall of the MDC, corresponding to the inner and the
outer rings.

SEARCH FOR A HYPOTHETICAL GAUGE BOSON AND DARK … PHYS. REV. D 113, 032009 (2026)

032009-3



mass Meþe− of the lower momentum eþe− pair independ-
ently. The signal and background shapes are derived from
the signal MC and exclusive background MC samples,
respectively. The data distributions and fit results of three
χcJ → XJ=ψ ; X → eþe− decay channels are shown in
Fig. 2. No significant signal is observed, and the corre-
sponding statistical significance is found to be less than 2σ
in each case. The statistical significance is calculated by
comparing the fit likelihoods with and without the signal
component.
Two checks are performed to validate this analysis. After

applying the Eγ selection, the χcJ → eþe−J=ψ signals are
extracted by using unbinned extended maximum likelihood
fits to theMeþe−lþl− distributions, and the measured BFs of

χcJ → eþe−J=ψ are found to be consistent with the PDG
values [69]. In addition, an input-output check is per-
formed, which shows there is no significant bias in the fit
procedures.

IV. SYSTEMATIC UNCERTAINTIES

The systematic uncertainties are divided into two cat-
egories, which are multiplicative and additive uncertainties.
The multiplicative uncertainties affect the detection effi-
ciency, arising from MDC tracking, PID, photon detection,
intermediate BFs, number of ψð3686Þ, MC statistics, signal
model, and selection criteria. The additive uncertainties are
related to fits, coming from signal and background shapes.
The multiplicative uncertainties from different sources are
summarized in Table II, and described in detail in the
following. The total multiplicative systematic uncertainty is
obtained by adding the individual components in quad-
rature. For additive uncertainties, alternative fits are exam-
ined, and the most conservative upper limits are taken to be
the final results.
The uncertainties of the e� and μ� tracking and PID

efficiencies are studied by comparing the differences
between data and MC simulations for the control samples
eþe− → γeþe− and eþe− → γμþμ−. The data-MC differ-
ences are weighted according to the distributions of the
lepton momentum and cos θ in the signal MC samples.
Then the signal efficiencies applied to data are corrected
by these data-MC difference factors. The uncertainties on
these corrections are taken as the systematic uncertainties.
The total tracking uncertainties including two low momen-
tum e� tracks and two high momentum l� tracks are 0.7%,
0.6%, and 0.6% for χc0, χc1, and χc2 channels, respectively.
The total PID uncertainties are 4.9%, 5.4%, and 5.5% for
χc0, χc1, and χc2 channels, respectively.
The uncertainty on the photon detection is studied with a

control sample of J=ψ → ρ0π0 process [79], and is 1.0%
per photon. The BFs of ψð3686Þ → γχcJ and J=ψ → lþl−

are taken from the PDG [69]. The relative uncertainties of
BFs are taken as the systematic uncertainties, which are

TABLE I. The expected yields of different backgrounds from
ψð3686Þ decays for three χcJ channels.

Source (for χc0 channel) Yield

ψð3686Þ → γχc0; χc0 → eþe−J=ψ 247� 16

ψð3686Þ → π0π0J=ψ 119� 11

ψð3686Þ → eþe−χc0; χc0 → γJ=ψ 28� 5
ψð3686Þ → ηJ=ψ ; η → γeþe− 23� 5
Others 18� 4

Source (for χc1 channel) Yield

ψð3686Þ → γχc1; χc1 → eþe−J=ψ 8933� 95
ψð3686Þ → γχc1; χc1 → γJ=ψ 292� 17
ψð3686Þ → γχc2; χc2 → eþe−J=ψ 67� 8

ψð3686Þ → π0π0J=ψ 48� 7

ψð3686Þ → ηJ=ψ ; η → γeþe− 17� 4
Others 16� 4

Source (for χc2 channel) Yield

ψð3686Þ → γχc2; χc2 → eþe−J=ψ 5435� 74
ψð3686Þ → γχc1; χc1 → eþe−J=ψ 177� 13
ψð3686Þ → γχc2; χc2 → γJ=ψ 140� 12
ψð3686Þ →→ ηJ=ψ ; η → γeþe− 33� 6

ψð3686Þ → π0π0J=ψ 30� 5

Others 17� 4

FIG. 2. The fits to theMeþe− distributions of three χcJ decay channels. The dots with error bars are data samples. The blue solid curves
are the total fit results, where the χcJ → XJ=ψ ; X → eþe− signals and background components are shown as the red dashed and blue
dash-dotted curves, respectively. The χ2=d:o:f: is displayed on each figure as an indication of the goodness of fit, where the d.o.f. is the
number of degrees of freedom in each fit. The signal and inclusive MC histograms are also shown here, represented by the red dotted
lines and blue shaded areas, which are scaled to half and full sizes of data, respectively.
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2.4%, 2.8%, and 2.5% for χc0, χc1, and χc2 channels,
respectively. The total number of ψð3686Þ events has been
determined with inclusive hadronic events with an uncer-
tainty of 0.5%, as described in Ref. [55].
The uncertainties from the signal MC model are esti-

mated by changing the signal MC generator from the
phase space model to two different models, PHOTOS VLL

model and a two body model (HELAMP 1.0 0.0 0.0 0.0 −1.0
0.0 in EVTGEN). The maximum relative changes of the
signal efficiencies, which are 4.5%, 3.3%, and 3.0% for χc0,
χc1, and χc2 channels, are taken as the signal model
uncertainties.
The statistical uncertainty of the signal efficiency is

estimated from signal MC events, which is Δε ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εð1 − εÞ=Np

, where N is the number of produced signal
MC events. The relative uncertainties of the signal effi-
ciencies Δε=ε are assigned as the systematic uncertainties
due to MC statistics.
The systematic uncertainties due to detection efficiencies

in the J=ψ and ψð3686Þ mass windows are studied by
changing the ranges to �2.8σ, �3.2σ, etc. The largest
relative differences on the detection efficiencies are taken as
the systematic uncertainties [80], as listed in Table II.
The systematic uncertainty due to the photon conversion

veto is estimated to be 1.0% with the control sample of
J=ψ → πþπ−π0; π0 → γeþe− [81]. The systematic uncer-
tainty due to the ψð3686Þ → π0ðηÞJ=ψ ; π0ðηÞ → γeþe−
veto is estimated to be 3.0% with the control sample of
ψð3686Þ → γχcJ; χcJ → eþe−J=ψ ; J=ψ → lþl− [81].
The systematic uncertainties from different χcJ states

identification (Eγ and Meþe−lþl− requirements) are esti-
mated by varying the requirements of Eγ andMeþe−lþl− by
�1 MeV or �1 MeV=c2, respectively. The maximum
relative differences of the detection efficiencies are taken
as the systematic uncertainties [80], which are 2.4%, 2.6%,
and 3.0% for χc0, χc1, and χc2 channels, respectively.

The systematic uncertainties associated with the signal
and background shapes are evaluated by changing the inter-
polation order in the RooHistPdf tool [82] within a reasonable
range, and replacing background shapes obtained from
different sizes of the exclusive MC samples, with a yield 9
to 11 times larger than the ψð3686Þ data sample. Among
the results of these fits, the observed upper limits on the BF
fluctuate slightly, and the largest one is chosen.

V. RESULTS

Since no significant signal is observed, the upper limit
(UL) on the product BF is set using the Bayesian approach.
The product BF of χcJ → γ0ðXÞJ=ψ ; γ0ðXÞ → eþe− is
defined to be

Bγ0ðXÞ ¼
NUL

Nψð3686Þ · ε · Binter
; ð1Þ

whereNUL is the UL of the signal yield;Nψð3686Þ is the total
number of ψð3686Þ events in data; ε is the detection
efficiency; and Binter are the intermediate BFs, which are
ð1.17� 0.03Þ%, ð1.16� 0.03Þ%, and ð1.12� 0.03Þ% for
χc0, χc1, and χc2 channels, respectively. The likelihood
distribution Ln is obtained by scanning the signal yield n
from 0 to 300 with a step size 0.01. The relative likelihood
is defined as L ¼ Ln=Lmax, where Lmax is the maximum
likelihood value. To incorporate multiplicative systematic
uncertainties, the relative likelihood distribution is smeared
by a Gaussian function following the method in Ref. [83].
The smeared likelihood is

L0ðnÞ ∝
Z

1

0

L
�
n ·

ε0

ε

�
e
−ðε0−εÞ2

2σ2ε dε0; ð2Þ

where σε ¼ Δsys · ε, and Δsys is the total systematic
uncertainty. By integrating the smeared likelihood curve
up to 90% of the physical region n > 0, the ULs on BX for
χc0, χc1, and χc2 channels are set to be 1.3 × 10−5,
7.2 × 10−5, and 4.3 × 10−5 at 90% confidence level (CL),
respectively. The ULs on Bγ0ðXÞ depending on the γ0ðXÞ
mass for three χcJ channels are shown in Fig. 3.
The mixing strength ϵ between the SM photon and

the dark photon γ0 is determined from the ratio of the BF
χcJ → γ0J=ψ and that of the radiative process χcJ → γJ=ψ
as [36]

BðχcJ → γ0J=ψÞ
BðχcJ → γJ=ψÞ ¼ ϵ2jFðq2Þj2 λ

3=2ðm2
1; m

2
2; m

2
3Þ

λ3=2ðm2
1; m

2
2; 0Þ

; ð3Þ

where

λðm2
1; m

2
2; m

2
3Þ ¼

�
1þ m2

3

m2
1 −m2

2

�
2

−
4m2

1m
2
3

ðm2
1 −m2

2Þ2
; ð4Þ

TABLE II. Summary of the multiplicative systematic uncer-
tainties (%) for three χcJ channels.

Source χc0 χc1 χc2

MDC tracking 0.7 0.6 0.6
PID 4.9 5.4 5.5
Photon detection 1.0 1.0 1.0
Intermediate BFs 2.4 2.8 2.5
Number of ψð3686Þ events 0.5 0.5 0.5
Signal model 4.5 3.3 3.0
MC statistics 0.3 0.3 0.3
J=ψ mass window 0.5 0.1 0.1
ψð3686Þ mass window 0.1 � � � � � �
Photon conversion veto 1.0 1.0 1.0
π0ðηÞ → γeþe− veto 3.0 3.0 3.0
χcJ states identification 2.4 2.6 3.0

Total 8.2 8.1 8.2
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and m1;2;3 are the χcJ, J=ψ , and γ0 particle masses. jFðq2Þj
is the transition form factor from χcJ to J=ψ estimated at
q2 ¼ m2

γ0 , which is set to be 1 according to Ref. [73]. The
BF BðχcJ → γJ=ψÞ is taken from the PDG [69], and
Bðγ0 → eþe−Þ is obtained according to Ref. [35]. The
ULs of the mixing strength ϵ are obtained in the combined
analysis of the three independent χcJ decay channels. The
likelihoods are combined via [84]

LcombineðϵÞ ¼ L0
χc0ðϵÞ × L0

χc1ðϵÞ × L0
χc2ðϵÞ; ð5Þ

where L0
χcJðϵÞ is the smeared likelihood for three χcJ

channels. Then the ULs on the mixing strength ϵ at
90% CL are evaluated by integrating the combined

likelihood curve up to 90% of the physical region ϵ > 0.
Figure 4 shows the combined exclusion limit curves on the
mixing strength ϵ as a function of γ0 mass from this work
and the previous experiments. The ULs on the mixing
strength ϵ vary within ð2.5–17.5Þ × 10−3 depending on the
dark photon mass. The combined upper limit on the strength
of the charm quark coupling ϵc at 17 MeV=c2 is determined
to be jϵcj < 1.2 × 10−2 using the same procedure, where the
BðX → eþe−Þ is assumed to be 100%. The sensitivity to low
masses (∼5 MeV=c2) is limited mainly due to the large
backgrounds in this invariant mass region.

VI. SUMMARY

In summary, with a sample of ð2712.4� 14.3Þ ×
106 ψð3686Þ events collected with the BESIII detector,
the first search for a hypothetical gauge boson and dark
photons in χcJ transitions is performed. No significant
signal is observed. The ULs on the product BF
BðχcJ → γ0ðXÞJ=ψÞ × Bðγ0ðXÞ → eþe−Þ, the charm quark
coupling strength ϵc, and the mixing strength ϵ between the
SM photon and dark photon are measured at 90% CL. Our
results set new constraint on the ϵc, which can help to
determine the coupling between X and the charm quark.
Our results also improve the previous BESIII ULs on the
mixing strength ϵ [49,50] for γ0 masses below 0.1 GeV=c2.
A more stringent constraint on ϵ or ϵf is expected in meson
decay and the eþe− → γγ0ðXÞ process with larger data
samples at the future super τ-charm factory [86].
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