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Using a data sample of ð1310.6� 7.0Þ × 106 J=ψ decay events collected with the BESIII detector at
BEPCII, we study the electromagnetic Dalitz decay J=ψ → η0eþe− with two dominant η0 decay modes,
η0 → γπþπ− and η0 → πþπ−η. The branching fraction is determined to be BðJ=ψ → η0eþe−Þ ¼
ð6.59� 0.07� 0.17Þ × 10−5, which improves in precision by a factor of 2 over the previous BESIII
measurement. A search for the dark photon (γ0) is performed via J=ψ → η0γ0, γ0 → eþe−. Excluding theω and
ϕmass regions, no significant signal is observed in themass range from0.1 to2.1 GeV=c2.We set upper limits
at the 90% confidence level onBðJ=ψ → η0γ0Þ × Bðγ0 → eþe−Þ,BðJ=ψ → η0γ0) and themixing strength as a
function of dark photon mass. This is among the first searches for dark photons in charmonium decays.

DOI: 10.1103/PhysRevD.99.012013

I. INTRODUCTION

The electromagnetic (EM)Dalitz decay of a vector meson
(V) to a pseudoscalar meson (P) and a pair of leptons (l ¼ e,
μ), V → Plþl−, provides important information on the
interaction at the V-P transition vertex [1], where the lepton
pair in the final state originates from a virtual photon. Such
Dalitz processes have been widely studied with light
unflavored meson decays, such as ϕ → π0eþe− [2], ω →
π0eþe− [3,4], ω → π0μþμ− [5] and ϕ → ηeþe− [6,7].
BESIII observed the decays J=ψ → Peþe− [8] for the first
time using ð225.3� 2.8Þ × 106 J=ψ events. The branching
fraction (BF) of J=ψ → η0eþe− was measured to be
ð5.81� 0.16� 0.31Þ × 10−5. It agrees with the theoretical
prediction ð5.66� 0.16Þ × 10−5 [9] within the uncertainty.
Except for gravitational effects, we still know very little

about the constituents and interactions of dark matter.
Many models beyond the Standard Model (SM) of particle
physics have proposed the existence of a dark sector, which
is being searched for with efforts from different types of
experiments [10–20]. The simple realizations of these
models usually consist of an extra U(1) gauge group, with
a corresponding massive vector boson force carrier, called a
dark photon (γ0), which is neutral under the SM gauge
symmetries, but couples to the SM photon via kinetic
mixing [21] and decays into SM particles. Such models
provide a natural scenario for dark matter interactions. A
dark photon with a mass in the MeV=c2 to GeV=c2 range
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can also be accommodated by observational astroparticle
anomalies [22]. Low-energy electron-positron colliders
offer an ideal environment to test these low-mass dark
sector models [23,24], and meson decays provide an
important constraint on the mixing strength ε between
the dark photon and SM photon [25,26]. The authors of
Ref. [9] have estimated the achievable limits on the mixing
strength in the processes J=ψ → Pγ0ðγ0 → lþl−Þ using the
huge BESIII J=ψ data sample. The search in J=ψ decays
could uniquely probe the coupling of the dark photon with
the charm quark.
In this paper, we report on the updated BF measurement

of J=ψ → η0eþe− and a search for a dark photon through
J=ψ → η0γ0, γ0 → eþe−, with 405 pb−1 eþe− collision data
containing ð1310.6� 7.0Þ × 106 J=ψ events [27] collected
by BESIII. Together with the study of J=ψ → ηeþe− [28]
with the same data set, it is the first time that the dark
photon is searched for through the charmonium decays.

II. APPARATUS AND MONTE CARLO
SIMULATION

BEPCII is a double ring eþe− collider running at the
center-of-mass (c.m.) energy

ffiffiffi
s

p
from 2.0 to 4.6 GeV with a

peaking luminosity of 1 × 1033 cm−2 s−1. The BESIII
detector [29], with a geometrical acceptance of 93% of
the 4π stereo angle, operates in a magnetic field of 1.0 T
(0.9 T in 2012) provided by a superconducting solenoid. It is
composed of a helium-based main drift chamber (MDC) to
measure the momentum and ionization energy loss (dE=dx)
of charged particles, a plastic scintillator time-of-flight
(TOF) system for particle identification (PID) information,
a CsI(Tl) electromagnetic calorimeter (EMC) to measure
photon and electron energies and a multilayer resistive plate
chamber muon detection system to identify muons.
Monte Carlo (MC) simulations are used to optimize the

event selection, investigate background and determine the
detection efficiency. The GEANT4-based [30] simulation
includes the description of the geometry and material of the
BESIII detector, the detector response, and digitization
models and also tracks the detector running conditions
and performance. An inclusive MC sample containing
1.225 × 109 J=ψ events is used to study potential back-
grounds. The production of the J=ψ meson is simulated by
the MC event generator KKMC [31]. The known decay
modes of the J=ψ are generated by EVTGEN [32] with BFs
set at the world average values from the particle data group
(PDG) [33], while the remaining unknown decays are
generated by LUNDCHARM [34]. The analysis is performed
in the framework of the BESIII offline software system
which takes care of the detector calibration and event
reconstruction.
The decay J=ψ → η0eþe− is simulated according to the

Lorentz-invariant amplitude, taking into account the J=ψ
polarization state in the eþe− annihilation system. The J=ψ

to η0 transition form factor is assumed to be a single-pole
form jFðq2Þj ¼ 1=ð1 − q2=Λ2Þ, where q2 is the four-
momentum transfer squared and Λ is the effective pole
mass, with a value of Λ ¼ 3.686 GeV=c2. Then the
subsequent decay mode of η0 → γπþπ− is simulated with
the ρ-ω interference and box anomaly effects [35,36]. The
decays of η0 → πþπ−η and η → γγ are generated with a
phase space model. The decays of J=ψ → η0V (V repre-
sents ρ, ω, ϕ) and J=ψ → η0γ0 are generated by a P-wave
decay model, and the decay γ0 → eþe− is modeled as a
vector meson decaying to a lepton pair [32].

III. DATA ANALYSIS

In this work, the signal is reconstructed with a pair of an
electron and positron, in addition to an η0 meson, which is
reconstructed with two decay modes of η0 → γπþπ− and
η0 → πþπ−ηðγγÞ. The final states of the corresponding J=ψ
decays are γπþπ−eþe− and γγπþπ−eþe−, respectively.
They are denoted as mode I and mode II throughout
this paper.
Charged tracks in the BESIII detector are reconstructed

from hits in the MDC. We select good charged tracks
passing within �10 cm from the interaction point (IP) in
the beam direction and within 1 cm in the plane
perpendicular to the beam. The polar angle of the track
is required to satisfy j cos θj < 0.93. Four candidate
charged tracks are required, and their net charge must be
equal to zero. The combined information of the energy loss
dE=dx from the MDC and the time of flight from the TOF
is used to calculate the PID confidence levels (C.L.) for the
e, π and K hypotheses. Both the electron and positron
selections require the electron hypothesis to have the
highest PID C.L. among the three hypotheses, and the
other two charged tracks are treated as πþπ− candidates
without any PID requirement. The four charged tracks
πþπ−eþe− must pass a common vertex constrained fit to
ensure that they originate from the interaction point.
Electromagnetic showers are reconstructed from clusters

of energy deposits in the EMC. The shower energy of
photon candidates in the EMC must be greater than
25 MeV in the barrel region (j cos θj < 0.80) or 50 MeV
in the end-cap region (0.86 < j cos θj < 0.92). Showers
located between the barrel and end-cap regions are
excluded due to worse reconstruction. Showers are required
to be separated from the extrapolated positions of any
charged track by more than 10°. Cluster-timing require-
ments are used to suppress electronic noise and unrelated
energy deposits. We require at least one (two) candidate
photon(s) for mode I (II). The ηmeson is reconstructed with
γγ state, with the γγ invariant mass MðγγÞ of candidates
required to be within ½0.48; 0.60� GeV=c2.
A four-constraint (4C) energy-momentum conservation

kinematic fit is performed to the signal hypothesis.
For events with extra photon candidates, the combination
of final state particles with the minimum chi-square ( χ24C)
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is selected, and the χ24C is required to be less than 100. The
χ24C requirement removes more than 12% and 30% of
background events for mode I and II, respectively, and
results in a signal efficiency loss of about 7% for
both modes.

A. Measurement of B(J=ψ → η0e + e− )
The major background that can peak in η0 mass dis-

tribution is from the radiative decay J=ψ → γη0 followed by
a γ conversion process, where γ converts into an eþe− pair
when it interacts with material in front of the MDC. The
distance from the reconstructed vertex of the eþe− pair to
the IP in the x-y projection, δxy, is used to identify γ

conversion [37]. Here δxy ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
x þ R2

y

q
, and Rx and Ry are

the coordinates of the reconstructed vertex in the x and y
directions. The scatter plot of Ry versus Rx of the J=ψ →
γη0ðη0 → γπþπ−Þ MC sample, and the δxy distributions of
data and various MC samples are shown in Fig. 1. The two
peaks above 2 cm in the δxy distribution match the positions
of the beam pipe and inner wall of the MDC. Only events
with δxy < 2 cm are retained. The normalized number of
the remaining γ conversion events is estimated according to
the corresponding BFs from the PDG [33], as 202.2� 7.3
(70.6� 2.5) in mode I (II).
In addition to the γ conversion events, there are some

other minor backgrounds that can also peak in η0 mass
distribution. The background from J=ψ → Vη0, V ¼ ρ, ω,
ϕ decays is studied with high statistics MC samples. The
peaking background from the process J=ψ → η0πþπ− is
estimated with a MC sample generated according to the
amplitude as reported in Ref. [38]. The numbers of these
background events (Nbkg), normalized according to the
world-averaged BFs [33], are summarized in Table I.
Potential peaking background from the two-photon process

eþe− → eþe−η0 is found to be negligible, as studied with
2.93 fb−1 of data at c.m. energy of 3.773 GeV [39,40].
Mode II has no obvious nonpeaking contamination of the

η0 invariantmass distribution, and the background containing
an η is determined to be negligible from a MC study. There
are two kinds of nonpeaking background for mode I. One is
J=ψ → πþπ−η=π0 with η=π0 → γeþe−, which has the same
final state γπþπ−eþe− as the signal process. To reject the
background with a π0 intermediate state, candidates with the
γeþe− invariant mass Mðγeþe−Þ in the π0 mass window
½0.10; 0.16� GeV=c2 are removed. The other is from J=ψ
decayswithmultiple pions in the final state,where a pion pair
is misidentified as an electron-positron pair. Both back-
grounds produce a smooth shape on the γπþπ− invariant
mass Mðγπþπ−Þ distribution around the η0 mass.
The distributions of γπþπ− invariant mass Mðγπþπ−Þ

and γγπþπ− invariant mass Mðγγπþπ−Þ of surviving
candidate events after all the above selection criteria, within
the region ½0.87; 1.03� GeV=c2, are shown in Fig. 2.
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FIG. 1. Electron-positron pair vertex distributions. (a) The two-
dimensional scatter plot of Ry versus Rx from J=ψ → γη0ðη0 →
γπþπ−Þ MC simulated events. (b) Distribution of δxy. The black
crosses are data, the blue solid line is the total contribution from
the MC and η0 sideband, the green dotted-dashed line is signal
MC, the dashed line is J=ψ → γη0ðη0 → γπþπ−Þ MC and the
shaded area is the η0 sideband. The quantities are described in
the text.

TABLE I. Number of nonconversion peaking background
events, as estimated with high statistics MC. The uncertainties
include those of all intermediate resonance decay BFs [33]. “…”
indicates cases of no event survival. The first group lists
contributions from J=ψ → ϕη0ðϕ → eþe−Þ, as fixed in the fitting,
and J=ψ → ρη0ðρ → πþπ−Þ, which is included coherently in
J=ψ → η0πþπ−. The second group shows minor contribution
sources, which are not accounted for in the fitting, but needs to be
subtracted from the fitted signal yield.

Nbkg (mode I) Nbkg (mode II)

J=ψ → ϕη0ðϕ → eþe−Þ 17.1� 1.9 6.4� 0.7
J=ψ → ρη0ðρ → πþπ−Þ 2.8� 0.2 0.8� 0.1
J=ψ → ωη0ðω → eþe−Þ 1.6� 0.2 0.6� 0.1
J=ψ → ρη0ðρ → eþe−Þ 0.48� 0.05 0.18� 0.02
J=ψ → ϕη0ðϕ → KþK−Þ … …
J=ψ → η0πþπ− 3.8� 0.2 1.8� 0.1

Contribution to subtract 5.9� 0.3 2.5� 0.2
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FIG. 2. The invariant mass spectra of η0 candidate events
(a) Mðγπþπ−Þ and (b) Mðγγπþπ−Þ. Black crosses are data, the
blue solid line is the total fitting projection, the red dashed line is
signal, the green dotted-dashed line is nonpeaking background,
the pink cross-hatched area is γ conversion J=ψ → γη0 and the
yellow solid area is J=ψ → η0ϕ, ϕ → eþe−.
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Unbinned maximum likelihood (ML) fits are performed
on the Mðγπþπ−Þ and Mðγγπþπ−Þ distributions to deter-
mine the signal yields. In the fits, the signal probability
density function (PDF) is described by a signal MC
simulated shape convolved with a Gaussian function,
which takes into account the resolution difference between
data and MC simulation. The major peaking backgrounds
from γ conversion J=ψ → γη0 and J=ψ → ϕη0ðϕ → eþe−Þ
are described with MC shapes, and their magnitudes are
fixed to the expected values. The number of minor peaking
background events as shown in Table I is directly sub-
tracted from the fitted η0 yields. The nonpeaking back-
grounds in mode I and II are described with second- and
first-order Chebyshev polynomial functions, respectively.
The fit results are shown in Fig. 2, with signal yields of
6442.8� 87.1 and 2497.9� 51.3 for mode I and II,
respectively. The goodness of fit is demonstrated by χ2

over the number of degrees of freedom (ndf), with values
χ2=ndf ¼ 74.8=35 and 34.3=17 for mode I and II, respec-
tively. The BF of J=ψ → η0eþe− is determined by

BðJ=ψ → η0eþe−Þ ¼ Nsig

NJ=ψ · Bη0→F · E · δ2
; ð1Þ

where Nsig is the number of signal events, NJ=ψ is the
number of J=ψ events, Bη0→F is the intermediate BF of the
η0 decay, ð28.9� 0.5Þ% for Bðη0 → γπþπ−Þ in mode I and
ð16.9� 0.3Þ% for Bðη0 → ηπþπ−Þ × Bðη → γγÞ in mode II
[33], E is the detection efficiency ð25.01� 0.06Þ% for
mode I and ð16.82� 0.06Þ% for mode II and δ ¼ 1.012 is
the tracking efficiency correction factor per electron/
positron as described in Sec. IV. Using Eq. (1) and taking
into account the systematic uncertainties discussed in
Sec. IV, BðJ=ψ → η0eþe−Þ values for mode I and
mode II are calculated to be ð6.63�0.09�0.21Þ×10−5 and
ð6.54� 0.13� 0.26Þ × 10−5, respectively, where the first
uncertainties are statistical and the second are systematic.
The results from the two η0 decay modes are consistent with
each other within the statistical and uncorrelated systematic
uncertainties. With the weighted least squares method
taking into account the correlated and uncorrelated uncer-
tainties [41], the weighted average BF from the two decay
modes is BðJ=ψ→η0eþe−Þ¼ð6.59�0.07�0.17Þ×10−5.
This result is consistent with the previous BESIII meas-
urement [8], and the precision is improved by a factor of 2,
from 6% to 3%. The measured value is higher than the
theoretical prediction of Ref. [9] from the single-pole form
factor and will provide further input to improve theoretical
models.

B. Search for the dark photon through J=ψ → η0e + e−
The dark photon is searched for by looking for a narrow

resonance peaking on a smooth electron-positron invariant
mass [Mðeþe−Þ] spectrum at the position of the dark

photon mass (mγ0 ). Candidate events with the η0eþe− final
state are selected with the same selection criteria as
described in Sec. III A but without the γ conversion veto
criteria. Since γ conversion events distribute mainly in the
low Mðeþe−Þ region below 70 MeV=c2, only candidate
events with Mðeþe−Þ>70MeV=c2 are retained. The mass
ranges ½0.74; 0.84� GeV=c2 and ½1.00; 1.04� GeV=c2, cor-
responding to the regions of the ω and ϕ mesons, are
excluded in the dark photon search, since the search
sensitivity of γ0 → eþe− would degrade significantly due
to the complicated SM background and the suppressed BF
of γ0 → eþe− [23,26,42]. The invariant mass of the η0

candidates is required to be within ½0.93; 0.98� GeV=c2 and
the selected events are mainly from the EM Dalitz
decay J=ψ → η0eþe−.
The signal PDF and detection efficiency are determined

with a series of signal MC samples. They are generated
according to the decay chain J=ψ → η0γ0, γ0 → eþe−, with
differentmγ0 values, ranging from 0.1 to 2.0 GeV=c2 with a
step of 0.1 GeV=c2. The dark photon width, suppressed by
a factor of ε2 and expected to be far below the experimental
resolution, is set to zero in the MC generation. The dark
photon signal PDF is parametrized by the sum of two
Crystal Ball (CB) functions with a common mean value,
where the parameters are determined by fitting the signal
MC samples. The resolution, which is evaluated by
weighting the widths of two CBs according to their ratio,
grows from 2 to 8 MeV=c2 as mγ0 increases. The detection
efficiency, shown in Fig. 3, ranges from 35% to 41% and
from 22% to 27% depending on mγ0 in mode I and II,
respectively. The efficiency and signal PDF parameters are
interpolated between the mass points by a fit with a
polynomial function. The background PDF is the sum of
a second-order polynomial function and an exponential
function: fðmeþe−Þ¼c2 ·m2

eþe−þc1 ·meþe−þc0þec3·meþe− .
The parameters c0, c1, c2, and c3 are determined from
a background-only ML fit of data as shown in Figs. 4(a)
and 4(b).
To determine the possible dark photon signal

yield, a series of ML fits are performed in the range

)2c (GeV/’γm
0.5 1.0 1.5 2.0

E
ff

ic
ie

n
cy

 

0.30

0.35

0.40

0.45 (a)

)2c (GeV/’γm
0.5 1.0 1.5 2.0

E
ff

ic
ie

n
cy

 

0.1

0.2

0.3

0.4

(b)

FIG. 3. The total detection efficiency of the entire decay chain
for different mγ0 of (a) mode I and (b) mode II. The blue curves
show the fit with polynomial functions.
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0.07 < mγ0 < 2.13 GeV=c2 with uniform mass steps of
2 MeV=c2. In each fit, a composite PDF model of the
corresponding signal shape and the common background
description is used, with the parameters of the signal and
background fixed while their yields are free to float. In
order to avoid fit failure due to the limited statistics in the
high Mðeþe−Þ region in mode II, a lower bound on the
signal yield is imposed by requiring the total PDF of signal
plus background to remain non-negative.
For each Mðeþe−Þ point, the local significance of the

signal is determined by S ¼ signðNsigÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2 lnðL0=LmaxÞ

p
,

where L0 (Lmax) is the likelihood value without (with) the
signal hypothesis included in the fit. The results of Nsig

and the corresponding significance are shown in Figs. 4(c)
and 4(d), respectively. The maximum local significance is
from mode II, with 3.1σ at 0.204 GeV=c2. The correspond-
ing global significance is less than 1σ, evaluated by using a
large number of pseudoexperiments [43]. In conclusion, no
significant dark photon signal is observed within the
searched range.

IV. SYSTEMATIC UNCERTAINTIES

Most of the systematic uncertainties from the event
selection are the same for the BF measurement and the
dark photon search. The correlations between the two η0
reconstruction modes are taken into account when evalu-
ating the uncertainties for the BF measurement. The
uncertainties for the efficiencies of MDC tracking, photon
detection, PID, the number of J=ψ decay events, and the γ
conversion veto are considered as correlated sources. Those
for an additional photon in η0 → πþπ−ηðγγÞ, the 4C
kinematic fit, η reconstruction, the form factor, signal
shape, fit range, background shape and magnitude and η0
BFs are considered as the independent sources. The
systematic uncertainties are discussed below and summa-
rized in Table II.
Some of the uncertainties are estimated in a similar

way as described in Ref. [8]. The uncertainty is 0.6%
per electron due to PID, determined by comparing the
efficiency difference between data and MC simulation
for a control sample of radiative Bhabha eþe− → γeþe−
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(including J=ψ → γeþe−) events collected at the J=ψ
energy. With the same control sample, the electron tracking
efficiency from MC is corrected in a two-dimensional
distribution of the transverse momentum versus polar angle
of the lepton tracks by different interpolation algorithms
event by event. The difference between data and MC after
correction shows consistent values of 0.5% per track, which
is taken as the electron tracking uncertainty, and the overall
efficiency correction factor per electron/positron track is
calculated to be δ ¼ 1.012. The charged pion tracking
efficiency is studied with the control sample of J=ψ →
πþπ−pp̄ events. The differences between data and MC are
tabulated in bins of transverse momentum and polar angle.
After reweighting according to the signal kinematics, the
tracking uncertainties for charged pions are determined to
be 0.3% per pion track in mode I and 0.7% in mode II,
reflecting the different pion transverse momentum distri-
butions of the two modes. Tracking uncertainties are treated
as fully correlated and thus added linearly.
The photon detection efficiency is studied with a control

sample of J=ψ → πþπ−π0, π0 → γγ events. The data/MC
difference is 0.5% (1.5%) for a photon in the EMC barrel
(end-cap) region. The average difference, 0.6% per photon,
is taken as systematic uncertainty.
The uncertainty associated with the 4C kinematic fit is

estimated with a high purity control sample of J=ψ →
πþπ−π0, π0 → γeþe− events. The efficiency difference
between data and MC simulation is 0.5%, which is taken
as the systematic uncertainty. This control sample is also used
to estimate the uncertainty due to the γ conversion veto
criterion δxy < 2 cm. The difference in efficiency between
data andMC simulation is 1% and is taken as the uncertainty.

The signal efficiency may also be biased due to the η
reconstruction via its γγ decay. The systematic uncertainty
for it is determined to be 1.0% from a study of the control
sample of J=ψ → pp̄η [44] events.
The uncertainty of the transition form factor used in

the MC generation is estimated with the alternative signal
MC samples generated with the parameters Λ ¼ 3.0 or
4.0 GeV=c2, and the largest efficiency difference 0.4%
(0.2%) with respect to the nominal one is taken as the
uncertainty for mode I (II).
The uncertainty on the efficiency due to the choice of the

signal parametrization is 0.4% (0.2%) for mode I (II),
evaluated by comparing the signal yields with and without
the Gaussian function convolution in the fit. We select
alternative fit ranges and a higher order Chebyshev poly-
nomial function for nonpeaking background shapes to
estimate the related uncertainty. The largest difference of
the signal yield with respect to the nominal one, 0.6%
(1.3%), is taken as the uncertainty for mode I (II). The
uncertainty due to fixing the peaking-background yield is
0.3% for both modes, evaluated by adjusting the number of
peaking background events by one standard deviation of
the total peaking background yield.
The uncertainty of the number of J=ψ events is deter-

mined to be 0.5% [27] and those of the η0 BFs are taken as
1.7% for both modes [33].
For the dark photon search, the systematic uncertainties

are divided into additive and multiplicative terms. The
additive systematic uncertainties arise from the fit bias and
the signal and background PDFs. The multiplicative
uncertainties come from the number of J=ψ events, η0
BFs and detection efficiencies, which have been discussed

TABLE II. Sources of systematic uncertainties for the BF measurement and multiplicative terms for the dark
photon search (in %). The correlated sources between η0 → γπþπ− and η0 → πþπ−ηðγγÞ modes are marked with an
asterisk.

BF measurement Search for dark photon

Sources η0 → γπþπ− η0 → πþπ−ηðγγÞ η0 → γπþπ− η0 → πþπ−ηðγγÞ
MDC tracking * 1.6 2.4 1.6 2.4
PID * 1.2 1.2 1.2 1.2
Photon detection * 0.6 1.2 0.6 1.2
4C kinematic fit 0.5 0.5 0.5 0.5
Veto of γ conversion * 1.0 1.0 … …
η reconstruction … 1.0 … 1.0
Form factor 0.4 0.2 … …
Signal shape 0.4 0.2 … …
Fit range and background shape 0.6 1.3 … …
Fixed peaking background 0.3 0.3 … …
Number of J=ψ events * 0.5 0.5 0.5 0.5
η0 BFs 1.7 1.7 1.7 1.7
Bðγ0 → eþe−Þ* … … – a=ð0–14Þb – a=ð0–14Þb
Total 3.1 4.0 2.8a=ð2.8–14.3Þb 3.6a=ð3.6–14.5Þb

aUncertainties associated with the upper limit on BðJ=ψ → η0γ0Þ × Bðγ0 → eþe−Þ.
bUncertainties associated with the upper limit on BðJ=ψ → η0γ0Þ.
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in the BF measurement. To incorporate these uncertainties,
we take the additive systematic uncertainty into consid-
eration by performing the same fit procedure with different
combinations of the nominal and alternative fit ranges,
signal shapes and background shapes. The maximum
number of signal events among the different fit scenarios
is adopted to calculate the upper limit of the signal yield
Nsig. This procedure is performed for mode I and mode II
separately. The multiplicative systematic uncertainties in
the search for a dark photon are listed in Table II. Most of
them come from differences in the selection efficiency
between data andMC simulation. When deriving BðJ=ψ →
η0γ0Þ from the product BF, an additional systematic uncer-
tainty originates from the theoretical BF of Bðγ0 → eþe−Þ,
which is 0–14% depending on mγ0 according to Ref. [23]
and mainly comes from the R value measurement.

V. DARK PHOTON SEARCH RESULT

We compute the upper limit on the BFs BðJ=ψ → η0γ0Þ ×
Bðγ0 → eþe−Þ and BðJ=ψ → η0γ0Þ at the 90% C.L. using a
Bayesian method [33]. The expected number of signal
events observed in the ith mode is calculated with Ni

sig ¼
NJ=ψ ·Bi

η0→F ·BðJ=ψ → γ0η0Þ ·Bðγ0 → eþe−Þ · Ei · δ2, where
NJ=ψ is the number of J=ψ events, Bi

η0→F is the BF of η0

decay to final state F, BðJ=ψ → γ0η0Þ and Bðγ0 → eþe−Þ are
the BFs’ signal MC simulation, and δ ¼ 1.012 is the
electron tracking efficiency correction factor. The like-
lihood value (L), as a function of product BF
BðJ=ψ → η0γ0Þ × Bðγ0 → eþe−Þ, is calculated as a product
of L from mode I and mode II with the method described in
Ref. [45]. The systematic uncertainties, which have been
discussed in Sec. IV, are separately incorporated into the
likelihood distribution as correlated and uncorrelated terms.
The upper limit BUP on the product BF at the 90% C.L. is
determined from the integral

R
BUP

0 LdB=
R
∞
0 LdB¼90%.

The values of BUP are plotted as a function of mγ0 in
Fig. 5(a). We also obtain the likelihood value as a function
of BðJ=ψ → η0γ0Þ by taking into account the BF Bðγ0 →
eþe−Þ and its corresponding uncertainty [23], and we
compute the upper limit on the BðJ=ψ → η0γ0Þ at the
90% C.L., as shown in Fig. 5(b). The upper limit at the
90% C.L. on the BF BðJ=ψ → η0γ0Þ × Bðγ0 → eþe−Þ
ranges from 1.8 × 10−8 to 2.0 × 10−7 and that on BðJ=ψ →
η0γ0Þ ranges from 5.7 × 10−8 to 7.4 × 10−7.
The mixing strength ε coupling γ0 and SM photon is

determined from the ratio of the BF BðJ=ψ → η0γ0Þ and that
of the radiative process BðJ=ψ → η0γÞ as [26]

BðJ=ψ → η0γ0Þ
BðJ=ψ → η0γÞ ¼ ε2jFðm2

γ0 Þj2
λ3=2ðm2

J=ψ ; m
2
η0 ; m

2
γ0 Þ

λ3=2ðm2
J=ψ ; m

2
η0 ; 0Þ

;

where λðm2
1; m

2
2; m

2
3Þ ¼ ð1þ m2

3

m2
1
−m2

2

Þ2 − 4m2
1
m2

3

ðm2
1
−m2

2
Þ2; mi is the

mass of a specific particle i; and jFðm2
γ0 Þj2 is the J=ψ to η0

transition form factor as described in Sec. II, evaluated
at q2 ¼ m2

γ0 . The BF BðJ=ψ → η0γÞ is taken from the
PDG [33] value. The corresponding exclusion limit on the
mixing strength ε, which is shown in Fig. 5(c), ranges from
3.4 × 10−3 to 2.6 × 10−2 depending on mγ0 .

VI. SUMMARY

With a data sample of ð1310.6� 7.0Þ × 106 J=ψ events
collected by the BESIII detector, we measure the BF of the
EM Dalitz decay J=ψ → η0eþe− with two dominant η0
decay modes. The combined result of BðJ=ψ → η0eþe−Þ is
determined to be ð6.59� 0.07� 0.17Þ × 10−5. This result
is compatible with the previous BESIII measurement [8]
and the precision is greatly improved from 6% to 3%.
We also search for a dark photon via the decay chain

J=ψ → η0γ0, γ0 → eþe− with the same two η0 decay modes.
No significant signal of γ0 is observed, and we set upper
limits for the product BF BðJ=ψ → η0γ0Þ × Bðγ0 → eþe−Þ
and the BF BðJ=ψ → η0γ0Þ at the 90% C.L., which
range from 1.8 × 10−8 to 2.0 × 10−7 and 5.7 × 10−8 to
7.4 × 10−7, respectively. The exclusion limit on the mixing
strength ε between the SM photon and dark photon varies
in a range from 3.4 × 10−3 to 2.6 × 10−2 depending onmγ0 .
This is among the first searches for the dark photon in the
charmonium decays.
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