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Based on a data sample of 10 billion J=ψ events collected with the BESIII detector, improved
measurements of the Dalitz decays η=η0 → γeþe− are performed, where the η and η0 are produced through
the radiative decays J=ψ → γη=η0. The branching fractions of η → γeþe− and η0 → γeþe− are measured to
be ð7.07� 0.05� 0.23Þ × 10−3 and ð4.83� 0.07� 0.14Þ × 10−4, respectively. Within the single-pole
model, the parameter of electromagnetic transition form factor for η → γeþe− is determined to be
Λη ¼ ð0.749� 0.027� 0.007Þ GeV=c2. Within the multipole model, we extract the electromagnetic

transition form factors for η0 → γeþe− to be Λη0 ¼ ð0.802� 0.007� 0.008Þ GeV=c2 and

γη0 ¼ ð0.113� 0.010� 0.002Þ GeV=c2. The results are consistent with both theoretical predictions
and previous measurements. The characteristic sizes of the interaction regions for the η and η0 are
calculated to be ð0.645� 0.023� 0.007Þ fm and ð0.596� 0.005� 0.006Þ fm, respectively. In addition,
we search for the dark photon in η=η0 → γeþe−, and the upper limits of the branching fractions as a function
of the dark photon are given at 90% confidence level.
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I. INTRODUCTION

In the Dalitz decays η=η0 → γlþl−ðl ¼ e; μÞ, the lepton
pair is formed through the internal conversion of an
intermediate virtual photon. These decays are of special
interest since their decay rates are sensitive to the electro-
magnetic structure arising at the vertex of the transition.
Deviations of the measured quantities from their quantum
electrodynamics (QED) predictions are usually described
in terms of a timelike transition form factor, which sheds
light on the meson’s structure [1]. In addition, these Dalitz
decays also play an important role in the evaluation of the
hadronic light-by-light contribution to the muon anomalous
magnetic moment [2].
If one assumes pointlike particles, the electromagnetic

decay rate can be precisely calculated by QED.
Modifications to the QED decay rate due to the inner
structure of the mesons are incorporated in the transition
form factor (TFF) Fðq2Þ, where q is the momentum
transferred to the lepton pair [1],
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wheremP andml are the masses of the pseudoscalar meson
(η or η0 in this paper) and the lepton, respectively; α is the
fine structure constant; and ½QEDðq2Þ� represents the
calculable QED part for a pointlike meson. The Fðq2Þ,
which is described by phenomenological models, can be
experimentally determined from the ratio between the
measured dilepton invariant mass spectrum and the QED
calculation, which is derived from Eq. (1). One of the most
common phenomenological models to estimate Fðq2Þ is
the vector meson dominance (VMD) model. In the VMD
model [3], the interactions between a virtual photon and
hadrons are assumed to be mediated through a super-
position of neutral vector meson states. Therefore, the TFF
is parametrized as [1]

Fðq2Þ ¼ N
X
V

gηð0ÞγV
2gVγ

m2
V

m2
V − q2 − iΓVmV

; ð2Þ

where N is a normalization constant ensuring Fð0Þ ¼ 1;
mV and ΓV are the masses and widths of the vector mesons
V ¼ ρ;ω;ϕ, and gηð0ÞγV and gVγ are the corresponding

coupling constants of the ηð0Þ transition into a photon
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and vector meson and the vector meson transition into a
photon, respectively.
In a simplified approach, the single-pole form factor is

written as

Fðq2Þ ¼ 1

1 − q2=Λ2
; ð3Þ

where the pole parameterΛ is expected to be of the order of
a vector meson (typically ρ;ω;ϕ) mass. The parameter to
be experimentally determined is the slope of the form factor

b ¼ dF
dq2

����
q2¼0

¼ Λ−2: ð4Þ

In the case of the η0, the pole is expected to lie within the
kinematic boundaries of the decay. A widely used expres-
sion for the multipole form factor is

jFðq2Þj2 ¼ Λ2ðΛ2 þ γ2Þ
ðΛ2 − q2Þ2 þ Λ2γ2

; ð5Þ

where the parameters Λ and γ correspond to the mass and
width of the Breit-Wigner shape for the effective con-
tributing vector meson. One application of the form factor
is to calculate the rms of the interaction regions, R ¼ffiffiffiffiffiffiffiffiffi
6 · b

p
[1].

In contrast to previous studies of η → γlþl− from SND
and WASA [4,5], BESIII has unique access to η and η0
decays due to their high production rate in J=ψ radiative
and hadronic decays. For example, BESIII reported the
first measurement of the eþe− invariant-mass distribution
from η0 → γeþe− with J=ψ → γη0 [6]. The single-pole
parametrization provides a good description of data
and the corresponding slope parameter is bη0 ¼
ð1.60� 0.19Þ GeV−2. It is in agreement with predictions
from different theoretical models [7–10] and a previous
measurement of η0 → γμþμ− [11].
Additionally, new light hidden particles, such as axionlike

particles and the dark photon, which may couple with light
quarks and gluons, could be produced in theDalitz decays of
pseudoscalar mesons, η=η0 → γeþe− [12]. The dark photon
(A0) is a new type of force carrier in the simplest scenario
of an interaction with dark matter particles and is charged
under Abelian Uð1Þ groups [13–15]. The predicted branch-
ing fraction of the meson decay to dark photon is expressed
as [16]

BðP → γA0Þ ¼ 2ε2
�
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�
3

BðP → γγÞ; ð6Þ

where ε is the coupling strength and mA0 is the mass of the
dark photon. An experimental search was performed in
π0 → γeþe− by NA48=2 with a high statistics π0 sample
tagged in kaon decays [17]. BESIII reported searches for the

dark photon in the processes J=ψ → eþe−η [18] and J=ψ →
eþe−η0 [19] using a large J=ψ data sample. However, no
search for dark sectors in theDalitz decays of η and η0 has yet
been performed.
BESIII has presently collected a sample of 10 billion

J=ψ decays [20], which is about 8 times larger than that
used in Ref. [6]. This unprecedented sample size allows for
improved measurements of the Dalitz decays η=η0 →
γeþe− and searches for new light hidden particles.

II. DETECTOR AND MC SIMULATION

The BESIII detector [21] records symmetric eþe−
collisions provided by the BEPCII storage ring [22] in
the center-of-mass energy range from 2.0 to 4.95 GeV, with
a peak luminosity of 1.1 × 1033 cm−2 s−1 achieved atffiffiffi
s

p ¼ 3.77 GeV. BESIII has collected large data samples
in this energy region [23–26]. 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 (TOF) system,
and a CsI(Tl) electromagnetic calorimeter (EMC), which
are all enclosed in a superconducting solenoidal magnet
providing a 1.0 T (0.9 T in 2012) magnetic field. The
solenoid is supported by an octagonal flux-return yoke with
resistive plate counter muon identification modules inter-
leaved with steel. The charged-particle momentum reso-
lution 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, provid-
ing a time resolution of 60 ps [27].
Simulated data samples produced with a Geant4-based [28]

Monte Carlo (MC) 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 simulationmodels the beam energy spread
and initial state radiation in the eþe− annihilations with the
generatorKKMC [29]. The inclusiveMCsample includes both
the production of the J=ψ resonance and the continuum
processes incorporated in KKMC [29]. All particle decays
are modeled with EvtGen [30] using branching fractions either
taken from the Particle Data Group (PDG) [31], when
available, or otherwise estimated with LUNDCHARM [32,33].
A custom generator, which incorporates theoretical ampli-
tudes, was developed to simulate a variety of exclusive
decays, such as η=η0 → γeþe− [34], η=η0 → γπþπ− [35],
and J=ψ → eþe−η=η0 [36].

III. EVENT SELECTION

Charged tracks are reconstructed from hits in the MDC,
and are required to pass within 10 cm of the interaction
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point (IP) along the beam direction and within 1 cm in the
plane perpendicular to the beams. The polar angle θ of
each charged track is required to be in the range of
j cos θj < 0.93. Photon candidates are reconstructed using
clusters in the EMC, where a minimum energy of
0.025 GeV in the barrel region (j cos θj < 0.8) and
0.050 GeV in the end cap region (0.86 < j cos θj < 0.92)
is required. Clusters due to electronic noise and deposited
energy unrelated to the event are suppressed by requiring
the shower time to be within 700 ns of the event start time.
To exclude showers produced by charged particles, the
angle subtended by the EMC shower and the position of the
closest charged track at the EMC must be greater than 10°
as measured from the IP. To study η=η0 → γeþe− with
J=ψ → γη=η0, two oppositely charged tracks and at least
two good photons are selected for further analysis.
Candidate events are required to successfully pass a

primary vertex fit and the two charged tracks are identified
as an electron and positron by using combined information
from the TOF and dE=dx. Combined likelihoods (L) under
the electron and pion hypotheses are obtained. Positron
candidates are required to satisfy LðeÞ=ðLðeÞ þ LðπÞÞ >
0.5 for the η and LðeÞ=ðLðeÞ þ LðπÞÞ > 0.95 for the η0. A
kinematic 4C fit is then performed under the hypothesis of
J=ψ → γγeþe− by constraining the total four-momentum
of the final particles to the initial four-momentum of the
eþe− system, and the resulting χ24C is required to be less
than 100. For events with more than two photon candidates,
the γγeþe− combination with minimum χ24C is retained.
Since the radiative photon coming directly from the J=ψ
decay is monoenergetic, and has a greater energy than the
photon from the η=η0 decays, the photon with maximum
energy is regarded as the radiative photon from the J=ψ .
To suppress events from QED processes (i.e., Bhabha

events), the energy of the low-energy photon is required to
be greater than 0.15 GeV and the angle at the vertex
between it and the electron or positron is required to be
larger than 10°. To remove background events from J=ψ
decays with final state radiation photons, in particular
J=ψ → eþe−, the angle between the high-energy radiative
photon and the electron or positron is required to be greater
than 20°. In addition, the γγ invariant mass is required to be
outside the mass regions of the η and η0, jMðγγÞ − 0.547j >
0.03 GeV=c2 and jMðγγÞ − 0.958j > 0.03 GeV=c2. This
suppresses background events from J=ψ → eþe−η=η0 with
η=η0 → γγ.
After the above requirements, the dominant remaining

background contribution is from events where a photon
converts into a eþe− pair. To exclude these background
events, an algorithm to find photon conversions is applied
to selected eþe− pairs. The photon conversion point (CP) is
reconstructed using the intersection point of the two
charged track trajectories in the x-y plane, which is
perpendicular to the beam line. The photon conversion
length Rxy is defined as the distance from the beam line to

the CP in the x-y plane along the beam direction. Taking
J=ψ → γη0; η0 → γγ as an example, the photon conversion
events accumulate at Rxy ≈ 3 cm and Rxy ≈ 6 cm, which
correspond to the positions of the beam pipe and the inner
wall of the MDC, respectively, as displayed in Fig. 1. The
Rxy distribution is well reproduced by theMC simulation, as
presented in Fig. 2. The signal regions in the invariant mass
of γeþe− are defined asMðγeþe−Þ∈ ½0.52; 0.56� ðGeV=c2Þ
for the η and Mðγeþe−Þ∈ ½0.94; 0.98� ðGeV=c2Þ for
the η0, and the mass sidebands are defined as
Mðγeþe−Þ∈ ½0.50; 0.51� ∪ ½0.59; 0.60� GeV=c2 for the η
and Mðγeþe−Þ∈ ½0.88; 0.90� ∪ ½1.00; 1.02� GeV=c2 for
the η0.
To preserve more signal events, we only reject events

with Rxy > 2 cm when cos θeg > 0 and jΔxyj < 0.8 cm.
Here, cos θeg is the angle between the momentum vector of
the reconstructed photon, which converts to an electron-
positron pair, and the direction from the IP to the
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FIG. 1. The distribution of the photon conversion points for
simulated events from the process J=ψ → γη0; η0 → γγ where a
photon converts into an electron-positron pair in the beam pipe or
inner wall of the MDC.
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FIG. 2. The Rxy distributions. The black dots with error bars are
data. The red line shows simulated events from the signal process
J=ψ → γη0; η0 → γeþe−. The yellow shaded area shows the
background from photon conversion events. The green shaded
area is estimated from the η0 sideband. The blue line is the sum of
the simulated signal, the simulated background, and the η0
sideband background.
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conversion point. The electron and positron tracks project
to two circles in the x-y plane, and we define Δxy as the
distance between the intersections of the two circles and the
line connecting the centers of the circles. The distributions
of Δxy versus cos θeg from the simulated events are
displayed in Fig. 3.
After imposing the additional requirements discussed

above, Fig. 4 shows the invariant mass (Mðγeþe−Þ) spectra
in the η and η0 mass regions, respectively, where clear η and
η0 peaks are observed. To estimate the remaining back-
ground contributions, we have performed extensive studies
of potential background processes using data taken at the
center-of-mass energy of 3.08 GeV and the simulated
inclusive J=ψ sample. The results indicate that the non-
peaking background events mainly come from the pro-
cesses eþe− → eþe−γ, eþe− → eþe−γγ, eþe− → γγγ,
J=ψ → eþe−, and J=ψ → γπ0π0. Using dedicated MC
samples for J=ψ → γη=η0 with η=η0 → γγ, the numbers of
normalized peaking background events are determined to be
729� 26 and 192� 12, respectively, in accordance with
the corresponding branching fractions in the PDG [31].

The quoted errors are due to the MC statistics and the
uncertainties of branching fractions.

IV. SIGNAL YIELDS OF η=η0 → γe+ e −

The signal yields for the decays η=η0 → γeþe− are
obtained from extended unbinned maximum likelihood
fits to the Mðγeþe−Þ distributions. The total probability
density function consists of a signal and various back-
ground contributions. The signal component is modeled by
the MC-simulated signal shape convolved with a Gaussian
function to account for the difference in the mass resolution
between data and MC simulation. The background com-
ponents are subdivided into two classes: (i) the shapes of
photon conversion events are taken from the dedicated
MC simulations and the magnitudes are fixed as described
above; and (ii) the continuum background events are
described by a first-order Chebyshev function.
The fits yield 22907� 164 η → γeþe− events and

7611� 108 η0 → γeþe− events. The results of the fits to
theMðγeþe−Þ distributions in the η and η0 mass regions are
shown in Fig. 4.

1� 0.5� 0 0.5 1

eg�cos

10�

8�

6�

4�

2�

0

2

 (
c
m

)
x
y

�

1� 0.5� 0 0.5 1

eg�cos

10�

8�

6�

4�

2�

0

2

 (
c
m

)
x
y

�

FIG. 3. The distributions of Δxy versus cos θeg for simulated events with Rxy > 2 cm from the processes (a) J=ψ → γη0; η0 → γγ and
(b) J=ψ → γη0; η0 → γeþe−. The rectangle, which corresponds to jΔxyj < 0.8 cm and cos θeg > 0, is the rejection range for photon
conversion events.
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line represents the total fit, the red dotted line represents the signal, the yellow shaded area represents the peaking background from
photon conversion, and the green line represents the fitted Chebyshev function.
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Using the measured signal yields, the branching frac-
tions are determined with the following equations:

Bðη=η0 → γeþe−Þ ¼ Nobs

NJ=ψ · ϵ · BðJ=ψ → γη=η0Þ ; ð7Þ

where Nobs is the observed signal events, NJ=ψ is the
number of J=ψ events, ϵ is the detection efficiency, and
BðJ=ψ → γη=η0Þ is the branching fraction referred from
PDG [31]. With a detection efficiency of ð29.60� 0.03Þ%
for η and ð29.80� 0.03Þ% for η0, the branching fraction
of η=η0 → γeþe− is calculated to be ð7.07� 0.05Þ × 10−3

and ð4.83� 0.07Þ × 10−4 with statistical uncertainties,
respectively.

V. FORM FACTOR MEASUREMENT

To extract the electromagnetic transition form factor of
the η=η0, an unbinned maximum likelihood fit to the
Mðeþe−Þ spectrum in data is performed. To measure the
η=η0 form factor, Mðγeþe−Þ is required to be in the η=η0
signal regions which are defined as Mðγeþe−Þ∈
½0.52; 0.56� ðGeV=c2Þ for the η and Mðγeþe−Þ∈
½0.94; 0.98� ðGeV=c2Þ for the η0, and the mass sidebands,
which are defined as Mðγeþe−Þ∈ ½0.50; 0.51� ∪
½0.59; 0.60� GeV=c2 for the η and Mðγeþe−Þ∈
½0.88; 0.90� ∪ ½1.00; 1.02� GeV=c2 for the η0, are used to
estimate the nonpeaking background contributions. The
peaking background contribution from photon conversion
events is estimated from the MC simulation, and the
branching fractions are taken from the PDG [31]. The
corresponding background yields from J=ψ → γη; η → γγ
and J=ψ → γη0; η0 → γγ are estimated to be 582� 21
and 155� 9, respectively. The numbers of candidates
selected in the η and η0 mass regions are 23189 and
9333, respectively.
The free parameter of the probability-density function

(PDF) to observe the ith event characterized by themeasured
four-momenta ξi of the particles in the final state is

PðξiÞ ¼
jAðξiÞj2ϵðξiÞR
dξjAðξÞj2ϵðξÞ ; ð8Þ

where A is the full amplitude including all the poten-
tial intermediate states in Eq. (1), and ϵðξiÞ is the
detection efficiency. The free parameters are estimated
by MINUIT [37]. The fit minimizes the negative log-
likelihood value

− lnL ¼ −ω0
"XNdata

i¼1

lnPðξiÞ

− ωbkg1

XNbkg1

j¼1

lnPðξjÞ − ωbkg2

XNbkg2

k¼1

lnPðξkÞ
#
; ð9Þ

where P is the PDF, i, j, and k run over all accepted data,
the peaking background, and the continuous background
events, respectively, and their corresponding number of
events are denoted by Ndata, Nbkg1, and Nbkg2. Here,

ωbkg1 ¼
N0

bkg1

Nbkg1
and ωbkg2 ¼

N0
bkg2

Nbkg2
are the weights of the

backgrounds, where N0
bkg1 and N0

bkg2 are their contribu-
tions in the signal region according to branching fractions
taken from PDG [31] and the above fitting results as
displayed in Fig. 4. To obtain an unbiased uncertainty
estimation, the normalization factor derived from
Ref. [38] is considered, described as

ω0 ¼ Ndata − Nbkg1ωbkg1 − Nbkg2ωbkg2

Ndata þ Nbkg1ω
2
bkg1 þ Nbkg2ω

2
bkg2

: ð10Þ

For the η case, we fit the Mðeþe−Þ distribution with the
single-pole model, and the result is illustrated in Fig. 5(a).
The fit gives Λη ¼ ð0.749� 0.027Þ GeV=c2. The corre-
sponding radius of the interaction region is calculated to be
Rη ¼ ð0.645� 0.023Þ fm [1]. Here the uncertainties are
statistical only.
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For the η0 case, the single-pole model does not describe
the data well. Instead, we fit theMðeþe−Þ distribution with
the multipole model, and the result is shown in Fig. 5(b).
From the fit, we obtain Λη0 ¼ ð0.802� 0.007Þ GeV=c2
and γη0 ¼ ð0.113� 0.010Þ GeV=c2. The radius of the
interaction region is calculated to be Rη0 ¼ ð0.596�
0.005Þ fm [1]. The uncertainties are statistical only.

VI. SYSTEMATIC UNCERTAINTY

In the measurements of the branching fractions and the
electromagnetic form factors, the possible sources of sys-
tematic uncertainties are summarized in Tables I and II, as
discussed in detail below.

A. MDC tracking

The MDC tracking efficiency of electrons has been
studied with a control sample of both radiative Bhabha
events, eþe− → γeþe−, at the J=ψ peak and J=ψ → eþe−
events. The data-MC difference, Δsyst, is extracted as a
function of the particle momentum and the polar angle.
Subsequently, each event in the MC sample is reweighted
by a factor (1þ Δsyst). The branching fractions are recal-
culated with efficiencies determined from the reweighted
MC sample. For the TFF measurement, a reweighted MC
sample is used to calculate the MC integral, and a group of

new fitting results are obtained using the same fit method as
in Sec. V. The difference with the nominal result is taken as
the systematic uncertainty.

B. PID efficiency

The PID efficiency of electrons has also been studied
with a control sample of both radiative Bhabha events,
eþe− → γeþe−, at the J=ψ peak and J=ψ → eþe− events.
Using the same approach as that used for the tracking
efficiency, we correct the particle identification (PID)
efficiency as a function of both cos θ ranges and the
transverse momentum for each electron. The change of
the efficiency is assigned as the systematic uncertainty.

C. Photon detection

For photons directly detected by the EMC, the detection
efficiency has been studied using a control sample of
eþe− → γISRμ

þμ− events. The four-momentum of the
initial-state-radiation photon is predicted using only the
four-momentum of the μþμ− pair. The photon detection
efficiency is determined from the fraction of events con-
taining a photon with a four-momentum consistent with the
prediction. The systematic uncertainty is defined as the
relative difference in the efficiency between data and MC
simulation.

D. 4C kinematic fit

The systematic uncertainty associated with the 4C
kinematic fit comes from track reconstruction inconsis-
tency between the data and MC simulation. This difference
has been reduced by correcting the track helix parameters
of the MC simulation [39]. We take the efficiency with the
correction as the nominal value, and take the difference
between the efficiencies with and without the correction as
the systematic uncertainty.

E. Photon conversion veto

To evaluate the systematic uncertainty associated with
the rejection of photon conversions, we select a clean
sample of J=ψ → πþπ−π0; π0 → γeþe− events, which
includes both π0 Dalitz decays and π0 → γγ decays where
one photon externally converts to an electron-positron pair.
Using the same requirements to veto photon conversion
events as described above, the data-MC difference of the
selection efficiencies is evaluated and taken as the system-
atic uncertainty in the calculation of the branching
fractions.
Using the same approach as was used for the tracking

efficiency, we do a two-dimensional correction to the
photon conversion veto efficiency as a function of the
momentum of the electron and positron. The change of
the efficiency is assigned as the systematic uncertainty.

TABLE I. The systematic uncertainties of the measured branch-
ing fractions (in percentage).

Sources η → γeþe− η0 → γeþe−

MDC tracking 2.2 1.1
PID 0.9 0.5
Photon detection 0.5 0.6
Kinematic fit 0.3 0.3
Photon conversion veto 0.9 0.9
Mðγeþe−Þ fit 0.6 1.5
Number of J=ψ events 0.44 0.44
BðJ=ψ → γη=η0Þ 1.3 1.3
Signal shape 1.0 1.0

Total 3.2 2.8

TABLE II. The systematic uncertainties of the measured form
factors (in percentage).

Sources Λη Λη0 γη0

MDC tracking 0.5 0.1 0.3
PID 0.5 0.1 0.1
Kinematic fit 0.2 0.1 0.3
Background uncertainties 0.1 0.2 0.2
Veto of photon conversion 0.6 1.0 1.3

Total 1.0 1.1 1.4
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F. Mðγe + e− Þ fit
The uncertainties due to the fit range are considered by

varying the fit ranges, and the uncertainty associated with
the smooth background function is evaluated by replacing
the shape in the nominal fit with a second-order polynomial.

G. Number of J=ψ events

Using J=ψ inclusive decays, the number of J=ψ events is
determined to be ð10087� 44Þ × 106 [20] and the corre-
sponding uncertainty, 0.44%, is assigned as the systematic
uncertainty in the calculation of the branching fraction.

H. Quoted branching fractions

External uncertainties from the branching fractions of
J=ψ → γη=η0 are directly taken from the world average
values [31]. To account for the form factor uncertainties
due to the peaking background contributions from
J=ψ → γη=η0, η=η0 → γγ, the normalized background
events are varied by 1 standard deviation in the alternative
fits in accordance with the uncertainties of the branching
fractions in the PDG [31]. The changes with respect to the
nominal results are assigned as systematic uncertainties.

I. Signal model

In the fit to determine the η=η0 yield, the signal shape is
determined from signal MC events which are generated
using a custom generator [34]. The parameters of the form
factors used in the generator are determined with an
iterative procedure. A new MC sample is generated with
parameters determined from the data using the MC sample
generated at the previous step. Already after the first
iteration, the changes of selection efficiencies are less than
0.03%, and this source of systematic uncertainty is ignored.
We also use a double-sided crystal ball function instead of
the signal MC shape to fit the Mðeþe−Þ distributions. The
systematic uncertainty is determined to be 1.0% for both
the η and η0.
All systematic uncertainties in the branching fraction

and form factor measurements are summarized in Tables I
and II, respectively. Assuming all the sources are indepen-
dent, the total systematic uncertainties are obtained by
adding the individual values in quadrature. The obtained
results are shown in the last row of each table.

VII. SEARCH FOR THE DARK PHOTON

We search for the dark photon A0 with A0 → eþe− by
performing a series of unbinned extended maximum like-
lihood fits to the Mðeþe−Þ distribution. The mass of the A0

is scanned over a range of ½0; 0.4� GeV=c2 for the η
and ½0; 0.7� GeV=c2 for the η0 with a step length of
0.01 GeV=c2. The A0 signal is described by the MC-
simulated shape with an assumption of a negligible width,
where η=η0 → γA0 and A0 → eþe− are all modeled by phase

space. The background components are subdivided into
three classes: (i) the shapes of the photon conversion
background events of η=η0 → γγ that contribute to a
structure in the η=η0 mass regions are taken from the
dedicated MC simulation; (ii) the background contribution
of the Dalitz decays η=η0 → γeþe− is modeled with the
above results; and (iii) the remaining background events are
estimated with the corresponding sidebands, defined as
Mðγeþe−Þ∈ ½0.50; 0.51� ∪ ½0.59; 0.60� GeV=c2 for η and
Mðγeþe−Þ∈ ½0.88; 0.90� ∪ ½1.00; 1.02� GeV=c2 for η0.
With MC simulation, no peaking background is considered.
As an example shown in Fig. 6, the significance for each
assumed A0 mass is less than 0.5σ.
Several multiplicative systematic uncertainties for each

mass hypothesis of the A0 are studied, including photon
detection (0.5%), veto of photon conversion (0.9%), NJ=ψ

(0.44%), BðJ=ψ → γPÞ (1.3%), MC statistics (0.4%),
MDC tracking (0.7%–3.1%), PID (0.8%–1.2%), and kin-
ematic fit (0.6%–7.5%). The total systematic uncertainty is
2%–8%. The additive systematic uncertainties are consid-
ered by alternative fit ranges and background models. The
maximum number of signal events among the different fit
scenarios is adopted to calculate the upper limit of the
signal yield.
Since noA0 signal is apparent in theMðeþe−Þ distribution,

we compute the upper limit on the product branching fraction
BðP → γA0Þ × BðA0 → eþe−Þ at the 90% confidence level
as a function of mA0 using a Bayesian method [40]. The
multiplicative systematic uncertainty is incorporated by
smearing the likelihood curve using a Gaussian function
with a width representing the systematic uncertainty as
follows:
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Z
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FIG. 6. Fit to the invariant-mass distribution of Mðeþe−Þ when
the invariant mass of A0 is 15 MeV=c2. The dots with error bars
represent data, and the blue solid line is the total fitting results.
The red histogram represents the arbitrary normalized MC signal
shape. The green dotted histogram is the J=ψ → γη0; η0 → γeþe−
MC shape. The yellow dotted histogram is the J=ψ → γη0; η0 →
γγ MC shape. The gray dotted histogram is the background
obtained from the η0 sideband.
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where L and L0 are the likelihood curves before and after
taking into account the systematic uncertainty; ϵ, ϵ̂, and σS
are the detection efficiency, the nominal efficiency, and the
absolute total systematic uncertainty on the efficiency,
respectively. As shown in Fig. 7, the combined limits on
the production rate Bðη → γA0Þ × BðA0 → eþe−Þ are estab-
lished at the level of ð1–70Þ × 10−6 for 0 < mA0 <
0.4 GeV=c2 in η → γeþe−, and Bðη0 → γA0Þ × BðA0 →
eþe−Þ are constrained at the level of ð0.5–3.5Þ × 10−6 for
0 < mA0 < 0.7 GeV=c2 in η0 → γeþe−. With the expected
dark photon decay branching fraction of A0 → eþe−

obtained from Ref. [41], the upper limits on the coupling
strength ε both vary in the range of 10−2 − 10−3.

VIII. SUMMARY

Using a sample of 10 billion J=ψ events collected
by the BESIII detector, the Dalitz decays η → γeþe−

and η0 → γeþe− are studied using J=ψ radiative
decays. The branching fractions are determined to

be Bðη → γeþe−Þ ¼ ð7.07� 0.05� 0.23Þ × 10−3 and
Bðη0 → γeþe−Þ¼ ð4.83�0.07�0.14Þ×10−4, respectively.
We also measure the TFF as a function ofMðeþe−Þ with

a single-pole parametrization for the η and a multipole
parametrization for the η0. The parameters Λη, Λη0 , and γη0

are determined to be ð0.749� 0.027� 0.008Þ GeV=c2,
ð0.802� 0.007� 0.008Þ GeV=c2, and ð0.113� 0.010�
0.002Þ GeV=c2, respectively, in good agreement with
previous works, as shown in Fig 8. The corresponding
radii of interaction region of the η and η0 mesons
are calculated to be Rη ¼ ð0.645� 0.023� 0.007Þ fm
and Rη0 ¼ ð0.596� 0.005� 0.006Þ fm.
In addition, we search for a dark photon A0 in η → γeþe−

and η0 → γeþe−, and the significance for each case is less
than 0.5σ. The upper limits on their branching fractions, as
illustrated in Fig. 7, are calculated to be ð1–70Þ × 10−6 at the
90%confidence level in the range of 0 < mA0 < 0.4 GeV=c2

and ð0.5–3.5Þ × 10−6 at the 90%confidence level in the range
of 0 < mA0 < 0.7 GeV=c2, respectively. The upper limits of
the coupling strength ε vary in the range of 10−2 − 10−3.
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FIG. 7. The upper limit of the branching fractions of the dark photon (shown as the black line) and the coupling strength ε (shown as
the blue line) for (a) η → γA0 and (b) η0 → γA0.
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