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Based on a sample of ð1.0087� 0.0044Þ × 1010 J=ψ events collected at BESIII, the transition form factor
of the η meson is extracted by analyzing J=ψ → γη0; η0 → πþπ−η and η → γlþl− (l ¼ e, μ) events. The
measured slope of the transition form factor is Λ−2 ¼ 1.668� 0.093stat � 0.024sys ðGeV=c2Þ−2 for the

di-electron channel and Λ−2 ¼ 1.645� 0.343stat � 0.017sys ðGeV=c2Þ−2 for the di-muon channel. The

branching fractions for η → γeþe− and η → γμþμ− are measured to be Bðη → γeþe−Þ ¼ ð6.79� 0.05stat �
0.36sysÞ × 10−3 and Bðη → γμþμ−Þ ¼ ð2.97� 0.12stat � 0.07sysÞ × 10−4. By combining with the results

based on the J=ψ → γη and η → γeþe− events from the previous BESIII measurement, we determineΛ−2 ¼
1.707� 0.076stat � 0.029sys ðGeV=c2Þ−2 and Bðη → γeþe−Þ ¼ ð6.93� 0.28totÞ × 10−3. In addition, we
search for the dark photon (A0) using the combined events. No significant signal is observed, and the upper
limits on Bðη → γA0; A0 → eþe−Þ are set at the 90% confidence level for different A0 mass hypotheses.

DOI: 10.1103/5k2q-zgyz

I. INTRODUCTION

Transition form factors (TFFs) provide insight into the
internal structure of hadrons, including how charge and
magnetization are distributed among their constituents.
Understanding TFFs is crucial for comprehending the bind-
ing and confinement of quarks and gluons in hadrons, which
is a fundamental concept in quantum chromodynamics.
Additionally, the TFFs of light mesons have garnered recent
attention due to their contribution in calculating the anoma-
lous magnetic moment of the muon (aμ) [1,2].
In this study, the TFF of the η meson is determined

through the η → γlþl− (l ¼ e, μ) decays, where the lepton
pair is formed by internal conversion of an intermediate
virtual photon. In the vector meson dominance (VMD)
model, the interactions between a virtual photon and
hadrons are assumed to be dominated by a superposition
of neutral vector meson states. The TFF can be para-
metrized as [3]

Fðq2Þ ¼ N
X
V

gηγV
2gVγ

m2
V

m2
V − q2 − iΓVmV

; ð1Þ

where q2 represents the squared invariant mass of the
lepton pair, N is a normalization constant ensuring

Fð0Þ ¼ 1, V stands for vector mesons, such as ρ, ω, and
ϕ,mV and ΓV are the mass and width of V, and gηγV and gVγ
correspond to the respective coupling constants. When
there is a single dominant vector meson, the single-pole
approximation is often used,

Fðq2Þ ¼ 1

1 − q2=Λ2
: ð2Þ

Here, the single parameter Λ can be experimentally
determined as the slope of the TFF, defined as

slope≡ dF
dq2

����
q2¼0

¼ Λ−2: ð3Þ

Before this work, three measurements of the TFF of the η
meson have been performed by A2 collaboration [4]
through the η → γeþe− channel, NA60 collaboration [5]
through the η → γμþμ− channel, and BESIII collaboration
[6] through the η → γeþe− channel.
In contrast with the previous BESIII work [6], where η

candidates have been obtained through the J=ψ → γη decay
(Sample II), we use η mesons produced by the decay
η0 → πþπ−η [7], where the η0 comes from the radiative
decay of the J=ψ , namely J=ψ→γη0 (Sample I). This
analysis is based on a data sample of ð1.0087� 0.0044Þ ×
1010 J=ψ events, corresponding to a data sample with
integrated luminosity of 3083 pb−1, collected with the
BESIII detector during 2009–2019 [8]. Due to the better
mass resolution of the η0, the new approach benefits from
reduced backgrounds from the J=ψ decays. Besides,
Sample I has access to more signal events due to the higher
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branching fraction (BF), and its reconstruction efficiency is
about two times larger than that of Sample II after taking into
account the tracking efficiency of the two charged pions. In
this work, the TFF of η is measured with Sample I using a
new approach at first, then we remeasure it using the
combined Samples I and II. The BFs of η → γlþl− are also
measured.
Additionally, new light hidden particles, such as axion-

like particles and the dark photons, which may couple to
light quarks or gluons, could be produced in the Dalitz
decay η → γeþe− [9]. We have also searched for dark
photons by using the samples mentioned above.

II. DETECTOR AND DATA SAMPLES

The BESIII detector [10] records symmetric eþe−
collisions provided by the BEPCII storage ring [11] in
the center-of-mass energy range from 1.84 to 4.95 GeV,
with a peak luminosity of 1.2 × 1033 cm−2 s−1 achieved atffiffiffi
s

p ¼ 3.773 GeV. BESIII has collected large data samples
in this energy region [12–14]. The cylindrical core of the
BESIII detector covers 93% of the full solid angle and
consists of a helium-based multilayer drift chamber
(MDC), a plastic scintillator time-of-flight system (TOF),
and a CsI(Tl) electromagnetic calorimeter (EMC), which
are all enclosed in a superconducting solenoidal magnet
providing a 1.0 T magnetic field. The magnetic field was
0.9 T in 2012. 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 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 [15], which benefits 87% of the data
used in this analysis.
Simulated data samples produced with the GEANT4-

based [16] Monte Carlo (MC) package, which includes
the geometric description of the BESIII detector and
the detector response [17,18], are used to determine the
detection efficiency and estimate the backgrounds. The
simulation includes the beam energy spread and initial state
radiation in the eþe− annihilations modeled with the
generator KKMC [19]. A sample of 1.0011 × 1010 simulated
inclusive J=ψ events is used to estimate the background
events. The inclusive MC sample includes both the pro-
duction of the J=ψ resonance and the continuum processes
incorporated in KKMC. The known decay modes are
modeled with EVTGEN [20] using BFs taken from the
Particle Data Group (PDG) [21], and the remaining
unknown charmonium decays are modeled with

LUNDCHARM [22,23]. Final state radiation from charged
final state particles is incorporated using PHOTOS [24].
In addition, exclusive MC samples are generated to

determine the detection efficiency and study the back-
ground distributions. The simulated processes and the
corresponding generator models are listed in Table I.

III. STUDY OF SAMPLE I

In this section, Sample I is selected, and the TFF of the η
meson and the BFs of the η → γlþl− (l ¼ e, μ) decays are
measured using this sample.

A. Event selection and background analysis

Candidate events for J=ψ → γη0; η0 → πþπ−η, and η →
γlþl−ðl ¼ e; μÞ are subjected to several selection criteria.
Firstly, at least two photons must be reconstructed using
information from the EMC. To suppress fake photon
candidates, the deposited energy of each EMC shower
must be more than 25 MeV in the barrel region
(jcos θj < 0.8) and more than 50 MeV in the end cap
region (0.86 < jcos θj < 0.92), where θ is the polar angle
defined with respect to the z-axis, which is the symmetry
axis of the MDC. The opening angle between the detected
position of the photon candidate and the closest extrapo-
lated charged track must be larger than 10 degrees to
exclude showers originating from charged tracks.
Additionally, the difference between the EMC time of
the photon candidate and the event start time must be within
½0; 700� ns to suppress electronic noise and unrelated
photons. Furthermore, candidate events must have two
positively and two negatively charged tracks reconstructed
using information from the MDC. These tracks are required
to be within a polar angle range of jcos θj < 0.93, and to
pass within 10 cm of the interaction point (IP) along the
z-axis and within 1 cm in the transverse plane.
By utilizing information from the MDC (dE=dx),

TOF, and EMC detectors, particle identification (PID) is
applied to charged tracks, and we acquire the combined
probabilities (Prob) under the hypotheses of the track
being an electron (positron), muon, or pion. For the
η → γμþμ− channel, candidates are required to satisfy

TABLE I. Generator models used for MC simulations.

Decay mode Generator model

J=ψ → γη0 Helicity amplitude [25]
η0 → πþπ−η Dalitz plot analyses [26]
η → γμþμ− Transition form factor [27]
η → γeþe− Transition form factor [28]
η → γπþπ− Partial wave analysis [29]
η0 → πþπ−eþe− VMD model [30,31]
η → γγ Phase space
η → γA0 Phase space
A0 → eþe− Phase space
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ProbðπÞ > ProbðμÞ and ProbðπÞ > ProbðeÞ for pions, and
ProbðμÞ > ProbðπÞ and ProbðμÞ > ProbðeÞ for muons. For
the η → γeþe− channel, candidates are required to satisfy
ProbðπÞ > ProbðeÞ for pions, and ProbðeÞ > ProbðπÞ for
electrons (positrons). Events are retained only if they
contain two oppositely charged pions and two oppositely
charged leptons of the same flavor.
A kinematic fit to the final state particle candidates is

performed to adjust the particle momenta or energies within
the measured uncertainties to satisfy the kinematic con-
straints. A six-constraint (6C) kinematic fit imposing
energy-momentum conservation and constraints on the
masses of the η0 and η particles, taken from the
PDG [21], is performed. In the fit, the most energetic photon
is considered as the radiative photon of the J=ψ decay,
denoted as γr. Another photon is supposed as the one from
the η decay, denoted as γη. If there aremultiple γη candidates,
the one that minimizes the goodness of the fit χ26C is retained
for further analyses. Additionally, for the η → γμþμ− events
we require χ26C < 40, and for the η → γeþe− events we
require χ26C < 200, by optimizing the figure-of-merit
defined as S=

ffiffiffiffiffiffiffiffiffiffiffiffi
Sþ B

p
, where S is the number of events

from the signal MC sample and B is the number of back-
ground events from the inclusive MC sample.
After all the above criteria have been applied to select the

η → γlþl− (l ¼ e, μ) channel, the main source of back-
ground comes from η → γγ events, with one γ converting in
matter to an eþe− pair. Converted photons can be recon-
structed from the eþe− pairs using the photon conversion
finder (PCF) package [32]. The reconstructed vertex of the
tracks is near the IP (since the IP is used in the determi-
nation of the track helix parameters), while in the γ
conversion case the true conversion vertex (CV) is gen-
erally displaced from the IP. In the PCF, the CV of the
photon is estimated using the eþe− track projections in the
x-y plane, perpendicular to the beam direction. The mid-
point of the centers of the two track projections is taken as
the CV, as shown in Fig. 1(a). As most photon conversions
occur at the beam pipe and at the inner wall of the MDC,
which have a higher material budget, the distances from the
CV to the IP in the x-y plane, denoted by Rxy, are usually
greater than 2 cm. Moreover, the angle between the
momentum vector of the converted photon and the direc-
tion from the IP to the CV, denoted by θeg, is usually close
to zero. Hence, events with 2 cm < Rxy < 8 cm and
cosðθegÞ > 0.5 are rejected to suppress the γ conversion-
related background. The two-dimensional (2D) distribution
of Rxy versus cos θeg of the η → γeþe− sample is shown in
Fig. 1(b).
After all event selections, the distributions of the γlþl−

invariant masses [Mðγlþl−Þ] of the accepted candidate
events in data are shown in Fig. 2.
Potential backgrounds from non-J=ψ decay processes

are estimated using the 169 pb−1 of continuum data taken

at
ffiffiffi
s

p ¼ 3.08 GeV. As no event passes all the selections,
the non-J=ψ decay backgrounds are ignored. The back-
grounds from J=ψ decays are studied with the inclusive
MC sample. The three main backgrounds are studied using
exclusively simulated MC samples. We estimate the back-
ground yields using the known BFs, and the obtained
results are shown in Tables II and III, where the uncer-
tainties include both uncertainty on BFs and the MC
statistical uncertainty.

B. Measurement of form factor

To extract the TFF of the η meson, unbinned maximum
likelihood fits are performed for the selected η → γlþl−
samples, with likelihood
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FIG. 1. (a) Illustration of the CV reconstruction. The points O1

and O2 are the trajectories of the projections of the eþ and e−

tracks in the x-y plane, respectively. The CV obtained with the
PCF is supposed to be the true vertex of the tracks. The IP is the
interaction point. The distance from the IP to the CV is Rxy. The
arrow Pγ represents the momentum of the converted photon, and
the angle between the arrow and the IP-CV is θeg. (b) Distribution
of Rxy versus cos θeg of the η → γeþe− sample. Events in the red
box are considered as the removed γ conversion events.
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L ¼
YN
i¼1

Pðξi;ΛÞ: ð4Þ

Here, N is the number of observed events, ξi stands for
the four-momenta of the final particles in the ith event, and
Pðξi;ΛÞ is the probability to observe the ith event
supposing Λ, calculated as

Pðξi;ΛÞ ¼
jAðξi;ΛÞj2ϵðξiÞR
dξjAðξ;ΛÞj2ϵðξÞ ; ð5Þ

where ϵðξiÞ is the reconstruction efficiency of event ξi and
jAðξi;ΛÞj2 is the squared amplitude of the η → γlþl−
decay [33],

jAðξi;ΛÞj2 ¼ e2
ðm2

η − q2Þ2
2q2

ð2 − β2sin2θÞM2
ηF2ðq2Þ; ð6Þ

where e is the electron charge constant, mη is the nominal

mass of η, q2 is M2ðlþl−Þ, β ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m2

l�=q
2

q
, ml� is the

mass of the lepton, θ is the angle between γ and l� in the
rest frame of lþl−, Mη is the pseudoscalar mesons mixing

parameter [33], and Fðq2Þ is the form factor, as defined
in Eq. (2).
The free parameters are estimated by MINUIT [34].

The fit minimizes the negative log-likelihood value, calcu-
lated as

− lnL ¼ ω0½− lnLdata − ð− lnLbkgÞ�: ð7Þ

The Lbkg are estimated using the exclusive MC samples
listed in Tables II and III, and the numbers of background
events are fixed. To obtain an unbiased uncertainty esti-
mation, the normalization factor derived from Ref. [35] is
defined as

ω0 ¼ Ndata −
P

jN
j
bkgωj

Ndata þ
P

j N
j
bkgω

2
j

; ð8Þ

where Ndata and N
j
bkg are the numbers of events in data and

in the jth background process, and ωj is the weight factor
of the jth background component.
The fits yield Λ−2ðη → γeþe−Þ ¼ 1.668�

0.093stat ðGeV=c2Þ−2 and Λ−2ðη → γμþμ−Þ ¼ 1.645�
0.343stat ðGeV=c2Þ−2. The comparisons of the fit results
and the distributions of data are shown in Fig. 3.
To extract the TFF of η, we divide the background-

subtracted and efficiency-corrected data to efficiency-
corrected MC with F2ðq2Þ≡ 1, as shown in Fig. 4.

C. Measurements of branching fractions

The BFs of the η → γlþl− decays are calculated as

Bðη→ γlþl−Þ¼ Ndata−Nbkg

NJ=ψ · ϵ ·BðJ=ψ → γη0;η0 → πþπ−ηÞ ; ð9Þ
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FIG. 2. Distributions of (a) Mðγμþμ−Þ and (b) Mðγeþe−Þ.

TABLE II. The estimated numbers of background events (Nbkg)
for different background sources for η → γμþμ−.

Background process Nbkg

J=ψ → γη0; η0 → πþπ−η; η → γπþπ− 43.7� 2.2
J=ψ → πþπ−πþπ−π0; π0 → γγ 3.0� 0.3

Total 46.7� 2.5

TABLE III. The estimated numbers of background events
(Nbkg) for different background sources for η → γeþe−.

Background process Nbkg

J=ψ → γη0; η0 → πþπ−η; η → γγ 993.6� 15.7
J=ψ → γη0; η0 → πþπ−eþe− 0.3� 0.2
J=ψ → γπþπ−η; η → γeþe− 25.0� 5.0
Other 10.0� 3.2

Total 1028.9� 24.1
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where Ndata is the number of observed events in the data,
695.0� 26.4stat for η → γμþμ− and 22 803.0� 151.0stat for
η → γeþe−, Nbkg is the total number of background events,
as listed in Tables II and III, ϵ is the efficiency estimated

using signal MC samples, and BðJ=ψ → γη0; η0 → πþπ−ηÞ
is the BF quoted from the PDG. The measured BFs
are Bðη → γeþe−Þ ¼ ð6.79� 0.05statÞ × 10−3 and Bðη →
γμþμ−Þ ¼ ð2.97� 0.12statÞ × 10−4, where the statistical
uncertainties are from

ffiffiffiffiffiffiffiffiffiffi
Ndata

p
and uncertainties from Nbkg.

D. Systematic uncertainties

The systematic uncertainties of the measured TFF of η
are from (1) the photon detection, (2) the tracking and PID
of charged particles, (3) the kinematic fit, (4) the back-
ground suppression criteria, and (5) the number of back-
ground events. The measured BFs suffer the same
systematic uncertainties as mentioned above as well as
the uncertainties in the number of J=ψ events and the BFs
quoted from the PDG.
The total number of J=ψ events ð1.0087� 0.0044Þ ×

1010 refers to Ref. [8], and its relative uncertainty is 0.44%.
The quoted BFs are BðJ=ψ → γη0Þ ¼ ð5.25� 0.07Þ ×
10−3 and Bðη0 → πþπ−ηÞ ¼ ð42.5� 0.5Þ%, and their rel-
ative uncertainties are 1.34% and 1.18%, respectively.
Systematic uncertainties from photon detection, tracking,
and PID of pions and electrons are evaluated using the
control samples eþe− → γμþμ− and J=ψ → ρπ and radi-
ative Bhabha events at

ffiffiffi
s

p ¼ 3.08 GeV, respectively. For
both data and MC simulation, the 2D efficiencies over the
polar angle and energy (magnitude of momentum) of
photons (charged particles) are given. For the TFF, we
correct the signal MC efficiency by ϵdata=ϵMC, where ϵdata
and ϵMC are the 2D efficiency distributions measured using
control samples, and the resulting change of the TFF is
taken as the corresponding uncertainty. For the BFs, the
systematic uncertainties are weighted according to the
angular and momentum distributions of data and MC
simulation and are taken as the corresponding uncertainties.
For the slow momentum muons we assume the same
uncertainties of the pions.
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FIG. 3. Invariant mass distributions of (a) μþμ− and (b) eþe−
pairs. The black dots with error bars are data, the red solid lines
are the total fit results, including both the signal and the
background, and the blue histograms are the background.
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FIG. 4. The distributions of F2ðq2Þ over (a) Mðμþμ−Þ and (b) Mðeþe−Þ. The black dots with error bars are the ratios of the
background-subtracted and efficiency-corrected data to the efficiency-corrected MC simulation using F2ðq2Þ≡ 1. The red lines are the
F2ðq2Þ functions using the measured Λ values.
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The uncertainty associated with the kinematic fit
arises from the inconsistency of the χ2 distribution between
data and MC simulation. The reconstructed energy and
angle of the photons, the helix parameters of the charged
tracks, and the related errors in MC simulations are
corrected to make their distributions more consistent with
the data [36], thus obtaining better data-MC consistencies
in the χ2 distributions. The corrected MC simulation is
used for the nominal results. The difference in the effi-
ciencies before and after this correction is taken as the
uncertainty.
The systematic uncertainty due to the photon conversion

veto in the η → γeþe− sample is estimated by changing the
nominal criterion to 1.5 cm < Rxy < 7.5 cm, cosðθegÞ <
0.5 and to 2.5 cm < Rxy < 8.5 cm, cosðθegÞ < 0.7. The
average change in the final results is assigned as the
associated systematic uncertainty. To estimate the uncer-
tainty of the number of background events, we vary each
quoted BF by 1 standard deviation, and the resulting
change is taken as the corresponding uncertainty.
The systematic uncertainties are summarized in

Tables IV and V.

IV. COMBINATION OF SAMPLES I AND II

To improve precision, an unbinned maximum likelihood
fit is performed on the combined sample of Sample I and

Sample II. Candidate events of Sample II are the same as
the previous BESIII work [6]. The likelihood is defined as

L ¼
YN
i¼1

Pðξi;ΛÞ ·
YM
j¼1

Pðξj;ΛÞ; ð10Þ

where N is the number of events in Sample I and M is
the number of events in Sample II. By minimizing
S ¼ − lnLdata − ð− lnLbkgÞ, the slope of the η TFF is
measured to be Λ−2ðη → γeþe−Þ ¼ 1.707� 0.076stat �
0.029sys ðGeV=c2Þ−2. The background of the two samples
and the systematic uncertainties are estimated using the
same methods as in Section III B and Ref. [6]. The
systematic uncertainties are summarized in Table VI.
The comparison of the fit results is shown in Fig. 5(a)
and the TFF distributions of the combined data are shown
in Fig. 5(b).
The η → γeþe− BFs measured in this and in the previous

work [6] are combined via

B̄ ¼ ΣjðBj · ΣiωijÞ
ΣiΣjωij

¼ B1σ
2
2 þ B2σ

2
1

σ21 þ σ22 þ ðB1 − B2Þ2ϵ2f
; ð11Þ

where i and j are summed over all decay modes, Bj is the
measured value given by the mode j, ωij is the element of
the weight matrix W ¼ V−1, and V is the covariance error
matrix, calculated as

V ¼
� σ21 þ ϵ2fB

2
1 ϵ2fB1B2

ϵ2fB1B2 σ22 þ ϵ2fB
2
2

�
; ð12Þ

where σi is the independent absolute uncertainty (includes
the statistical uncertainty and all independent systematic
uncertainties) in the mode i, and ϵf is the common relative
systematic uncertainty between the two modes. The sys-
tematic uncertainties of the two modes have been measured
in Section III D and Ref. [6]. They are summarized in
Table VII. The systematic uncertainty of B̄ is calculated as

TABLE IV. Relative systematic uncertainties (in %) for the Λ−2

measurements.

Source η → γμþμ− η → γeþe−

Photon detection 0.3 0.1
Tracking 0.4 1.2
PID 0.4 0.3
Kinematic fit 0.5 0.1
γ conversion veto … 0.5
Background 0.6 0.4

Total 1.0 1.5

TABLE V. Relative systematic uncertainties (in %) for the BF
measurements.

Source η → γμþμ− η → γeþe−

Photon detection 0.7 0.7
Tracking 1.1 4.7
PID 0.4 1.1
Kinematic fit 0.6 0.1
Background 0.3 0.1
NJ=ψ 0.4 0.4
γ conversion veto … 0.1
BðJ=ψ → γη0Þ 1.3 1.3
Bðη0 → πþπ−ηÞ 1.2 1.2

Total 2.4 5.2

TABLE VI. Relative systematic uncertainties (in %) for the
combined Λ−2 measurement.

Source η → γeþe−

Photon detection 0.1
Tracking 1.7
PID 0.2
Kinematic fit 0.1
Background 0.3
γ conversion veto 0.2

Total 1.8
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σB̄ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

ΣiΣjωij

s
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ21σ

2
2 þ ðB2

1σ
2
2 þ B2

2σ
2
1Þϵ2f

σ21 þ σ22 þ ðB1 − B2Þ2ϵ2f

s
: ð13Þ

Finally, the combined BF is Bðη → γeþe−Þ ¼
ð6.93� 0.28totÞ × 10−3.

V. SEARCH FOR THE DARK PHOTON

We search the dark photon A0 through its possible
decay A0 → eþe− by using the combined η → γeþe−
sample. The width of A0 is assumed to be zero, and the
mass is scanned from 0.005 to 0.535 GeV=c2 with a step
length of 0.01 GeV=c2. When scanning one assumed mass

value of A0, a series of unbinned extended maximum
likelihood fits on Mðeþe−Þ are performed. In each fit,
the signal is described using the η → γA0; A0 → eþe− MC
shape and the number of signal events is free. The sizes and
shapes of the backgrounds are described using the MC
samples listed in Table III and the normalization of
Sample I is fixed and free for Sample II. The corresponding
likelihood can be obtained by fitting.
Through a series of fits, we obtain the likelihood

distribution over a series of possible numbers of A0 and,
therefore, the likelihood distribution over the possible
BF of η → γA0; A0 → eþe−. As the most probable number
of A0 signal events is around zero, the upper limit of
Bðη → γA0; A0 → eþe−Þ at the 90% confidence level is
measured. We smear the likelihood distribution via

L0ðBÞ ¼
Z

1

0

L
�
B

r
r0

�
exp

�
−
ðr − r0Þ2

2δ2r

�
dr ð14Þ

to take the systematic uncertainty, BðJ=ψ → γη0;
η0 → πþπ−ηÞ, and BðJ=ψ → γηÞ into consideration.
Here, B stands for Bðη → γA0; A0 → eþe−Þ, r0 ≡
ϵ0 ·BðJ=ψ→γη0;η0→πþπ−ηÞ, or r0 ≡ ϵ0 · BðJ=ψ → γηÞ,
ϵ0 is the signal efficiency, and δr is the relative uncertainty
of r0. The uncertainty is estimated in the same way as
described in Section III D and Ref. [6]. Then, the upper
limit, Bup, is determined as

Z
Bup

0

L0ðBÞdB=
Z þ∞

0

L0ðBÞdB ¼ 0.9: ð15Þ

As the r and r0 of Samples I and II are different, we first
measure the likelihood distributions using the two samples
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FIG. 5. (a) Invariant mass distribution of eþe− pairs. The black
dots with error bars are from Samples I and II combined, the red
solid line is the total fit result, including the signal and the
background, and the blue histogram is the background. (b) Dis-
tributions of F2 as a function of Mðeþe−Þ. The black dots with
error bars are the ratios of the background-subtracted and
efficiency-corrected data to the efficiency-corrected MC simu-
lated using F2ðq2Þ≡ 1. The red line is the shape of the F2ðq2Þ
function using the Λ measured value.

TABLE VII. Relative systematic uncertainties (in %) for the
combined Bðη → γeþe−Þ. The items marked with “*” are
common uncertainties, and the other items are independent
uncertainties.

Source Sample I Sample II

Statistical 0.04 0.05
Photon detection* 0.7 0.5
Tracking* 4.7 2.2
PID* 1.1 0.9
Kinematic fit 0.1 0.3
Background 0.1 …
γ conversion veto 0.1 0.9
Number of peaking backgrounds … 0.1
Fit range and background shape … 0.6
Signal model 0.1 …
NJ=ψ* 0.4 0.4
BðJ=ψ → γηÞ … 1.7
BðJ=ψ → γη0Þ 1.3 …
Bðη0 → πþπ−ηÞ 1.2 …

Total 4.0
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separately. Then, the likelihoods are combined via

LcombðBÞ ¼ L0
IðBÞ × L0

IIðBÞ; ð16Þ

where L0
IðBÞ is the smeared likelihood for Sample I, and

L0
IIðBÞ is for Sample II. The upper limits measured with

each sample and the combined results are shown in Fig. 6.
As the reconstruction efficiency of Sample II falls to zero in
the region Mðeþe−Þ > 0.43 GeV=c2, only 43 A0 mass
points are scanned for this sample. The comparison
between our results and the other experiments is shown
in Fig. 7.

VI. SUMMARY

We propose a novel approach to measure the TFF of
the η meson using the J=ψ → γη0; η0 → πþπ−η decay.
Based on 10 billion J=ψ events collected by the BESIII
detector, the analysis of the η → γlþl− (l ¼ e, μ) decays is
performed.
The BFs of η → γlþl− are measured to be

Bðη → γeþe−Þ ¼ ð6.79� 0.05stat � 0.36sysÞ × 10−3 and
Bðη→ γμþμ−Þ ¼ ð2.97� 0.12stat � 0.07sysÞ× 10−4, which

are both consistent with the previous measurements
[21,27,28], but with improved precision. By investigating
the eþe− mass spectrum, the η TFF is extracted to be
Λ−2 ¼ 1.668� 0.093stat � 0.024sys ðGeV=c2Þ−2, which is
in agreement with the previous BESIII result [6]. It is
slightly less than that from A2 [4], but in agreement within
2 standard deviations. For η → γμþμ−, it is determined to
be Λ−2 ¼ 1.645� 0.343stat � 0.017sys ðGeV=c2Þ−2, which
is consistent with that from NA60 [5] within 1 standard
deviation. Due to the limited statistics, the statistical
uncertainty is dominant in the η → γμþμ− measurement.
A comparison of the measured values of Λ−2 is shown
in Fig. 8.
By means of a simultaneous analysis of the

J=ψ → γη0; η0 → πþπ−η, and η → γeþe− decays and the
J=ψ → γη and η → γeþe− decays performed in Ref. [6],
the TFF and the BF are determined to be Λ−2ðη →
γeþe−Þ ¼ 1.707� 0.076stat � 0.029sys ðGeV=c2Þ−2 and
Bðη → γeþe−Þ ¼ ð6.93� 0.28totÞ × 10−3, respectively. In
addition, we search for the dark photon, denoted by A0,
using the combined events. As no signal is observed, the
upper limits of Bðη → γA0; A0 → eþe−Þ at the 90% con-
fidence level for A0 with different masses are given, as
shown in Figs. 6 and 7.
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