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Using a data sample of ð1.0087� 0.0044Þ × 1010 J=ψ events collected with the BESIII detector, we
study the rare double Dalitz decay of η → eþe−eþe− through the processes J=ψ → γη and
J=ψ → γη0; η0 → πþπ−η. Clear η signals are observed in the eþe−eþe− invariant mass spectrum, with
statistical significances of 5.9σ and 7.8σ for the two channels, respectively. By combining both modes, we
determine the branching fraction of η → eþe−eþe− to be ð2.63� 0.34stat � 0.16systÞ × 10−5. The result is
consistent with the previous measurements within uncertainties and further constrains physics beyond the
standard model.
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I. INTRODUCTION

The coupling of the η meson to virtual photons is an
important input for calculating the anomalous magnetic
moment of the muon, aμ ¼ ðgμ − 2Þ=2, as pseudoscalar-
meson exchange constitutes the dominant contribution to
hadronic light-by-light scattering [1]. The double Dalitz
decays P → lþl−lþl−, involving pseudoscalar mesons P
(P ¼ π0; η or η0) and leptons l (l ¼ e, μ), are expected to
proceed through two virtual photons [2]. In such decays,
each virtual photon internally converts into a lepton pair, as
depicted in Fig. 1. In addition, the deviations between the
measured rate and the pointlike quantum electrodynamics
(QED) prediction are usually described in terms of a
timelike transition form factor (TFF), which provides
important information on the internal structure of the
meson [3].
In 1967, initial QED predictions [4] for double Dalitz

decays of the η meson were formulated, under the
assumption that the TFF is unity. Since then, various
theoretical models, including the hidden gauge model
[5–7], the modified vector meson dominance
model (VMD) [8–11] and a data driven approach [12],
have been applied to study the double Dalitz decays
η; η0 → eþe−eþe−. Despite these theoretical advances,
experimental results remain sparse. The first observation
of η → eþe−eþe− was reported by the KLOE collaboration
in 2011 [13]. More recently, BESIII observed the decay
η0 → eþe−eþe− [14]. Table I presents a comparison of

predictions and measurements for the branching fractions
of η and η0 → eþe−eþe−. Notably, the central value of the
BESIII measurement for the η0 → eþe−eþe− decay is
approximately twice that of the theoretical predictions,
whereas no such discrepancy is observed for the η decay.
Compared to the KLOE measurement, the BESIII experi-
ment benefits from larger η samples produced in J=ψ
radiative and hadronic decays, providing unique access to η
decay channels, as demonstrated in Refs. [15,16]. A new
and high-precision measurement of these decays is there-
fore desirable. Such a measurement would not only validate
the previous KLOE measurement, but also offer more
experimental data to further improve our understanding of
the relevant physical models.
In this paper, we present a measurement of the branching

fraction for the double Dalitz decay of η → eþe−eþe−,
based on the dataset corresponding to ð1.0087� 0.0044Þ ×
1010 J=ψ events [17] collected with the BESIII detector
[18] at the BEPCII collider [19].

II. BESIII DETECTOR AND MONTE CARLO
SIMULATION

The BESIII detector [18] records symmetric eþe−
collisions provided by the BEPCII accelerator [19] in
the center-of-mass energy (

ffiffiffi
s

p
) range from 1.84 to

4.95 GeV, with a peak luminosity of 1.1 × 1033 cm−2 s−1

FIG. 1. Feynman diagrams for P → lþl−lþl−.
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achieved at
ffiffiffi
s

p ¼ 3.773 GeV. 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 (0.9 T in 2012, for 11% of
the data). The solenoid is supported by an octagonal flux-
return yoke with resistive plate counter muon identifier
modules interleaved with steel. The momentum resolution
of the charged particle at 1 GeV=c is 0.5%, and the specific
ionization energy loss dE=dx resolution is 6% for the
electrons from the 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 of the TOF
barrel part is 68 ps, while that of the end cap part is 110 ps.
The end cap TOF system was upgraded in 2015 using
multigap resistive plate chamber technology, providing a
time resolution of 60 ps, which benefits 85% of the data
used in this analysis [20–22].
Simulated samples are produced with a GEANT4-based

[23] Monte Carlo (MC) package. This package includes a
geometric description of the BESIII detector and the
detector response. These samples are used to determine
the detection efficiency and estimate the backgrounds. The
simulation includes the beam energy spread and initial state
radiation (ISR) in the eþe− annihilations modeled with the
generator KKMC [24], while the decays are simulated using
EvtGen [25]. Possible hadronic backgrounds are investigated
using a sample of inclusive MC events of J=ψ decay, where
the known decays of J=ψ are modeled with EvtGen [25] with
branching fractions taken from the Particle Data Group
(PDG) [26], while the remaining unknown decays are
generated with the LUNDCHARM model [27]. To determine
the detection efficiencies, we generate 2 × 106 simulated
signal events for each of the decay chains: J=ψ → γη with
η → eþe−eþe−, and J=ψ → γη0 with η0 → πþπ−η followed
by η → eþe−eþe−. The signal generation employs an

amplitude model based on the VMD framework [11].
The relevant background channels, η → πþπ−eþe− [28]
and η → γeþe− [29], are also included in the simulation.
The dataset collected at

ffiffiffi
s

p ¼ 3.08 GeV with an integrated
luminosity of ð167.06� 0.10Þ pb−1 [17] is used to estimate
the contamination from continuum processes.

III. EVENTS SELECTION AND BACKGROUND
ANALYSIS

The η candidates are reconstructed through the decays of
J=ψ → γη (mode I) and J=ψ → γη0, η0 → πþπ−η (mode II).
Charged tracks detected in the MDC must be within a polar
angle range of jcos θj ≤ 0.93, where θ is defined with
respect to the MDC axis. The distance of closest approach
to the interaction point (IP) must be less than 10 cm along
the z direction and less than 1 cm in the plane transverse to
the z-axis. Particle identification (PID) for charged tracks
combines with the measurements of the specific ionization
energy loss in the MDC (dE=dx) and the flight time
in the TOF to form likelihoods of the electron hypotheses,
LðeÞ, and pion, LðπÞ, hypotheses. Tracks are identified
as electrons when LðeÞ > LðπÞ, while charged pions
are identified by requiring LðπÞ > LðeÞ. To study
η → eþe−eþe− via mode I and mode II, the eþe−eþe−
and πþπ−eþe−eþe− combinations are selected for further
analysis, respectively.
Photons are reconstructed from isolated showers in the

electromagnetic calorimeter (EMC). The energy deposited
in the nearby time of flight counter is incorporated to
enhance the reconstruction efficiency and energy resolu-
tion. The energies of photons are required to be greater
than 25 MeV in the EMC barrel region (jcos θj < 0.80),
and greater than 50 MeV in the EMC end-cap region
(0.86 < jcos θj < 0.92). Moreover, to suppress electronic
noise and showers not related to the event, the difference
between the EMC time and the event start time must fall
within the range (0, 700) ns. To exclude showers that
originate from charged tracks, the angle between the
direction of each shower in the EMC and the direction
of the closest extrapolated charged track must be greater
than 15 degrees. Events with at least one photon are
retained for further analysis.
To further suppress potential backgrounds and improve

mass resolution, a four-constraint (4C) kinematic fit is
implemented for all the γeþe−eþe− combinations for the
process J=ψ → γη, enforcing energy-momentum conser-
vation from the initial eþe− state. Candidates with the
minimum χ24CþPIDðeþe−eþe−Þ per event are retained,
where χ24CþPID ¼ χ24C þ Σ4

i¼1χ
2
PIDðiÞ, is the sum of χ2

calculated from the 4C kinematic fit (χ24C) and the PID
(χ2PID). For the J=ψ → γη0, η0 → πþπ−η, η → eþe−eþe−

channel, a five-constraint (5C) kinematic fit is implemented
for all the γπþπ−eþe−eþe− combinations, with an addi-
tional mass constraint on the πþπ−η system based on the

TABLE I. The theoretical predictions and experimental mea-
surements for the branching fractions of the decays η →
eþe−eþe− and η0 → eþe−eþe−. The theoretical uncertainties
are from input parameters, while the experimental uncertainties
include both statistical and systematic components.

Source
η → eþe−eþe−

(×10−5)
η0 → eþe−eþe−

(×10−6)

Hidden
gauge [11]

2.68� 0.13 2.38� 0.40

Modified
VMD [11]

2.67� 0.13 2.32� 0.40

Data driven
approach [12]

2.17� 0.20 2.10� 0.45

KLOE [13] 2.40� 0.22 � � �
BESIII [14] � � � 4.50� 0.12
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known η0 mass [26]. Candidates with the minimum
χ25Cðπþπ−eþe−eþe−Þ are retained.
The requirements of χ24CþPIDðeþe−eþe−Þ < 60 and

χ25Cðπþπ−eþe−eþe−Þ < 60 were obtained by optimizing
the figure-of-merit S=

ffiffiffiffiffiffiffiffiffiffiffiffi
Sþ B

p
, where S (B) represents the

number of signal (background) events from MC simula-
tions. The dominant backgrounds are found to originate
from η → γeþe− and η → γγ decays, where a photon
converts to an eþe− pair at the beam pipe or the inner wall
of the MDC. Fig. 2(a) shows the invariant mass distribution
of the eþe− pairs, with a clear peak around 0.015 GeV=c2

corresponding to the γ conversion background.
To distinguish the γ conversion events from signal

events, the photon conversion finder package [30] is used.
Two variables are reconstructed: (i) the distance Rxy from
the eþe− vertex (of the θ1ee pair; see below) to the IP in the
transverse plane, as shown in Fig. 2(b); (ii) the opening
angle Φee of the eþe− pair in the laboratory frame [31], as

shown in Figs. 3(a)–3(d). As shown in Fig. 2(b), the signal
eþe− pairs in the Rxy distribution originate from the IP,
while the γ conversion events peak around 3 cm in the beam
pipe and 6 cm in the inner wall of the MDC. For the γ
conversion events, Φee is expected to be close to zero. We
therefore veto the γ conversion background by requiring
Φee < 70° and 2 cm < Rxy < 8 cm for mode I, and
Φee < 40° and 2 cm < Rxy < 8 cm for mode II, as illus-
trated in Figs. 3(a)–3(d).
Another significant background arises from the mis-

identification background of π as e, such as
η → πþπ−eþe−. To suppress this background, we use
the opening angles θee between the eþe− pairs in the
laboratory frame, defined as cos θee ¼ p̂þ · p̂−, where p̂þ
and p̂− are the normalized three-momenta (directions) of
one of the positrons and one of the electrons, respectively.
For signal events, θee is expected to be close to zero, for
correctly paired (i.e., from the same photon) tracks.
To veto the particle misidentification background, two
angles between the two electrons are defined: the smallest
angle of the four eþe− pairings, θ1ee, and the angle
of the complementary pair, θ2ee. We reject events with
10° < θ1ee < 30° when 10° < θ2ee < 60° for mode I, and
20° < θ1ee < 60° when 40° < θ2ee < 80° for mode II, as
shown in Figs. 3(e)–3(h).
Other potential backgrounds from J=ψ decays and

continuum production are studied with the J=ψ inclusive
MC sample and the data samples taken at

ffiffiffi
s

p ¼ 3.08 GeV,
respectively. The main background channels are summa-
rized in Table II. After performing a study of the exclusive
MC simulations for these survived backgrounds, their
contributions are normalized according to the branching
fractions taken from the PDG [26], and fixed in the
subsequent fit. The continuum background is found to
be negligible.

IV. MEASUREMENT OF BRANCHING FRACTION

The signal yields are extracted through a simultaneous
unbinned extended maximum-likelihood fit to the
Mðeþe−eþe−Þ distributions of both decay modes, with a
shared branching fraction for η → eþe−eþe−. Due to
limited data statistics, the signal probability density
functions (PDFs) are derived from MC simulation. The
backgrounds from the decays of η → πþπ−eþe− and
η → γeþe− in both modes are modeled with the
MC-simulated shapes, with yields fixed according to
known branching fractions [26]. The remaining back-
ground (RBKG), related to the e, μ or π misidentification
and the QED processes, is found to distribute smoothly in
the Mðeþe−eþe−Þ distribution and therefore modeled by a
first-order polynomial function. Figure 4 shows the simul-
taneous fit to the Mðeþe−eþe−Þ distributions for both
modes. The statistical significances for η → eþe−eþe− are
calculated to be 5.9σ for mode I and 7.8σ for mode II from

(a)

(b)

FIG. 2. The distributions of (a)Mee and (b) Rxy for mode I. The
dots with error bars are data, the red histograms are the signal MC
events, the shaded yellow histograms are the background of
J=ψ → γη; η → γeþe− and the dashed green histograms are the
background of J=ψ → γη; η → γγ. The blue histograms are the
sum of all backgrounds normalized from the MC simulation.
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FIG. 3. The photon conversion veto criterion in theΦee vs Rxy plane, shown with events from (a), (c) data and (b), (d) η → γeþe− MC
for mode I and mode II, respectively. The miscombination background veto criterion in the θ1ee vs θ2ee plane, shown with events from (e),
(g) data and (f), (h) η → πþπ−eþe− MC for mode I and mode II, respectively. The red boxes denote the veto regions.
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the independent fits, respectively, and 11.1σ from the
simultaneous one. They are calculated from the changes
in log-likelihood and degrees of freedom with and without
the signal in the fit.
The branching fraction of η → eþe−eþe− is then deter-

mined by

Bðη → eþe−eþe−Þ ¼ Nobs

NJ=ψ · ϵ · B
; ð1Þ

where Nobs is the number of signal events in fit, NJ=ψ is the
total number of J=ψ events in data, and ϵ denotes the
detection efficiency. TheB denotes the branching fraction of
J=ψ → γη for mode I and the product of the branching
fractions of J=ψ → γη0 and η0 → πþπ−η for mode II; these
values are taken from the PDG [26]. Table III summarizes
the numerical results. From the simultaneous fit to both
modes, the branching fraction of η → eþe−eþe− is deter-
mined to be ð2.63� 0.34Þ × 10−5, where the uncertainty is
statistical only.

V. SYSTEMATIC UNCERTAINTY

Systematic uncertainties on the branching fraction mea-
surements mainly originate from tracking and PID, photon
detection, kinematic fit, γ conversion veto, MC generator,
signal shape, background shape, fit range, branching
fractions of intermediate decays, total number of J=ψ
events.

(i) The systematic uncertainties associated with the
tracking and PID for pions are studied using a
control sample of J=ψ → πþπ−π0, and those
for e� are evaluated using a mixed sample of
J=ψ → eþe−γ and J=ψ → eþe−γFSR (FSR denotes
final state radiation). In both cases, the difference in
efficiencies between data and MC simulation is
extracted as a function of the particle momentum
and the cosine of its polar angle. Subsequently, each
event in the signal MC samples is reweighted by a
factor ð1þ ΔsystÞ. Then the branching fractions are
recalculated with the detection efficiencies deter-
mined from the reweighted signal MC sample. The
resulting differences compared to the original ones
are taken as individual systematic uncertainties.

(ii) The systematic uncertainty of photon detection is
studied using a control sample of eþe− → γISRμ

þμ−.
The difference in the detection efficiencies between
data and the MC simulation is assigned as the
systematic uncertainty.

(a) (b)

FIG. 4. Fits to the distributions ofMðeþe−eþe−Þ for (a) mode I and (b) mode II. The dots with error bars are data, the blue curves are
the fit results, the dashed red lines are the signal shapes, the hatched histograms are the backgrounds from η → πþπ−eþe− and
η → γeþe− for both modes, and the gray lines are the smooth backgrounds.

TABLE II. The dominant background channels and the nor-
malized yields for mode I and mode II. A dash indicates that the
corresponding contribution is free in the fit. The uncertainties are
statistical.

Mode Background channel Normalized yield

I J=ψ → γη, η → γeþe− 4.8� 0.3
J=ψ → γη, η → πþπ−eþe− 2.8� 0.2

J=ψ → γη, η → γγ � � �
II J=ψ → γη0, η0 → πþπ−η, η → γeþe− 8.6� 0.6

J=ψ → γη0, η0 → π−πþη, η → πþπ−eþe− 1.6� 0.1
J=ψ → γη0, η0 → πþπ−η, η → γγ � � �

TABLE III. Numerical results for signal yields, Nobs, detection
efficiencies, ϵ, branching fractions of η → eþe−eþe−, B, and
statistical significances, S, for both modes.

Mode Nobs ϵ (%) Bð×10−5Þ S (σ)

I 35.9� 6.7 13.1 2.51� 0.47 5.9
II 29.5� 6.1 4.7 2.80� 0.58 7.8
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(iii) The systematic uncertainty associated with the
kinematic fit is assigned by comparing the results
with and without track helix parameter corrections
[32]. Half of the difference in the detection effi-
ciency is taken as the systematic uncertainty.

(iv) The systematic uncertainty from the γ conversion
veto is studied with a control sample of
J=ψ → πþπ−π0, π0 → γeþe− [29]. The differences
of the detection efficiencies between data and MC

simulation associated with the photon conversion
veto are assigned as the systematic uncertainties.

(v) The MC generator, based on the theoretical calcu-
lation in Ref. [28], is used to determine the detection
efficiency. The dependence of detection efficiency
on the form factor is evaluated by varying the c3
parameter in the modified VMD amplitude factor
from 1. in the hidden-gauge model to 0.927–0.930 in
the modified VMD model [11]

VMDðs12; s34; s23; s14Þ ¼ 1 − c3 þ c3
m2

V

m2
V − s12 − imVΓðs12Þ

m2
V

m2
V − s34 − imVΓðs34Þ

m2
V

m2
V − s23 þ imVΓðs23Þ

×
m2

V

m2
V − s14 þ imVΓðs14Þ

: ð2Þ

Here the sij ¼ ðPeþ þ Pe−Þ2 are squares of the
pairwise invariant masses, mV is the vector meson
mass, and ΓðsijÞ is its total width [33]

ΓðsijÞ ¼
g ffiffiffiffiffisij
p
mV

��
1 −

4m2
e

sij

�
=

�
1 −

4m2
e

m2
V

��3
2

× Θðsij − 4m2
eÞ; ð3Þ

where g ¼ 149.1 MeV and Θ is the Heaviside step
function. The maximum difference of the detection
efficiencies between the nominal and alternative
models is taken as the uncertainty due to the MC
generator.

(vi) The systematic uncertainty due to the signal shape is
estimated by changing the nominal signal function
to a double Gaussian function. The difference of the
signal yield is taken as the systematic uncertainty.

(vii) The systematic uncertainty due to the fit range of
Mðeþe−eþe−Þ is estimated by varying the mass
range by 10 or 20 MeV=c2. The largest resulting
difference in the signal yield is taken as the sys-
tematic uncertainty.

(viii) In the fit, the numbers of events for the backgrounds
from η → πþπ−eþe− and η → γeþe− are fixed
according to the branching fractions from the
PDG. The associated systematic uncertainty is
evaluated by randomly varying those branching
fractions based on their uncertainties and repeating
the simultaneous fit. The resulting spread of the
signal yield is taken as the systematic uncertainty. To
evaluate the uncertainties of the used branching
fractions, a set of random numbers are generated
within the uncertainty of each branching fraction.
The uncertainty due to the assumed polynomial
background shape is estimated by an alternate fit
using a second-order polynomial function.

(ix) The systematic uncertainties associated with the
branching fractions of intermediate decays J=ψ → γη,
J=ψ → γη0 and η0 → πþπ−η are taken from the
PDG [26], respectively.

(x) The total number of J=ψ events (NJ=ψ ) is determined
with inclusive hadronic J=ψ decays, with an un-
certainty of 0.4% [17].

Assuming all sources are independent, the total system-
atic uncertainty is calculated as the square root of their
quadratic sum. The various systematic uncertainties on the
branching fraction measurements are summarized in
Table IV. Note that the combined systematic uncertainty
for both modes is propagated by

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
i σ

2
i · w

2
i þ δ2

p
. Here,

σi denotes the individual systematic uncertainty for each
mode, and wi is the weight factor defined as a ratio of the
number of signal events for an individual mode to the sum
of those for both modes, i.e., wi ¼ Nobs

i =ðNobs
I þ Nobs

II Þ.
The δ is the uncertainty of the simultaneous fit, which

TABLE IV. Systematic uncertainties on the measurement of the
branching fraction, in %.

Source Mode I Mode II Combined

Tracking 3.2 5.6 4.2
PID 1.7 1.6 1.7
Photon detection 0.5 0.5 0.5
Kinematic fit 1.0 1.7 1.3
Photon conversion veto 3.0 3.0 3.0
MC Generator 0.8 1.1 0.9
Signal shape 1.9 0.4 0.8
Fit range 3.6 3.2 1.9
Background shape 1.2 0.2 0.7
BðJ=ψ → γηÞ 1.7 � � � 1.0
BðJ=ψ → γη0Þ � � � 1.3 0.5
Bðη0 → πþπ−ηÞ � � � 1.2 0.5
Number of J=ψ events 0.4 0.4 0.4

Total 6.7 7.8 6.2
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includes the signal shape, the background shape, and the
fit range.

VI. SUMMARY

Based on ð1.0087� 0.0044Þ × 1010 J=ψ events col-
lected with the BESIII detector, we have measured the
branching fraction of η → eþe−eþe− via the decay chains
J=ψ → γη and J=ψ → γη0, η0 → πþπ−η. The observed
signals have statistical significances of 5.9σ and 7.8σ,
respectively. The combined branching fraction is deter-
mined to be ð2.63� 0.34� 0.16Þ × 10−5, where the first
uncertainty is statistical and the second is systematic. As
shown in Fig. 5, this result is consistent with the previous
KLOE measurement [13] and theoretical predictions
[11,12]. Future experiments at facilities like the super τ-
charm facility [34] and the JLab Eta Factory [35] will
enable higher-precision studies of this decay.
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