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Using a sample of ð10087� 44Þ × 106 J=ψ events accumulated with the BESIII detector, we analyze
the decays η → πþπ−lþl− (l ¼ e or μ) via the process J=ψ → γη. The branching fraction of
η → πþπ−eþe− is measured to be Bðη → πþπ−eþe−Þ ¼ ð3.07� 0.12stat � 0.19systÞ × 10−4. No signal
events are observed for the η → πþπ−μþμ− decay, leading to an upper limit on the branching fraction of
Bðη → πþπ−μþμ−Þ < 4.0 × 10−7 at the 90% confidence level. Furthermore, the CP-violation asymmetry
parameter is found to be ACPðη → πþπ−eþe−Þ ¼ ð−4.04� 4.69stat � 0.14systÞ%, showing no evidence
of CP-violation with current statistics. Additionally, we extract the transition form factor from the
decay amplitude of η → πþπ−eþe−. Finally, axionlike particles are searched for via the decay
η → πþπ−a; a → eþe−, and upper limits on this branching fraction relative to that of η → πþπ−eþe−

are presented as a function of the axionlike particle mass in the range 5–200 MeV=c2.
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I. INTRODUCTION

The decays η → πþπ−lþl− (l ¼ e or μ) involve contri-
butions from the box anomaly of quantum chromodynamics
(QCD) and have been studied using various models, such as
the hidden gauge [1], the chiral unitary approach (Unitary
χPT) [1], and the vector meson dominance (VMD)
models [2], and the standard model (SM) [3]. Table I
displays the theoretical predictions and experimental results
for the branching fractions (B) of the η → πþπ−lþl− decays.
Electromagnetic decays of mesons depend on the coupling
of photons to the electric charge distribution of the quark
fields. This electromagnetic meson structure is described by
the transition form factor (TFF), which is a function of the
momentum transfer. More importantly, the TFF determines
the size of certain hadronic quantum corrections in the
anomalous magnetic moment of the muon, ðg − 2Þμ [4].
In the year 2000, the KTeV experiment observed

a significant CP asymmetry in the distribution of the
T-odd angle φ in K0

L → πþπ−eþe− decay [8], where φ
is the angle between the eþe− decay plane and the πþπ−

decay plane in the K0
L center-of-mass system. However,

so far there is no experimental indication of CP-violation
in flavor-conserving reactions. The η → πþπ−eþe− decay
provides an opportunity to search for an analogous

CP-violation asymmetry in the angle distribution between
the eþe− and πþπ− decay planes. This has been explored
in η → πþπ−eþe− decay in the KLOE experiment, and
the CP-violation asymmetry is determined to be ACP ¼
ð−0.6� 2.5� 1.8Þ% [7], which is consistent with zero.
The hadronic decay channels of the η meson could also

provide signals of the QCD axion, a dark photon or other
axionlike particles (ALPs) [9,10] that couple with hadrons.
Hints of a new light bosonic state with mass around
17 MeV=c2 [11,12] were observed by the ATOMKI
Collaboration via measuring the angle between eþe− pairs
[13–15], and a light pseudoscalar particle a decaying to
eþe− was proposed to explain the ATOMKI anomaly. The
ALPs could also cause a deviation from the expected value
of the electron anomalous magnetic moment [16–18].
The ten billion J=ψ events collected with the BESIII

detector during 2009-2019 [19] offer an excellent oppor-
tunity to measure the TFF, and to search for CP-violation
and hadronically coupled ALPs.

TABLE I. Different theoretical predictions and previous ex-
perimental measurements of Bðη → πþπ−lþl−Þ.

Bðη → πþπ−eþe−Þ
ð10−4Þ

Bðη → πþπ−μþμ−Þ
ð10−9Þ

Unitary χPT [1] 2.99þ0.06
−0.09 7.50þ1.80

−0.70

Hidden gauge [2] 3.14� 0.17 8.65� 0.39
VMD [2] 3.02� 0.12 8.64� 0.25
SM [3] 2.65� 0.17 6.36� 0.39

CMD-2 [5] 3.7þ2.5
−1.8 � 3.0 � � �

WASA [6] 4.3þ0.2
−1.6 � 0.4 <3.6 × 105

KLOE [7] 2.68� 0.09� 0.07 � � �

*Full author list given at the end of the article.
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II. BESIII DETECTOR

The BESIII detector [20] records symmetric eþe−
collisions provided by the BEPCII storage ring [21]
in the center-of-mass energy range from 2.0 to 4.95 GeV,
with a peak luminosity of 1 × 1033 cm−2 s−1 achieved atffiffiffi
s

p ¼ 3.77 GeV. BESIII has collected large data samples
in this energy region [22]. 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, which affects 10% of the total J=ψ data. 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 was
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 [23]. About 13% of the data
used here benefits from this upgrade.

III. DATA SAMPLE AND MONTE CARLO
SIMULATION

This analysis is based on ð10087� 44Þ × 106 J=ψ
events collected with the BESIII detector from 2009 to
2019 [19]; it uses the radiative decay J=ψ → γη, resulting
in a sample of about 1.1 × 107 η events.
The estimation of backgrounds and the determination of

detection efficiencies are performed with Monte Carlo
(MC) simulations. The BESIII detectors are modeled with
Geant4 [24–26]. The production of the J=ψ resonance is
implemented with the MC event generator KKMC [27,28],
while the decays are simulated by EvtGen [29,30]. The
possible backgrounds are studied using a sample of J=ψ
inclusive events in which the known decays of J=ψ are
modeled with branching fractions set to the world average
values in the PDG [31], while the unknown decays are
generated with the LUNDCHARM model [32]. For this
analysis, specific generators for the η → πþπ−lþl− [33],
η → πþπ−π0 [34], η → γπþπ− [34], η → γeþe− [34],
η0 → ηπþπ− [34] decays are developed based on theoretical
amplitudes.

IV. EVENT SELECTION AND
BACKGROUND ANALYSIS

The final state of interest is studied through the decay
chain J=ψ → γη, η → πþπ−lþl−. Each event is required to

contain at least one good photon candidate, and four
charged track candidates with a total charge of zero.
Charged tracks detected in the MDC are required to be
within a polar angle (θ) range of j cos θj ≤ 0.93, where θ is
defined with respect to the z-axis, which is the symmetry
axis of the MDC. The distance of closest approach to the
interaction point (IP) must be less than 10 cm along the
z-axis and less than 1 cm in the transverse plane. Photon
candidates are identified using showers in the EMC. The
deposited energy of each shower must be larger than
25 MeV in the barrel region (j cos θj < 0.8) or larger than
50 MeV in the end cap region [ð0.86 < j cos θj < 0.92Þ].
To exclude showers that originate from charged tracks, the
angle subtended by the EMC shower and the position of the
closest charged track at the EMC must be greater than
15 degrees as measured from the IP. To suppress electronic
noise and showers unrelated to the event, the difference
between the EMC time and the event start time is required
to be within [0, 700] ns.
For each candidate, particle identification (PID) is

performed using the TOF and dE=dx information, and a
four-constraint (4C) kinematic fit is executed imposing
energy and momentum conservation under the hypothesis
of γπþπ−eþe− or γπþπ−μþμ− final state. A summed chi-
square, χ2sum ¼ χ24C þP

4
i¼1 χ

2
PIDðiÞ, is calculated from the

chi-square of the 4C kinematic fit (χ24C) and PID (χ2PID).
For each event, the hypothesis with the smallest
χ2sumðπþπ−eþe−Þ or χ2sumðπþπ−μþμ−Þ is kept for the further
analysis.
For the decay η → πþπ−eþe−, a requirement of

χ2sumðπþπ−eþe−Þ < 50 is imposed. The primary peaking
background comes from the η → γπþπ− events, where the
photon converts to an eþe− pair. To exclude these back-
ground events, a photon conversion finder algorithm [35] is
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FIG. 1. The distribution of Rxy. The dots with error bars
represent the data, the red dashed histogram is the MC signal
shape, the green dashed histogram is the J=ψ → γη; η → γπþπ−
MC shape, and the blue solid histogram is the sum of the MC
signal and MC background from J=ψ → γη; η → γπþπ−.
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applied to the selected eþe− pair. The distribution of Rxy,
defined as the projected distance from the eþe−-vertex
position to the IP in the x-y plane [35], is shown in Fig. 1.
Photon conversion events are identified based on their

proximity to the beam pipe (Rxy ≈ 3.5 cm) and the inner
wall of the MDC (Rxy ≈ 6.5 cm). The observableΦee is the
lab-frame opening angle of the eþe− pair [36], and the two-
dimensional distribution of Φee vs Rxy is shown in Fig. 2.
For photon conversion events,Φee is expected to be close to
zero. After the application of the photon conversion veto
Φee < π

3
when 2.0 cm < Rxy < 7.5 cm, most conversion

events are rejected. The remaining background events from
the inclusive MC sample are studied, and the dominant
background channels listed in Table II. Dedicated exclusive
MC samples are then generated to better estimate their
contributions.
For the decay η → πþπ−μþμ−, a requirement of

χ2sumðπþπ−μþμ−Þ < 50 is imposed. The signal window is
determined by fitting the πþπ−μþμ− invariant mass spec-
trum of the signal MC sample. The signal shape is
represented by a double Gaussian function, and the
signal window is defined as ½μ − 3σ; μþ 3σ�, where μ
and σ are the weighted mean and standard deviation
from the fit. In this case, the signal window is set to
0.531 GeV=c2 < Mðπþπ−μþμ−Þ < 0.567 GeV=c2, and

there are no events in this η mass region, as displayed
in Fig. 3.

V. ANALYSIS OF η → π +π − e+ e −

A. Branching fraction measurement

To extract the number of η → πþπ−eþe− events, an
unbinned maximum likelihood fit is performed to the
πþπ−eþe− invariant mass spectrum. The signal and all
the background shapes are taken from the MC simulations.
The number of background events from J=ψ →
γπþπ−πþπ− is determined from the fit, and all other
background events are fixed according to the branching
fractions from the PDG [31], as summarized in Table II.
The fit yields Nsig ¼ 680� 27 signal events, and the result
of the invariant mass of πþπ−eþe− is shown in Fig. 4.
The fit χ2 per degree of freedom (ndf) is χ2=ndf ¼ 75.1=98.
The branching fraction is determined by

Bðη → πþπ−eþe−Þ ¼ Nsig

NJ=ψBðJ=ψ → γηÞε : ð1Þ
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FIG. 2. The photon conversion veto criterion in theΦee vs Rxy plane, shown with events from (a) data and (b) η → γπþπ− background
MC sample. Events inside the red rectangle are rejected.

TABLE II. Main background processes and normalized yields
of the η → πþπ−eþe− decay. For the B determination, “…”
indicates that the number of background events are float in the fit.
“Other” refers to the analyses for TFF, ACP, and an ALP. A more
detailed explanation is provided in the subsequent sections.

Normalized yields

Background mode B Other

J=ψ → γη0; η0 → πþπ−η; η → γeþe− 85� 6 8� 2

J=ψ → γη; η → πþπ−π0 312� 13 18� 2

J=ψ → γη; η → γπþπ− 42� 3 29� 3

J=ψ → γπþπ−πþπ− … 16� 2
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FIG. 3. The πþπ−μþμ− invariant mass distribution of selected
candidates in data.
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Here NJ=ψ is the number of J=ψ events [19] and BðJ=ψ →
γηÞ is the branching fraction of J=ψ → γη [31]. With a
detection efficiency of ε ¼ ð20.12� 0.04Þ%, the branching
fraction of η → πþπ−eþe− is calculated to be ð3.07�
0.12Þ × 10−4, where the uncertainty is statistical only.

B. Form factor measurement

The form factor is written as

Mðsππ; seeÞ ¼ Mη × VMDðsππ; seeÞ: ð2Þ

Here Mη includes factors related to decay constants
and pseudoscalar-octet mixing, and VMDðsππ; seeÞ is
the VMD factor which included propagator effects.
The four-momenta of the η → πþπ−eþe− decay is
Pη ¼ Pπþ þ Pπ− þ Peþ þ Pe− , and the VMD function
arguments are [37]

sππ ¼ ðPπþ þ Pπ−Þ2; see ¼ ðPeþ þ Pe−Þ2: ð3Þ

The VMD factor is derived from the VMD model with
finite-width corrections [38] as

VMDðsππ; seeÞ ¼ 1−
3

4
ðc1 − c2 þ c3Þ

þ 3

4
ðc1 − c2 − c3Þ

m2
V

m2
V − see − imVΓðseeÞ

þ 3

2
c3

m2
V

m2
V − sππ − im2

VΓðsππÞ

·
m2

V

m2
V − see − imVΓðseeÞ

: ð4Þ

HeremV is the mass of the vector meson and ΓðsÞ is its total
width [33]

ΓðsÞ ¼
�
Γρð770Þ

ffiffiffi
s

p

mV

�0B@1 − 4m2
i

s

1 − 4m2
i

m2
V

1
CA

3
2

Θðs − 4m2
i Þ; ð5Þ

where i is e or π, Γρð770Þ ¼ 149.1 MeV is the width
of ρð770Þ, and Θ is the Heaviside step function. By
adjusting the values of the ci parameters [39], one
can switch between the various VMD models: (I) hidden
gauge model (c1 − c2 ¼ c3 ¼ 1); (II) full VMD model
(c1 − c2 ¼ 1=3; c3 ¼ 1);
To extract the parameter mV in the VMD factor, an

unbinned maximum likelihood fit to the eþe− and πþπ−
invariant mass spectra in data is performed using MINUIT
[40]. In the fit, Mðπþπ−eþe−Þ is required to be in the η
mass region of ð0.53–0.57Þ GeV=c2. The backgrounds are
generated by MC simulation with specific generators as
described in Sec. III. The number of background events of
J=ψ → γπþπ−πþπ− is obtained by fitting the πþπ−eþe−
invariant mass spectrum, and other background yields,
listed in Table II, are estimated using PDG branching
fractions [31]. The probability of observing the ith event
characterized by the measured four-momenta ξi of final-
state particles is

PðξiÞ ¼
jAðξiÞj2εðξiÞR jAðξÞj2εðξÞdξ ; ð6Þ

where A is the amplitude and εðξiÞ is the detection
efficiency.
The normalization factor in the denominator is computed

by integrating over all kinematic variables. The fit is done
by minimizing the negative log-likelihood value

− lnL ¼ −ω0
"XNdata

i¼1

lnPðξiÞ − ωbkg1

XNbkg1

j¼1

lnPðξjÞ

− ωbkg2

XNbkg2

k¼1

lnPðξkÞ − � � �
#
; ð7Þ
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FIG. 4. Fit to the invariant mass distribution of πþπ−eþe−.
The dots with error bars represent the data, the red solid line is the
MC signal shape, and the blue solid line is the total fit result.
The blue dot-dash line (Background I) is the J=ψ → γη0;
η0 → πþπ−η; η → γeþe− MC shape. The green long-dash line
(Background II) is the J=ψ → γη; η → πþπ−π0 MC shape. The
purple dashed line (Background III) is the J=ψ → γη; η → γπþπ−
MC shape. The pink short-dash line (Background IV) is the
J=ψ → γπþπ−πþπ− MC shape.
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where i runs over all accepted events, and j, k, … run over
the other considered background events. Their correspond-
ing numbers of events are denoted by Ndata, Nbkg1 and

Nbkg2. ωbkg1 ¼ N0
bkg1

Nbkg1
and ωbkg2 ¼ N0

bkg2

Nbkg2
are the weights of the

backgrounds, where N0
bkg1 and N0

bkg2 are the contributions
according to individual branching fractions taken from the
PDG. To obtain an unbiased uncertainty estimation, the
normalization factor ω0 [41] used is

ω0 ¼ Ndata − Nbkg1ωbkg1 − Nbkg2ωbkg2 þ � � �
Ndata þ Nbkg1ω

2
bkg1 þ Nbkg2ω

2
bkg2 þ � � � : ð8Þ

The fit results of Model I and Model II are both in
good agreement with data; Fig. 5 shows the πþπ−
and eþe− invariant mass spectrum fits. The results for
mV in Model I and Model II are mV ¼ 749� 54 MeV=c2

and mV ¼ 748� 53 MeV=c2, respectively. The
χ2=ndfðπþπ−; eþe−Þ are calculated to be (I) 73.6=41;
22.6=36 and (II) 72.9=41; 22.6=36. A larger η data sample,
potentially obtainable from experiments like the Super
τ–Charm Facility [42], is necessary to achieve a more
precise measurement.

C. CP-violation asymmetry

The fit function for the angular distribution, based on the
squared decay amplitude [2], is

FðφÞ ¼ 1þ a · sin2 φþ b · sin 2φ; ð9Þ

where 1þ a · sin2 φ is a dominant contribution from the
magnetic term, and b · sin 2φ is from the CP-violating

interference term. Here, φ is the angle between the decay
planes of the πþπ− and eþe− systems. Then the asymmetry
parameter ACP is defined as

ACP ¼ 1

Γ

Z
2π

0

dΓ
dφ

signðsin 2φÞdφ

¼
R
π
−π FðφÞsignðsin 2φÞdφR

π
−π FðφÞdφ

¼ 4b
ð2þ aÞπ ; ð10Þ

where signðxÞ is the sign function, signðxÞ ¼ x=jxj.
The background treatment follows the same method

as the TFF measurement (Sec. V B), and the background
yields are listed in Table II. In the fit, the efficiency
corrected FðφÞ function is convolved with a Gaussian
function to account for the φ resolution. The fit result of φ
is shown in Fig. 6; the χ2=ndf is 79.8=97. With the fitted
parameters a ¼ −0.696� 0.061 and b ¼ −0.041� 0.048,
ACP is calculated to be

ACPðη → πþπ−eþe−Þ ¼ ð−4.04� 4.69Þ%; ð11Þ

where the uncertainty is statistical only.

VI. SYSTEMATIC UNCERTAINTIES

Sources of systematic uncertainty are summarized in
Table III, and their corresponding contributions are dis-
cussed in detail below.

(i) Number of J=ψ events: The number of J=ψ events is
determined to be ð10087� 44Þ × 106 from counting
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FIG. 5. Fit to the invariant mass distribution of the (a) eþe− and (b) πþπ− pairs for the η → πþπ−eþe− decay mode. The points with
error bars represent the data. The red and blue solid histogram is the total fit result. The light blue dashed histogram (Background I) is the
J=ψ → γη0; η0 → πþπ−η; η → γeþe− MC shape. The green dashed histogram (Background II) is the J=ψ → γη; η → πþπ−π0 MC shape.
The purple dashed histogram (Background III) is the J=ψ → γη; η → γπþπ− MC shape. The pink dotted histogram (Background IV) is
the J=ψ → γπþπ−πþπ− MC shape.
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the inclusive hadronic events; the uncertainty is
0.4% [19].

(ii) Branching fraction of J=ψ → γη: The uncertainty of
1.2% on the branching fraction of J=ψ → γη is taken
from the PDG [31].

(iii) MC statistics: The systematic uncertainty related to
the finite statistics of the MC simulation used to

obtain the overall reconstruction efficiency is calcu-

lated as
ffiffiffiffiffiffiffiffiffiffi
εð1−εÞ

N

q
, where ε is the detection efficiency

and N is the number of generated MC events of the
signal process. The corresponding systematic un-
certainty is 0.2%.

(iv) MDC tracking: The data-MC efficiency difference
for pion track-finding is studied using a control
sample of J=ψ → πþπ−π0. Since there is no specific
decay process available for us to study the tracking
of muons in the lowmomentum region and the muon
and pion masses are similar, we use the pion study
results for muons as well. For the MDC tracking
efficiency of electrons, a mixed sample of eþe− →
eþe−γ at the J=ψ meson mass and J=ψ → eþe−γFSR
is used, where FSR stands for final-state radiation.
The data-MC difference, Δsyst., is extracted as a
function of the particle momentum and the cosine of
the polar angle. Subsequently, each event in the MC
samples is reweighted by a factor ð1þ ΔsystÞ. The
branching fraction and asymmetry parameter are
recalculated 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 new set of fit results is obtained
by using the fit method as outlined in Sec. V B. The
differences from the original results are taken as the
systematic uncertainties.

(v) Photon detection efficiency: The photon detection
efficiency in the EMC is studied using a control
sample of eþe− → γISRμ

þμ−, where ISR stands for
initial-state radiation. The systematic uncertainty is
taken as 0.5%, which is the maximum difference in
efficiency between data and MC simulation in both
the barrel and end cap regions.

(vi) PID: The pion PID efficiency for data agrees within
1.0% with that of the MC simulation in the pion
momentum region, as reported in [43]. There is no
specific decay process available for us to study the
PID of muons in the low momentum region.
Because the muon mass is similar to the pion mass,
1.0% is taken as the systematic uncertainty for the
muon [43]. Thus, 4.0% is taken as the systematic
uncertainty from PID for the η → πþπ−μþμ− decay.

(vii) Kinematic fit: To investigate the systematic uncer-
tainty associated with the kinematic fit, the track
helix parameter correction method [44] is used. Half
of the difference in the detection efficiencies with
and without the helix corrections is taken as the
systematic uncertainty.

(viii) Combined PID and kinematic fit: A clean control
sample of J=ψ → πþπ−π0; π0 → γeþe− is used
to study the systematic uncertainty due to the
requirement of χ2sumðπþπ−eþe−Þ < 50. This sample
included both π0 Dalitz decay and π0 → γγ
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FIG. 6. Fit to the distribution of plane angle φ for η →
πþπ−eþe− decay mode. The points with error bars represent
the data, the blue solid histogram is the total fit result, and the red
dashed line represents the function shape of FðφÞ convolved with
a Gaussian function. The light blue dashed histogram (Back-
ground I) is the J=ψ → γη0; η0 → πþπ−η; η → γeþe− MC shape.
The green dashed histogram (Background II) is the J=ψ →
γη; η → πþπ−π0 MC shape. The purple dashed histogram (Back-
ground III) is the J=ψ → γη; η → γπþπ− MC shape. The pink
dotted histogram (Background IV) is the J=ψ → γπþπ−πþπ−
MC shape.

TABLE III. The systematic uncertainties for the η → πþπ−lþl−
(with l ¼ e or μ) decays.

l ¼ e (%) l ¼ μ (%)

Source B ACP mV B

Number of J=ψ events 0.4 � � � � � � 0.4
BðJ=ψ → γηÞ 1.2 � � � � � � 1.2
MC statistics 0.2 � � � � � � 0.2
MDC tracking 4.1 � � � 1.0 0.7
Photon detection 0.5 � � � � � � 0.5
PID � � � � � � � � � 4.0
Kinematic fit � � � � � � � � � 0.5
Combine PID and kinematic fit 3.1 0.9 0.2 � � �
Photon conversion rejection 1.1 1.6 1.6 � � �
Signal shape 3.2 � � � � � � � � �
Generator model 0.1 � � � � � � � � �
Background estimation 0.5 2.2 0.0 � � �
Resolution � � � 1.8 � � � � � �
Width � � � � � � 0.3 � � �
Total 6.3 3.4 1.9 4.3
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decay with one photon externally converting to an
electron-positron pair. Using the same approach as
that used for the tracking efficiency, we perform a
two-dimensional correction to the selection effi-
ciency of χ2sumðπþπ−eþe−Þ < 50 as a function of
the momentum of the electron and positron. The
differences from the original results are taken as the
systematic uncertainties.

(ix) Photon conversion rejection: The control sample of
J=ψ → πþπ−π0; π0 → γeþe− is used to evaluate the
systematic uncertainty from the rejection of photon
conversions. Using the same approach as that
used for the tracking efficiency, we perform a
two-dimensional correction to the photon conver-
sion rejection efficiency as a function of the mo-
menta of the electrons and positrons. The differences
from the original results are taken as the systematic
uncertainties.

(x) Signal shape: We use a double Gaussian function
instead of the signal MC shape to fit πþπ−eþe−
mass spectrum. The fit yields 658� 27 signal events
and the systematic uncertainty is determined as the
difference from the nominal fit to be 3.2%.

(xi) Generator model: A MC generator based on a
theoretical calculation is used to determine the
detection efficiency for πþπ−eþe− decays. The
dependence of the detection efficiency on the form
factor is evaluated by replacing the nominal mV ¼
775 MeV=c2 with the mV ¼ 749 MeV=c2 measure-
ment as described in Sec. V B. The difference of the
detection efficiency between original model and
model (I) is taken as the uncertainty.

(xii) Background estimation: The background simula-
tions are based on the amplitude analysis and are
relatively precise. Therefore, the systematic uncer-
tainty from background models is neglected. In the
fit, the numbers of events for specific backgrounds
are fixed according to the branching fractions from
the PDG. To estimate the effect of the uncertainties
of the used branching fractions, a set of random
numbers is generated within the uncertainty range
of each branching fraction. Using these random
scaling parameters, a series of fits to the invariant
mass distributions of πþπ−eþe− are performed. The
variance of the determined number of signal events
and asymmetry parameters is taken as the systematic
uncertainties. In the TFF measurement, we perform
alternative fits by changing the branching fraction
by −1.0σ and þ1.0σ, and the largest difference
from the nominal results is taken as the systematic
uncertainty.

(xiii) Resolution: To estimate the uncertainty from the
resolution, we perform alternative fits by changing
the resolution from −1.0σ to þ1.0σ for the η →
πþπ−eþe− decay. The largest difference from the

nominal result is taken as the systematic uncertainty
on the asymmetry parameter.

(xiv) Width: In the TFF measurement, the width of ρð770Þ
is taken as a constant. The difference of the fit results
between the cases of fixing and allowing the width to
float is taken as the systematic uncertainty.

VII. UPPER LIMIT OF η → π +π − μ+ μ−

No events are found in the ηmass region (Nsig ¼ 0). The
number of remaining background events from all J=ψ
events is normalized to be Nbkg ¼ 0. The detection effi-
ciency is εsig ¼ ð45.65� 0.08Þ% and the total systematic
uncertainty isΔsys ¼ 4.3%. The TROLKE method is useful
in situations with low statistical significance, and the limit
calculations make use of the profile likelihood method [45].
After inserting all the above numbers in the TROLKE
program, the upper limit of signal events is obtained to be
NUP ¼ 4.4 at the 90% confidence level (CL). Thus, the
upper limit on the branching fraction at the 90% CL is
determined as

B <
NUP

NJ=ψ · BðJ=ψ → γηÞ ¼ 4.0 × 10−7: ð12Þ

VIII. UPPER LIMITS FOR ALPS
IN η → π +π − a;a → e+ e−

To study the unknown ALPs decaying into eþe−, we
perform 40 simulations under the hypothesis a → eþe− by
varying masses of a in steps of 5 MeV=c2 from 0 MeV=c2

to 200 MeV=c2.
The a signal shape is obtained through MC simulation

with an assumption of a negligible width. The treatment of
the background is the same as that of the TFF measurement
in Sec. V B, and the normalized background yields are
listed in Table II. Then 40 unbinned maximum likelihood
fits to the eþe− invariant mass spectrum are performed.
We consider possible sources for multiplicative system-

atic uncertainties of the upper limits for ALPs, such
as number of J=ψ events (0.4%), branching fraction of
J=ψ → γη (1.2%), MC statistics (0.1%), MDC tracking
(2.6%–5.0%), photon detection efficiency (0.5%), com-
bined PID and kinematic fit (3.1%) and photon conversion
veto (1.1%). The total multiplicative systematic uncertain-
ties for each hypothesis of a mass are ð4.4–6.1Þ%. The
additive systematic uncertainties are considered by alter-
native fit ranges and background estimation. The maximum
signal yield among the different fit scenarios is adopted as
its upper limit.
Since no evident a signals are seen in the Mðeþe−Þ

distribution, we compute the upper limits on the relative

branching fraction, RUP ¼ Bðη→πþπ−aÞ·Bða→eþe−Þ
Bðη→πþπ−eþe−Þ , at the
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90% CL as a function of MðaÞ. The upper limits on the
number of a signal events at the 90% CL are obtained
according to the Bayesian method [46] by smearing the
likelihood curve using a Gaussian function with a width of
the systematic uncertainty as

L0ðNÞ ¼
Z

1

0

L

�
S

Ŝ
N

�
exp

�
−
ðS − ŜÞ2
2σ2S

�
dS; ð13Þ

where L and L0ðNÞ are the likelihood curves before and
after taking into account the systematic uncertainties; Ŝ is
the nominal efficiency and σS is its systematic uncertainty.
As shown in Fig. 7, the combined limits on the relative
branching fractions are established at the level of
ð3.0–53.0Þ × 10−3, and the significance for each case less
than 0.5σ.

IX. SUMMARY

With a sample of ð10087� 44Þ × 106 J=ψ events, the
decays of η → πþπ−lþl− (l ¼ e or μ) are studied. For the
decay η → πþπ−eþe−, the branching fraction is determined
to be Bðη → πþπ−eþe−Þ ¼ ð3.07� 0.12stat � 0.19systÞ×
10−4, which is in good agreement with theoretical pre-
dictions [1–3] and previous measurements [5–7], as shown
in Fig. 8.
For the decay η → πþπ−μþμ−, no signal events are

observed. The upper limits on the branching fraction are
determined to be Bðη → πþπ−μþμ−Þ < 4.0 × 10−7 at the
90% CL, which is improved by 3 orders of magnitude
compared to the PDG value 3.6 × 10−4.
Furthermore, the TFF is extracted from the invariant

decay amplitude of the reaction η → πþπ−eþe−. An
analysis on previous experimental data obtained the values
of parameters c1 − c2 and c3 that are approximately equal
to 1 [39] and consistent with Model I (hidden gauge), we

thus report our results based on this model. We obtain
mV ¼ ð749� 54stat � 14systÞ MeV=c2 for the hidden
gauge model; a larger η data sample is needed to
improve precision.
Additionally, the CP-violation asymmetry is determined

to be ACPðη → πþπ−eþe−Þ ¼ ð−4.04� 4.69stat �
0.14systÞ%, which implies no CP-violation under the
present statistics.
Finally, ALPs are searched for via the decay η → πþπ−a;

a → eþe−, and the 90% CL upper limits on the branching
fraction relative to that of η → πþπ−eþe− are presented as a
function of the ALP mass within 5–200 MeV=c2, as shown
in Fig. 7. The significance for each case is less than 0.5σ.
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[10] D. S. M. Alves and S. Gonzàlez-Solís, J. High Energy Phys.

07 (2024) 264.
[11] A. J. Krasznahorkay et al., Phys. Rev. Lett. 116, 042501

(2016).
[12] A. J. Krasznahorkay et al., arXiv:1910.10459.
[13] D. Buttazzo, P. Panci, D. Teresi, and R. Ziegler, Phys. Lett.

B 817, 136310 (2021).
[14] U. Ellwanger and S. Moretti, J. High Energy Phys. 11

(2016) 039.
[15] J. Liu, N. McGinnis, C. E. M. Wagner, and X.-P. Wang, J.

High Energy Phys. 05 (2021) 138.
[16] R. H. Parker, C. Yu, W. Zhong, B. Estey, and H. Müller,

Science 360, 191 (2018).
[17] L. Morel, Z. Yao, P. Cladé, and S. Guellati-Khélifa, Nature
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