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Using a data sample of 4.481 × 108 ψð3686Þ events collected with the BESIII detector, we report the

first observation of the four-lepton-decays J=ψ → eþe−eþe− and J=ψ → eþe−μþμ− utilizing the process

ψð3686Þ → πþπ−J=ψ . The branching fractions are determined to be ½5.48� 0.31ðstatÞ � 0.45ðsystÞ� ×
10−5 and ½3.53� 0.22ðstatÞ � 0.13ðsystÞ� × 10−5, respectively. The results are consistent with theoretical

predictions. No significant signal is observed for J=ψ → μþμ−μþμ−, and an upper limit on the branching

fraction is set at 1.6 × 10−6 at the 90% confidence level. A CP asymmetry observable is constructed for the

first two channels, which is measured to be ð−0.012� 0.054� 0.010Þ and ð0.062� 0.059� 0.006Þ,
respectively. No evidence for CP violation is observed in this process.
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I. INTRODUCTION

Quantum electrodynamics (QED), which describes the

electromagnetic interactions, is one of the most accurate

theories in the Standard Model (SM). Pure leptonic pro-

cesses are the golden channels to test QED predictions,

compared to semileptonic decays, where the calculations

have large uncertainties because of nonperturbative effects.

However, there are very few pure leptonic decays without

neutrinos in the final states in the τ-charm energy region.

J=ψ → l
þ
l
−, where l may be either e or μ, are two such

precisely measured channels, and their measured branching

fractions (BFs) are consistent with QED calculations [1].

Other purely leptonic decays, which have never been

studied experimentally, are J=ψ → l
þ
1
l
−

1
l
þ
2
l
−

2
, where

l1 ¼ l2 ¼ e, l1 ¼ l2 ¼ μ or l1 ¼ e and l2 ¼ μ. For

the first two cases, there is no special order for the four

leptons.

Recently, the branching fractions of J=ψ → l
þ
1
l
−

1
l
þ
2
l
−

2

decays were calculated at the lowest order in nonrelativistic

quantum chromodynamics (NRQCD) factorization in the

SM [2]. The smaller lepton mass would generate stronger

collinear enhancement according to a recent explicit leading-

order QED analysis [2]. Therefore, the predicted branching

fraction of J=ψ → eþe−eþe− is ð5.288� 0.028Þ × 10−5,

significantly greater than that of J=ψ→eþe−μþμ−

(ð3.763�0.020Þ×10−5) and twoorders ofmagnitudegreater

than that of J=ψ → μþμ−μþμ− [ð0.0974� 0.0005Þ × 10−5].

Therefore, the ratio Beeee: Beeμμ: Bμμμμ provides a good

opportunity to verify the validity of lepton flavor universality

(LFU), where Beeee, Beeμμ and Bμμμμ represent the BFs

of the J=ψ → eþe−eþe−, J=ψ → eþe−μþμ− and J=ψ →

μþμ−μþμ− decays, respectively.

In addition, to date, all effects observed so far of charge-

parity (CP) violation in particle decays cannot explain the

observed matter-antimatter asymmetry in the Universe,

motivating further searches for new sources ofCP violation.

Any new CP violation mechanism is usually constrained by

the neutron electric dipole moment (nEDM) [3–5]. Recently,

Sanchez-Puertas [6] proposed a new test for CP violation in

the electromagnetic decay η → μþμ−eþe−, in which the

sources of CP violation are derived from dimension-six

terms in the Standard Model effective field theory [7]. This

purely leptonic decay avoids the strong constraints from the

nEDM and could be studied at the proposed η facility

experiment REDTOP [8]. Similarly, a test can be performed

in leptonic decays of J=ψ → l
þ
1
l
−

1
l
þ
2
l
−

2
at BESIII, espe-

cially for the decay of J=ψ → eþe−μþμ−.
Using the world’s largest ψð3686Þ data samples collected

with theBESIII detector [9], we search for the decays J=ψ →

l
þ
1
l−
1
l
þ
2
l−
2
with J=ψ events from ψð3686Þ → πþπ−J=ψ

[10]. Because of the enormous QED background from the

two photon process, eþe− → γ�γ� → l
þ
1
l−
1
l
þ
2
l−
2
, this

analysis is performedusingJ=ψ events fromψð3686Þdecays
instead of those from the larger J=ψ data set. Although the

total number ofJ=ψ events fromψð3686Þ decays is one order
of magnitude smaller, the QED background can be sup-

pressed to a negligible level by the requirement that the πþπ−

recoil mass is near the J=ψ mass.

This paper reports the first measurement of the branching

fractions of the decays J=ψ → l
þ
1
l−
1
l
þ
2
l−
2
, which can be

compared with theoretical calculations. The asymmetries
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of a CP observable constructed by a T-odd triple-

product [11–15] are presented for the first two channels

(J=ψ → eþe−eþe− and J=ψ → eþe−μþμ−).

II. BESIII DETECTOR AND DATASET

Details about the design and performance of the BESIII

detector are given in Refs. [9,16,17]. Monte Carlo (MC)

simulated data samples produced with a Geant4-based [18]

software package, which includes the geometric description

of the BESIII detector and the detector response, are used to

determine the detection efficiencies and to estimate back-

grounds. The simulation includes the beam energy spread

and initial state radiation in the eþe− annihilations modeled

with the generator KKMC [19,20]. The data sample consists

of ð448.1� 2.9Þ × 106 ψð3686Þ events [21] collected with

the BESIII detector. Comparable amounts of inclusive MC

simulated events are used to study the backgrounds from

ψð3686Þ decays. The production of the ψð3686Þ resonance
is simulated by the MC event generator KKMC [19,20]. The

known decay modes are generated by EvtGen [22,23] with

branching fractions taken from the Particle Data Group

(PDG) [24], and the remaining unknown decays are

generated with the LUNDCHARM model [25,26]. For the

signal MC, the ψð3686Þ → πþπ−J=ψ channel is genera-

ted by JPIPI [22,23], and the simulation of the J=ψ →

l
þ
1
l−
1
l
þ
2
l−
2
decay includes the polarization of the J=ψ and

the angular distributions of the final states. Since the πþπ−

system is dominated by the S-wave [10,27], the produced

J=ψ fully inherits the state of the ψð3686Þ polarization.

III. EVENT SELECTION

Charged particle tracks in the polar angle range j cos θj <
0.93 are reconstructed from hits in the main drift chamber

(MDC). Tracks with their point of closest approach to the

beam line within�10 cm of the interaction point (IP) in the

beam direction, and within 1 cm in the plane perpendicular

to the beam, are selected. At least six charged tracks

fulfilling these criteria are required. The time-of-flight and

specific energy loss (dE=dx) information are used to

calculate particle identification (PID) probabilities (prob)

for the electron, pion, muon and kaon hypotheses. A track

is considered to be an electron if it satisfies probðeÞ >
probðπÞ and probðeÞ > probðKÞ. For the two channels with
muons in the final states, muon candidates must satisfy

probðμÞ > probðeÞ and probðμÞ > probðKÞ, and the depos-
ited energy in the calorimeter (EEMC) for the muon candidate

must be in the range of [0.1, 0.3] GeV. Any track not

identified as an electron or muon is assigned as a pion.

To identify πþπ−J=ψ candidates, two oppositely charged

tracks with momentum less than 0.45 GeV=c are required

and are used to calculate the mass recoiling against

them, Mrec
πþπ− . Using double Gaussian functions, fits are

performed on the Mrec
πþπ− distributions of data, as shown in

Figs. 1(a) and 1(c). The combinations with Mrec
πþπ− within a

5σ mass window around the J=ψ peak are retained, where σ

is the resolution of the fitted double Gaussian function

(σ ¼ 4.0� 0.2 MeV=c2 for the J=ψ → eþe−eþe− chan-

nel; σ ¼ 2.8� 0.5 MeV=c2 for the J=ψ → eþe−μþμ−

channel). An energy-momentum constraint (4C) kinematic

fit is performed on the selected ψð3686Þ → πþπ−J=ψ ,
J=ψ → l

þ
1
l
−

1
l
þ
2
l
−

2
candidate events. For the channel

J=ψ → eþe−eþe−, if more than one combination satisfies

the 4C fit, the combination with the smallest χ2
4C is retained.

For the last two channels, the combination with Mrec
πþπ−

closest to the nominal J=ψ mass is selected. The χ2
4C values

of the candidate events are required to be less than 200.

To remove the J=ψ → eþe−πþπ− and J=ψ →
πþπ−πþπ− backgrounds, additional 4C kinematic fits are

performed, and events with χ2
4CðJ=ψ → eþe−μþμ−Þ <

χ2
4CðJ=ψ → eþe−πþπ−Þ and χ2

4CðJ=ψ → μþμ−μþμ−Þ <
χ2
4CðJ=ψ → πþπ−πþπ−Þ are retained for the last two

FIG. 1. (a) Fit to the Mrec
πþπ− distribution of the ψð3686Þ data

using a double Gaussian function for J=ψ → eþe−eþe− channel.

(b) Fit to the Rxy distribution of for J=ψ → eþe−eþe− channel.

The black error bars represent data, the red solid curve indicates

the overall fit, the black dashed line shows the signal, the blue

dotted line is the inclusive MC background, the pink dashed line

is the J=ψ → γeþe− background and the green dash-dotted line is
the continuum background. (c) Fit to theMrec

πþπ− distribution using

a double Gaussian function for the J=ψ → eþe−μþμ− channel.

(d) Fit to the Rxy distribution for the J=ψ → eþe−μþμ− channel.

(e) Fit to the Mrec
πþπ− distribution for the J=ψ → μþμ−μþμ−

channel. (f) Likelihood distribution versus the branching fraction

of the J=ψ → μþμ−μþμ− decay mode. The red arrow indicates

the UL at the 90% confidence level.
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channels, respectively. After the above selection criteria are

applied, about 72% J=ψ → eþe−πþπ− backgrounds and

85% J=ψ → πþπ−πþπ− backgrounds are eliminated. To

remove possible contamination from the backgrounds with

six charged tracks in the final state, four of which are from

J=ψ decays, such as J=ψ → 2ðπþπ−Þ, J=ψ → 2ðπKÞ, and
J=ψ → 2ðKþK−Þ, etc., we apply further muon PID require-

ments for the J=ψ → μþμ−μþμ− decay channel. The

selection criteria of the depth in the muon counters of

the muon candidate are the same as Ref. [28].

Possible background contributions are studied with data

taken at
ffiffiffi

s
p ¼ 3.773 GeV [29] and the ψð3686Þ inclusive

MC sample. The former indicates that the QED background

is negligible. Examination of the latter with an event

topology analysis tool, TopoAna [30], shows that the

dominant backgrounds are from the channels J=ψ →
γeþe− and J=ψ → γFSRe

þe− for the J=ψ → eþe−eþe−

decay, J=ψ → γμþμ− and J=ψ → γFSRμ
þμ− for J=ψ →

eþe−μþμ− and J=ψ → μþμ−μþμ− decay modes, where

γFSR is a photon from the final-state radiation which

converts to an eþe− pair in the detector material. For the

J=ψ → μþμ−μþμ− channel, two background events from

J=ψ → πþπ−πþπ− in the inclusive MC sample survive the

above selection criteria and are considered as peaking

background.

A photon-conversion finder [31] is used to reconstruct

the photon conversion point. The distance from the IP to the

reconstructed conversion point of the lower momentum

eþe− pair, Rxy, is used to separate the signal events from the

photon conversion background events. For the J=ψ →
eþe−eþe− and J=ψ → eþe−μþμ− signal events, the Rxy

distribution accumulates around 0 cm, because the eþe−

pair comes directly from the J=ψ decay. For the photon

conversion background, which is usually associated with

the lower momentum eþe− pair, most of the photon

conversions occur in the beam pipe and inner wall of

the MDC, and the Rxy distribution accumulates beyond

2 cm. However, there can be some contamination under

the peak at Rxy ¼ 0 from events where another eþe− pair

occurs from photon conversion. Usually the conversion

pairs in these events have similar momentum with the lower

momentum pair. In order to remove this background, the

differences of the momenta between the two electrons and

the two positrons in the final state are required to be greater

than 1.0 GeV=c, i.e. Δp ¼ ðpe�
h
− pe�

l
Þ > 1.0 GeV=c (e�l :

e� with lower momentum, e�h : e
� with higher momentum).

IV. BRANCHING-FRACTION MEASUREMENT

In order to determine the signal yields, unbinned

maximum likelihood fits are performed on the Rxy dis-

tributions for the first two decay modes and to the πþπ−

recoil mass (Mrec
πþπ−) spectrum for the J=ψ → μþμ−μþμ−

channel, as shown in Figs. 1(b), 1(d) and 1(e), respectively.

In the fits to the Rxy distributions for the first two channels,

the signal is described by signal MC shape, while the

background is described by a combination of the inclusive

MC, the exclusive J=ψ → γeþe− (J=ψ → γμþμ−) MC, and

a second-order polynomial function. For the J=ψ →
μþμ−μþμ− channel, the signal is described by a MC-

simulated shape convolved with a Gaussian function,

while the background is described by a combination of

the J=ψ → πþπ−πþπ− MC shape and a first-order poly-

nomial function. The number of events of the peaking

background from J=ψ → πþπ−πþπ− is fixed to the value

estimated using the world average branching fraction [24].

The fitted signal yields, detection efficiencies and measured

branching fractions are listed in Table I. The measured

branching fractions are determined by

BðJ=ψ → l
þ
1
l
−

1
l
þ
2
l
−

2
Þ ¼ Nsig

Nψð3686Þ · ϵ · Bðψð3686ÞÞ
; ð1Þ

where Nsig is the number of observed signal events,

Nψð3686Þ is the number of ψð3686Þ events [21], and ϵ is

the detection efficiency determined by MC simulation.

The branching fraction Bðψð3686ÞÞ≡ Bðψð3686Þ →
πþπ−J=ψÞ is taken from the PDG [24]. To obtain a more

accurate of detecting the decay of J=ψ → eþe−eþe−, the
events of the signal MC sample are weighted according to

the eþl momentum versus e−l momentum distribution in

data. The weight factors are the ϵidata=ϵ
i
MC ratios which are

obtained in different momentum bins, where ϵidata and ϵiMC

are the efficiencies of eþe−eþe− candidates in the ith bin

from data and MC simulation, respectively. The resultant

detection efficiency is ð8.22� 0.02Þ%.

V. SYSTEMATIC UNCERTAINTIES

The following sources of systematic uncertainty for the

branching fraction measurement are considered; tracking

efficiency, PID efficiency, total number of ψð3686Þ events,
branching fraction of ψð3686Þ → πþπ−J=ψ , kinematic fit,

πþπ− recoil mass window, fit range, signal PDF shape,

background PDF shape, and the Δp cut.

To study the systematic uncertainties related to the

tracking and PID efficiencies of electrons and positrons,

control samples of radiative Bhabha events are selected, i.e.

eþe− → γeþe−, at the ψð3686Þ energy for both the

experimental data and MC simulation. The differences

between the data and MC simulation in different momen-

tum and polar angle regions are obtained from the control

samples. The systematic uncertainties are calculated

according to the momentum and polar angle distributions

in the signal MC sample. They are assigned as 1.1% and

0.3% from tracking efficiencies, 2.0% and 1.7% from PID

efficiencies of the first two channels, respectively.

The systematic uncertainties from the tracking and PID

efficiencies of muons are estimated through a control

sample of eþe− → ðγÞμþμ− [28]. The uncertainties from

the tracking and PID efficiencies of each muon track are
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0.1% and 0.8%, respectively. The systematic uncertainties

from the pion tracking efficiency are estimated through a

control sample of ψð3686Þ → πþπ−J=ψ , which gives 1%

for each pion track [32]. The systematic uncertainty on the

number of ψð3686Þ events is 0.6% [21], and the uncertainty

of the branching fraction of ψð3686Þ → πþπ−J=ψ is

0.9% [24].

In the 4C kinematic fits, the helix parameters of

simulated charged tracks are corrected to reduce the

discrepancy between data and MC simulation as described

in Ref. [33]. The correction factors are obtained by studying

a control sample of ψð3686Þ → πþπ−J=ψ ; J=ψ → l
þ
l
−.

The MC samples with the corrected track helix parameters

are taken as the nominal ones. The differences between

detection efficiencies obtained from MC samples with and

without the correction are taken as the uncertainties, which

are 1.0%, 0.7% and 0.9% for the three channels, respectively.

The systematic uncertainties due to the maximum like-

lihood fits are studied as follows: For the first two channels,

the signal shape is replaced with the signal MC convolved

with a Gaussian function, and the uncertainties from the

signal shape are evaluated to be 1.7% and 1.2%, respec-

tively. The second-order polynomial function is changed to

a third-order one to estimate the uncertainties from the

background PDF shape, which are assigned to be 0.8% and

0.1%, respectively. To evaluate the systematic effects from

the requirement on the recoil mass of πþπ−, an alternative

shape from the signal MC sample is used. The relative

differences in the number of signal events, 0.4% and 0.1%,

respectively, are taken as the systematic uncertainties. To

estimate the systematic uncertainties from the fit range, the

range of Rxy is changed from [0.0, 8.0] to [0.0, 9.0], and the

changes of the measured branching fractions are taken as

the systematic uncertainties, which are evaluated to be

1.0% and 0.1%, respectively. The systematic uncertainty

from the selection on Δp is estimated by using a different

requirement [ðpe�
h
− pe�

l
Þ > 1.10 GeV=c] on this variable,

set to be 3.0%. To obtain reliable signal efficiency, the

signal MC sample J=ψ → eþe−eþe− is weighted to match

the data. To estimate the associated systematic uncertainty,

the weight factors are randomly changed within one

standard deviation in each bin one thousand times to re-

obtain the signal efficiency. The distribution of the resulting

signal efficiency is fit with a Gaussian function, and the

standard deviation of 6.5% is taken as the systematic

uncertainty. For the J=ψ → μþμ−μþμ− mode, the πþπ−

recoil mass window is changed from ½3.04; 3.16� GeV=c2
to ½3.06; 3.16� GeV=c2, and 0.9% is taken as the systematic

uncertainty from this source. The first-order polynomial

function is changed to a second-order one to estimate the

uncertainty from the background PDF shape, which is

assigned to be 0.3%. In estimating the uncertainty from the

background events of J=ψ → πþπ−πþπ−, the fits are

performed twenty thousand times with the number of the

background events sampled from a Gaussian distribution

based on its statistical error. The distribution of the relative

difference on the signal yield is fitted by a Gaussian

function, and its width of 0.2% is assigned as the systematic

uncertainty from this source. The total systematic uncer-

tainties of the BF measurement are 8.2%, 3.6%, and 4.2%

for the three channels, respectively, obtained by adding the

above effects quadratically.

VI. DETERMINE THE UPPER LIMIT

As indicated in Fig. 1(e), no significant signal is

observed for the J=ψ → μþμ−μþμ− channel, so the branch-
ing fraction upper limit (UL) is determined according to

Eq. (1) based on a Bayesian method [34]. A series of fits of

the Mrec
πþπ− distribution are carried out fixing the BF at

different values, and the resultant curve of likelihood values

as a function of the BF is convolved with a Gaussian

function to take into account the overall systematic uncer-

tainty, as shown in Fig. 1(f). The UL on the BF is obtained

when the integral of the likelihood curve in the positive

domain reaches 90% of its total value.

VII. CP ASYMMETRY MEASUREMENT

Following Refs. [11,12], we measure correlations

between the final state leptons. In the rest frame of J=ψ ,
we define CT ¼ ðp⃗l

þ
a
× p⃗l−a Þ · p⃗l

þ
b
, where la and lb are

final-state leptons; la ¼ lb ¼ e for J=ψ → eþe−eþe−,
while la ¼ e and lb ¼ μ for J=ψ → eþe−μþμ−. In the

former case, lþa and l−a are taken as the leptons with lower

momenta, and l
þ
b those with higher momenta [11,35]. A

CP asymmetry observable based on CPT invariance

[11,12], AT , can be constructed with the number of events

of positive and negative CT values:

TABLE I. Observed signal yields, detection efficiencies, numbers of observed events with CT > 0 and CT < 0, measured branching

fraction and AT values for different decay modes. The first uncertainty is statistical and the second is systematic.

This work Theory [2]

Decay mode Nsig ϵð%Þ NðCT > 0Þ NðCT < 0Þ Bð×10−5Þ AT Bð×10−5Þ
J=ψ → eþe−eþe− 700� 39 8.22� 0.02 355� 27 363� 28 5.48� 0.31� 0.45 −0.012� 0.054� 0.010 5.288� 0.028

J=ψ → eþe−μþμ− 354� 22 6.46� 0.04 193� 15 170� 15 3.53� 0.22� 0.13 0.062� 0.059� 0.006 3.763� 0.020

J=ψ → μþμ−μþμ− 3.4� 4.1 3.96� 0.03 � � � � � � <0.16 � � � 0.0974� 0.0005
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AT ¼ NðCT > 0Þ − NðCT < 0Þ
NðCT > 0Þ þ NðCT < 0Þ : ð2Þ

The numbers of events with CT > 0 and CT < 0 are

evaluated by a simultaneous fit to the Rxy distributions of

data using the same fit method as that used in the branching

fraction measurements. The parameters of the signal shape

are shared in the fits, while the other parameters are free.

Taking into account the contributions of the same system-

atic uncertainties as in the branching fraction measurement,

the respective numbers of events and measured asymme-

tries of the J=ψ → eþe−eþe− and J=ψ → eþe−μþμ−

channels are listed in Table I.

VIII. SUMMARY

In summary, based on a data sample of 4.481 ×

108 ψð3686Þ events collected with the BESIII detector,

the decay processes of J=ψ → l
þ
1
l
−

1
l
þ
2
l
−

2
are investigated.

The decay channels of J=ψ → eþe−eþe− and J=ψ →
eþe−μþμ− are observed for the first time, and the corre-

sponding branching fractions are measured. The theoretical

predictions based on NRQCD [2] are consistent with our

measurements of the branching fractions for these two

channels. No signal is observed for the J=ψ → μþμ−μþμ−

channel, and the UL of the branching fraction is deter-

mined. No CP violation is observed. All measured results

are summarized in Table I. The ratio Beeee=Beeμμ is

calculated to be ð1.55� 0.13� 0.14Þ, which agrees with

theory within 1σ [2]. The UL on the ratio Bμμμμ=Beeee is

calculated with

Bμμμμ

Beeee

<
N

4μ
UL=ϵ

4μ

N4e=ϵ4e
1

ð1 − σ13Þ
: ð3Þ

Here N
4μ
UL is the 90% UL on the number of observed events

for J=ψ → μþμ−μþμ− decay, ϵ4μ is the MC-determined

efficiency for the channel, N4e is the number of events for

the J=ψ → eþe−eþe− decay, ϵ4e is the MC-determined

efficiency for this channel, σ13 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðσstat
13

Þ2 þ ðσsys
13
Þ2

p

¼
10.9%, where σstat

13
is the relative statistical error of N4e

(5.7%) and σ
sys
13

is the total relative systematic error for

J=ψ → eþe−eþe− and J=ψ → μþμ−μþμ− decay channels.

The UL on the ratio Bμμμμ=Beeee is determined to be 0.033.

Similarly, the UL on the ratio Bμμμμ=Beeμμ is determined to

be 0.050.
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