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Using ð1310.6� 7.0Þ × 106 J=ψ events acquired with the BESIII detector at the BEPCII storage rings,
the decay η0 → πþπ−μþμ− is observed for the first time with a significance of 8σ via the process
J=ψ → γη0. We measure the branching fraction of η0 → πþπ−μþμ− to be Bðη0 → πþπ−μþμ−Þ ¼
ð1.97� 0.33ðstatÞ � 0.19ðsystÞÞ × 10−5, where the first and second uncertainties are statistical and
systematic, respectively.
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I. INTRODUCTION

The decays η0 → πþπ−lþl− (with l ¼ e or μ), which
are expected to proceed via a virtual photon intermediate
state, are especially interesting since these two decays may
involve the box anomaly contribution [1] and could be used
to test the possibility of double vector meson dominance.
Theoretically these decays have been investigated with
different models, including the effective meson theory [2],
the chiral unitary approach [3], and the hidden gauge model
[4]. Due to the larger muon mass, the virtual photon
conversion to dimuon is significantly suppressed relative
to the conversion to dielectron. Therefore, the predictions
for the branching fraction of η0 → πþπ−μþμ− are in the
range of ð1.5–2.5Þ × 10−5 [2–4], which are about 2 orders
of magnitude lower than those for η0 → πþπ−eþe−. This
explains why only η0 → πþπ−eþe−, with a branching
fraction of ð2.11� 0.12Þ × 10−3 [5], has been observed
to date.
In previous analyses, the CLEO Collaboration [6] used

4 × 104 η0 from the decay chain ψð2SÞ → πþπ−J=ψ ,
J=ψ → γη0, while the BESIII analysis [5] used 1.2 × 106

η0 from J=ψ → γη0. Both CLEO and BESIII have per-
formed searches for η0 → πþπ−μþμ− [5,6], but no signifi-
cant signal was observed. The most stringent upper limit of
Bðη0 → πþπ−μþμ−Þ < 2.9 × 10−5 at the 90% confidence
level, is provided by the BESIII experiment. This upper
limit lies in the same order of magnitude as the theoretical
predictions. In this paper we analyze the sample of
1.31 × 109 J=ψ events [7], which is about five times
larger than the subsample used in the previous BESIII
measurement and enables us to observe the decay of
η0 → πþπ−μþμ−.

II. BESIII DETECTOR

The BESIII detector is a magnetic spectrometer [8]
located at the Beijing Electron Positron Collider (BEPCII)
[9]. The cylindrical core of the BESIII detector 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 provid-
ing a 1.0 T (0.9 T in 2012, for 1.1 × 109 J=ψ ) magnetic
field. The solenoid is supported by an octagonal flux-
return yoke with resistive plate counter muon identifier
modules interleaved with steel. The acceptance of charged
particles and photons is 93% over 4π solid angle. The
charged particle momentum resolution at 1 GeV=c is
0.5%, and the dE=dx resolution is 6% for the 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 of the
TOF barrel part is 68 ps, while that of the end cap part
is 110 ps.

III. DATA SAMPLE AND MONTE CARLO
SIMULATION

The analysis reported here is based on ð1310.6� 7.0Þ ×
106 J=ψ events [7] collected with the BESIII detector in
2009 and 2012. It is performed in the framework of the
BESIII offline software system [10] incorporating the
detector calibration, event reconstruction, and data storage.
The estimation of background and signal efficiency is

performed through Monte Carlo (MC) simulations. The
BESIII detector is modeled with GEANT4 [11,12]. The
simulation of the production of the J=ψ resonance is
performed using the KKMC event generator [13,14], while
the decays are simulated using EvtGen [15,16]. Possible
background is studied using a sample of 1.2 × 109 simu-
lated J=ψ events in which the known decays of the J=ψ are
modeled using the world average values of the branching
taken from the Particle Data Group (PDG) [17], while the
unknown decays are generated with the LUNDCHARM

model [18]. The final-state radiations from charged final-
state particles are incorporated with the PHOTOS package
[19]. An MC simulation with η0 → πþπ−μþμ− decays
uniform over the phase space does not provide a good
description of data; therefore, a specific generator was
developed for this analysis in accordance with the theo-
retical amplitude in Ref. [5].

IV. DATA ANALYSIS

A. Event selection and background analysis

The final state of interest is studied through the decay
chain J=ψ → γη0, η0 → πþπ−μþμ−. Each event is required
to contain at least one good photon candidate, and four
charged track candidates with a total charge of zero. The
MDC provides reconstruction of charged tracks within
j cos θj ≤ 0.93, where the polar angle θ is defined with
respect to the z axis. The charge tracks are required to have
their point of closest approach to the interaction point
within �1 cm in the plane perpendicular to beam direction
and within �10 cm in beam direction.
Photons are reconstructed from showers in the EMC

exceeding a deposited energy of at least 25 MeV in the
barrel region (j cos θj < 0.8) and 50 MeV in the end cap
regions ð0.86 < j cos θj < 0.92Þ. The angle between the
shower position and the charged tracks extrapolated to the
EMC must be greater than 15°. A requirement on the EMC
timing is used to suppress electronic noise and energy
deposits unrelated to the event.
For each event candidate, TOF and dE=dx information

are used to perform particle identification (PID) and a four-
constraint (4C) kinematic fit imposing energy and momen-
tum conservation is performed under the hypothesis of
γπþπ−μþμ−. Here χ24CþPID ¼ χ24C þP

4
i¼1 χ

2
PIDðiÞ is the sum

of the 4C kinematic fit contribution and χ2PID produced by
combining TOF and dE=dx information of each charged
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track for each particle hypothesis (pion, electron, or muon),
where i corresponds to the good charged tracks in each
hypothesis. For each event, the hypothesis with the smallest
χ24CþPID is selected. Events with χ24Cðγπþπ−μþμ−Þ < 30 are
kept as η0 → πþπ−μþμ− candidates. We require that
χ24CþPIDðπþπ−μþμ−Þ is less than χ24CþPIDðπþπ−πþπ−Þ to
suppress background events from J=ψ → γπþπ−πþπ−.
Possible background events are analyzed with the same
procedure using the inclusive MC sample of 1.2 × 109 J=ψ
events. The background events mainly originate from
the background processes listed in Table I. For the
dominant background channels, the dedicated exclusive
MC samples are generated to estimate their contributions to
the πþπ−μþμ− mass spectrum. The corresponding normal-
ized contributions are displayed in Fig. 2. A comparison
of the πþπ− and μþμ− mass spectrum between data and
MC in Fig. 1 shows good agreement after requiring
0.94 GeV=c2 < Mπþπ−μþμ− < 0.98 GeV=c2. To suppress
the background from η→μþμ−, we require jMμþμ− −Mηj>
0.02GeV=c2 where Mη is the nominal mass of the η
meson [17].
A structure corresponding to an η0 signal is observed in

the invariant mass spectrum of πþπ−μþμ− after applying
the above requirements, while the structure around
0.93 GeV=c2 is the background contribution from
J=ψ → γη0, η0 → πþπ−πþπ−.

B. Measurement of Bðη0 → π +π − μ+ μ− Þ
To determine the number of η0 → πþπ−μþμ− events, an

unbinned maximum likelihood fit is performed to the

invariant πþπ−μþμ− mass spectrum. Therefore, the signal
shape is determined from signal MC events which
are obtained using the DIY generator [5]. For the η0 →
πþπ−μþμ− decay, the MC model [20] based on the vector
meson dominance (VMD) model with finite-width correc-
tions and pseudoscalar meson mixing [4] was developed.
For the backgrounds πþπ−πþπ− and ηð1405Þ the shapes are
taken from the MC while the normalization is determined
from the fit. The contributions of all other backgrounds are
fixed to the MC prediction. The fit result shown in Fig. 2
yields 53� 9 signal events.
The statistical significance is determined to be 8σ. This

significance is calculated from the change of the negative
log likelihood function lnL with and without assuming the
presence of a signal, while considering the change of
degrees of freedom in the fits.
With a detection efficiency of ϵ ¼ ð39.42� 0.22Þ%,

which is obtained from signal MC simulation, the branch-
ing fraction of η0 → πþπ−μþμ− is calculated as

Bðη0 → πþπ−μþμ−Þ ¼ Nobs

NJ=ψ × BðJ=ψ → γη0Þ × ϵ

¼ ð1.97� 0.33Þ × 10−5: ð1Þ

Here Nobs is the signal yield, as determined in the fit, and ϵ
is the detection efficiency for the decay of η0 → πþπ−μþμ−.
BðJ=ψ → γη0Þ is the branching fraction of J=ψ → γη0,
ð5.21� 0.17Þ × 10−3 [17], and NJ=ψ is the number of
J=ψ events, ð1310.6� 7.0Þ × 106 [7].

C. Systematic uncertainties

We consider possible sources for systematic uncertainty
of the branching fraction. These systematic uncertainties
are statistically independent and can be summed up in
quadrature; the total systematic uncertainty is 9.4%.

TABLE I. Main background processes and normalized events.

Decay mode Normalized events

J=ψ → γη0, η0 → πþπ−η, η → μþμ− 2
J=ψ → γη0, η0 → πþπ−πþπ− 29
J=ψ → γη0, η0 → πþπ−η, η → γμþμ− 2
J=ψ → γη0, η0 → πþπ−η, η → γπþπ− 2
J=ψ → γηð1405Þ, ηð1405Þ → γϕ,
ϕ → πþπ−πþπ−

Free

J=ψ → γπþπ−πþπ− Free

(a) (b)

FIG. 1. Invariant mass distribution of (a) πþπ−; (b) μþμ− after
the event selection. The dots with error bars show data, the red
histogram represent signal MC, the pink line is the background
J=ψ → γη0, η0 → πþπ−η, η → γμþμ−, and the blue histogram is
the background J=ψ → γη0, η0 → πþπ−η, η → μþμ−.

FIG. 2. Fit result of the fit to the invariant πþπ−μþμ− mass. The
dots with error bars represent the data, the red line is signal MC,
and the blue line is the total fit result. The other dotted lines
represent background.
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The corresponding contributions are discussed in detail
below and listed in Table II.

(i) Number of J=ψ events: the number of J=ψ events is
determined to be ð1310.6� 7.0Þ × 106 from the
inclusive hadron events [7], and the uncertainty of
the total number of J=ψ is estimated to be 0.5%.

(ii) MDC tracking: the uncertainty due to MDC tracking
originates from differences between data and MC.
The uncertainty is determined to be 1.0% per track,
using high statistic samples with low background
samples of J=ψ → ρπ and J=ψ → pp̄πþπ− events
[21]. A 4.0% systematic uncertainty due to MDC
tracking efficiency is assigned for the four charged
tracks in the decay η0 → πþπ−μþμ−.

(iii) Photon detection efficiency: the photon detection
efficiency is studied with three independent
decay modes, ψð2SÞ → πþπ−J=ψðJ=ψ → ρ0π0Þ,
ψð2SÞ → π0π0J=ψðJ=ψ → lþl−Þ, and J=ψ → ρ0π0

[22]. The results indicate that the difference between
the detection efficiency of data and MC simulation is
within 1.0% for each photon. Therefore, 1.0% is
taken to be the systematic uncertainty.

(iv) PID: the pion PID efficiency for data agrees within
1.0% of that of the MC simulation in the pion
momentum region in the analysis [5]. There is no
specific decay mode available for us to study the PID
of muon at low momentum region. MC study shows
that the background events of η0 → πþπ−πþπ− have
no contribution to the η0 peak, which indicates that
the pion and muon could be well separated in this
specific analysis. Because the mass of the muon is
similar to the pion mass, 1.0% is taken as systematic
uncertainty for the muon [5]. Thus, 4.0% is taken as
the systematic uncertainty for PID effects.

(v) Form factor uncertainty: the MC generator based on
the theoretical calculation as explained in Ref. [20]
is used to determine the detection efficiency of
η0 → πþπ−μþμ−. The detection efficiency depend-
ence on the form factor is evaluated by replacing the

form factor above with the form factors introduced
in the modified vector meson dominance model
described in Ref. [4]. The maximum difference of
the detection efficiency between hidden gauge
model and the modified VMD model is determined
to be 0.5% which is taken as the uncertainty due to
the form factor, as listed in Table II.

(vi) 4C kinematic fit: the systematic uncertainty from 4C
kinematic fit is studied by correcting the track helix
parameters to reduce the difference between data
and MC simulation [23,24]. The detection efficiency
from the corrected MC sample is taken as the
nominal value, and the difference between the
efficiencies with and without correction is deter-
mined to be 1.0% which is taken as systematic
uncertainty.

(vii) Fit range: to estimate the uncertainty from the
fit range, we performed alternative fits changing
the lower and upper boundaries of the fit range
independently by 0.01 GeV=c2. Because of the
complicated backgrounds at masses larger than
1.0 GeV=c2, the large difference in fit results is
obtained for the ranges ½0.90–1.01� GeV=c2 and
½0.89–1.01� GeV=c2 were obtained. The resultant
largest difference in the signal yields, 6.2% is taken
as the systematic uncertainty.

(viii) Background shape: in the fit, the events for three
backgrounds (J=ψ → γη0, η0 → πþπ−πþπ− and
J=ψ → γη0, η0 → πþπ−η, η → γμþμ− and J=ψ →
γη0, η0 → πþπ−η, η → γπþπ−) are fixed according
to the branching fractions from the PDG [17]. To
estimate the effect of the uncertainties of the used
branching fractions, a set of random numbers has
been generated within the uncertainty of each
branching fraction. Using these random scaling
parameters, a series of fits to the invariant
πþπ−μþμ− mass is performed. The variance of the
determined number of signal events is determined to
be 1.9% which is used as systematic uncertainty.

(ix) Branching fraction of J=ψ → γη0: the world average
branching fraction of J=ψ → γη0, ð5.21� 0.17Þ ×
10−3 [17], results in an uncertainty of 3.3%.

V. SUMMARY

With a sample of 1.31 × 109 J=ψ events, the decay of
η0 → πþπ−μþμ− is observed with a statistical significance
of 8σ via the process J=ψ → γη0. The branching fraction of
η0 → πþπ−μþμ− is determined to be Bðη0 → πþπ−μþμ−Þ ¼
ð1.97� 0.33ðstatÞ � 0.19ðsystÞÞ × 10−5, which is in good
agreement with theoretical predictions [2–4]. In addition,
the agreement of the generated signal MC with data in
Fig. 1 indicates that the theoretical model used is able to
describe the intermediate process reasonably. Especially,

TABLE II. Sources of systematic uncertainties and their con-
tribution given in %.

Sources η0 → πþπ−μþμ−ð%Þ
Number of J=ψ events 0.5
MDC tracking 4.0
Photon detection 1.0
PID 4.0
Form factor uncertainty 0.5
4C kinematic fit 1.0
Fit range 6.2
Background shape 1.9
BðJ=ψ → γη0Þ 3.3

Total 9.4
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the expected decreasing spectrum of the dimuon mass in
Fig. 1(b) confirms this further.
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