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Using a data sample of ð10087� 44Þ × 106 J=ψ events collected by the BESIII detector in 2009, 2012,
2018 and 2019, the electromagnetic Dalitz process J=ψ → eþe−ηð1405Þ is observed via the decay
ηð1405Þ → π0f0ð980Þ, f0ð980Þ → πþπ−, with a significance of about 9.8σ. The branching fraction of this
decay is measured to be BðJ=ψ→eþe−ηð1405Þ→eþe−π0f0ð980Þ→eþe−π0πþπ−Þ¼ð2.04�0.20ðstatÞ�
0.08ðsystÞÞ×10−7. The branching fraction ratio BðJ=ψ → eþe−ηð1405ÞÞ=BðJ=ψ → γηð1405ÞÞ is deter-
mined to be ð1.36� 0.17ðstatÞ � 0.06ðsystÞÞ × 10−2. Furthermore, an eþe− invariant mass dependent
transition form factor of J=ψ → eþe−ηð1405Þ is presented for the first time. The obtained result provides
input for different theoretical models and is valuable for the improved understanding the intrinsic structure
of the ηð1405Þ meson.
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I. INTRODUCTION

The ηð1405Þ and ηð1475Þ excited isoscalar states with
JPC ¼ 0−þ were discovered in the KK̄π invariant mass
distribution in pp̄ collisions in 1967 [1]. Since then, several
theoretical and experimental studies have been performed
to investigate the nature of these states. They are considered
to be possible candidates for pseudoscalar glueballs [2];
however their measured masses are much lower than those
calculated by lattice quantum chromodynamics (QCD),
which are greater than 2 GeV=c2 [3–6]. Further studies
from several experiments (i.e. E769 [7], MARKIII [8], L3
[9], E852 (MPS) [10], DM2 [11,12], OBELIX [13–16])
indicated that the two pseudoscalar states, ηð1405Þ and
ηð1475Þ, have rather different properties. The ηð1405Þ state
has large couplings with a0ð980Þπ or directly with KK̄π; it
can also decay into ηπþπ−, while the ηð1475Þ state decays
mainly to K�K̄. Furthermore, there remain unsolved
puzzles in the understanding of their production mecha-
nism and decay properties, and it can not yet be concluded
whether ηð1405Þ and ηð1475Þ are two separate states or a
single state observed in different decay modes [17]. In
2012, an unusually narrow width of f0ð980Þ resonance
ð10 MeVÞ is observed in the decay ηð1405Þ → f0ð980Þπ0
[18]. This feature of the decay is explained by the TS
mechanism [19]. Several theoretical papers [19–21] dem-
onstrated that the “triangle singularity” mechanism (TSM)

could lead to the anomalously large isospin violation
effect and also deform the line shapes and shift the peak
positions of the ηð1405=1475Þ. Hence, further studies of
ηð1405=1475Þ → π0πþπ− are imperative and will be valu-
able for better understanding the ηð1405=1475Þ puzzle and
study the properties of these states.
The study of electromagnetic (EM) Dalitz decays plays

an important role in the understanding of the intrinsic
structure of hadrons and the interaction between photons
and hadrons. In such a process, a virtual photon converts
into a lepton pair, and the four-momentum transferred
by the virtual photon corresponds to the invariant mass
of the lepton pair. The branching fraction (BF) ratios of
the EM Dalitz decays to the corresponding radiative
decays of vector mesons are suppressed by 2 orders of
magnitude [22–25].
The EM properties of a J=ψ to pseudoscalar transition

are characterized by the EM transition form factor (TFF),
which can be calculated in QCD models [26–28]. In
experiments, the TFF can be directly determined by
comparing the measured invariant mass spectrum of the
lepton pair from the EM Dalitz decay with the quantum
electrodynamics (QED) prediction for pointlike particles.
The q2-dependent differential BF for J=ψ → eþe−ηð1405Þ,
normalized to the corresponding radiative decay
J=ψ → γηð1405Þ, is given by

dBðJ=ψ → eþe−ηð1405ÞÞ
dq2BðJ=ψ → γηð1405ÞÞ ¼ jFðq2Þj2 × ½QEDðq2Þ�; ð1Þ

where the squared four-momentum transfer q2 is equal to
the square of the invariant mass of the eþe− pair ðMeþe−Þ,
jFðq2Þj2 is the normalized TFF for the J=ψ → ηð1405Þ
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transition, and QEDðq2Þ represents the pointlike QED
result [29,30].Measurements of the TFFmay lead to a better
understanding of charmonium Dalitz decays and their
internal structures, and provide tests of QCD predictions.
This paper reports the first observation of the EM

Dalitz decay channel of J=ψ → eþe−π0πþπ− with ηð1405Þ
in the πþπ−π0 invariant mass ðMπþπ−π0Þ spectrum and the
measurement of the TFF of J=ψ → eþe−ηð1405Þ. The

ratio, R ¼ BðJ=ψ→eþe−ηð1405ÞÞ
BðJ=ψ→γηð1405ÞÞ , is evaluated with inputs from a

previous study of the radiative decay [18].

II. BESIII DETECTOR AND DATASET

The BESIII detector [31] records symmetric eþe−
collisions provided by the BEPCII storage ring [32] 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 at
ffiffiffi

s
p ¼ 3.77 GeV. BESIII has collected large data samples
in this energy region [33]. 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 (0.9 T in 2012, for about ð1088.5�
4.4Þ × 106 J=ψ events [34]) magnetic field. The solenoid is
supported by an octagonal flux-return yoke with resistive
plate counter muon identification modules interleaved
with steel. The charged-particle momentum resolution at
1 GeV=c is 0.5%, and the specific energy deposits (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 with multigap resistive plate chamber
technology, providing a time resolution of 60 ps [35,36],
which is used for a dataset of ð8774.0� 39.4Þ × 106 J=ψ
events [34] taken in 2017–2019.
This analysis uses a data sample of ð10087� 44Þ ×

106 J=ψ events [34] accumulated in eþe− collisions at a
center-of-mass energy

ffiffiffi

s
p ¼ 3.097 GeV by BESIII.

Monte Carlo (MC) simulation of the full detector is used
to determine the detection efficiency, optimize event selec-
tion criteria, and estimate backgrounds. The simulation
program BOOST [37] provides an event generator, contains
the detector geometry description [38], and simulates the
detector response and signal digitization. The production of
the J=ψ resonance is simulated by the MC event generator
KKMC [39,40], while the known decay modes are generated
with EvtGen [41,42] using branching fractions from the PDG
[43], and the remaining unknown charmonium decays are
modeled with LUNDCHARM [44,45].
For the signal MC sample, the simulation of the J=ψ →

eþe−ηð1405Þ channel takes into account the angular

distributions of the final states and the polarization of
the J=ψ [46]. The subsequent decay ηð1405Þ → π0πþπ− is
modeled by a custom generator based on a theoretical
model [21] with modifications to incorporate the TSM
effects [47,48] due to the intermediate K�K̄ þ c:c: rescat-
terings by exchanging an on shell kaon (antikaon) in the
decay of ηð1405Þ → π0πþπ−. The width effect within
the triangle loops and the isospin violation arising from the
K0=K� mass difference within triangle loops are included.
The masses of K0, K� and the mass and width of K�0 are
set to the world-average values [43] in the simulation.

III. EVENT SELECTION

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 point of closest approach to the
interaction point (IP) must have the distance to the IP less
than 10 cm along the z-axis and less than 1 cm in the
transverse plane. The number of good charged tracks is
required to be equal to four with zero net charge. Particle
identification (PID) for charged tracks combines measure-
ments of the dE=dx in the MDC, the flight time in the TOF
and the energy deposited in the EMC to form likelihoods
for electron [LðeÞ], pion [LðπÞ], and kaon [LðKÞ] hypoth-
eses. Tracks are identified as electrons when the electron
hypothesis has the highest PID likelihood among the three
hypotheses, i.e. LðeÞ > LðKÞ and LðeÞ > LðπÞ. To
exclude misidentified pions, an additional E=p > 0.8
requirement is applied to the eþ=e− tracks with momentum
higher than 0.8 GeV=c, where E and p are the energy
deposited in the EMC and the momentum measured with
the MDC, respectively. Any charged track not identified as
an electron is assigned as a pion. An event is accepted if it
contains exactly the track combination eþe−πþπ−.
Photon candidates are identified using showers in the

EMC. The deposited energy of each shower must be more
than 25MeVin the barrel EMC (j cos θj < 0.8) or 50MeVin
the end cap EMC ð0.86 < j cos θj < 0.92Þ. To exclude
showers that originate from charged particles, the angle
subtended by the EMC shower and the extrapolated position
of the closest charged track at the EMCmust be greater than
10°. 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. At least
two photons are retained in each event.
A vertex fit is performed to the four charged tracks

(eþe−πþπ−) to ensure that they originate from the same
point. An energy-momentum constraint (4C) kinematic fit
is also performed for the selected J=ψ → eþe−ηð1405Þ →
eþe−π0f0ð980Þ → eþe−π0πþπ− candidate events. For
events with more than two photon candidates, the combi-
nation with the least χ24C from the kinematic fit is
retained. The requirement of χ24C is optimized based on
the figure-of-merit S=

ffiffiffiffiffiffiffiffiffiffiffiffi

Sþ B
p

, where S and B stand for the
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number of signal and background events passing the above
selection criteria, respectively. Finally, the χ24C value is
required to be less than 20.
A Crystal Ball function is used to describe the distribu-

tion of invariant masses of the selected photon pairs (Mγγ).
The pair is accepted as a π0 candidate if the invariant mass
Mγγ is within a �3σ mass window around the π0 peak,
where σ being 4.19� 0.02 MeV=c2, is the resolution of the
fitted Crystal Ball function.
The events are required to have the πþπ− invariant mass

(Mπþπ−) consistent with the world average mass of the
f0ð980Þmeson [43]. To define theMπþπ− selection window,
a fit to the Mπþπ− distribution is performed in the signal-
enriched range of the πþπ−π0 invariant mass between 1.3
and 1.5 GeV=c2 [18]. The signal is described by a con-
volution of a Breit-Wigner function and a Gaussian reso-
lution functionwhile the background shape is described by a
second-order Chebychev polynomial. The mass and width
of the Breit-Wigner function are free parameters of the fit,
while the Gaussian resolution is taken from the MC. The
events withMπþπ− within�3σ around the f0ð980Þ peak are
kept for the further analysis,whereσ is thewidth of theBreit-
Wigner function. The fit result is shown in Fig. 1.
Events in which a photon converts into an eþe− pair in

the material of the detector constitute a source of back-
ground, in particular those from J=ψ → γηð1405Þ decays.
The distance Rxy from the IP to the reconstructed point of
closest approach of the eþe− pair is used to separate the
signal events from the photon-conversion background
events [49]. For the signal process the eþe− pair comes
directly from the J=ψ decay, so Rxy values are close to zero.

Background events accumulate above 2 cm, where most of
the photon conversions occur. To suppress this background
the value of Rxy is required to be less than 2 cm.
Possible background contributions are studied with a

sample of 2932 pb−1 of data taken at
ffiffiffi

s
p ¼ 3.773 GeV

[50] and the J=ψ inclusive MC sample. The analysis of the
3.773 GeV sample indicates that the QED background is
negligible, while studies of the MC sample reveal no
significant sources of peaking background.

IV. BRANCHING-FRACTION MEASUREMENT

An unbinnedmaximum-likelihood fit is performed on the
Mπþπ−π0 spectrum in the f0ð980Þ signal and sideband
regions simultaneously. After taking into account the mass
dependence of the detection efficiency, the signal MC shape
convoluted aGaussian function is used as the ηð1405Þ signal
shape. The small bump around 1.3 GeV=c2 is described by a
Breit-Wigner function, the mass and width of which are
fixed at the world-average values of the f1ð1285Þ resonance
[43]. The background is described by a Argus function
with parameters determined by a simultaneous fit to the
Mπþπ−π0 spectrum with Mπþπ− being in the f0ð980Þ side-
bands region (0.884 GeV=c2 < Mπþπ− < 0.913 GeV=c2

and 1.067 GeV=c2 < Mπþπ− < 1.096 GeV=c2). The yield
of each component is a free parameter of the fit.
The fit result is shown in Fig. 2. The number of ηð1405Þ

signal events is 203.0� 19.9. The detection efficiency is
estimated to be ð9.99� 0.05Þ% using the signal MC
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FIG. 1. Distribution of Mπþπ− for the accepted candidates with
fit results overlaid. The dots with error bars represent data, the
blue solid curve is the overall fit, the black dashed line is the fitted
signal, the red dotted line represents the fitted background. The
red arrows indicate the f0ð980Þ mass window (0.961 GeV=c2 <
Mπþπ− < 1.019 GeV=c2), and the pairs of cyan dashed vertical
lines (left and right of the signal peak) indicate the f0ð980Þ
sideband regions (0.884 GeV=c2 < Mπþπ− < 0.913 GeV=c2 and
1.067 GeV=c2 < Mπþπ− < 1.096 GeV=c2).
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FIG. 2. Top: distribution ofMπþπ−π0 for the accepted candidates
with Mπþπ− being in the f0ð980Þ signal region with fit results
overlaid. The black dots with error bars represent data, the red
solid curve is the overall fit, the black dash-dotted line denotes the
f1ð1285Þ signal, the green dashed line denotes the ηð1405Þ signal
and the blue dotted line is background. Bottom: the pull between
the fit and data, i.e. the difference between data and the fit curve
normalized by the uncertainty of the data in each bin.
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simulation. The significance of the ηð1405Þ signal peak is
9.8σ, calculated from the difference of the likelihood values
with and without the ηð1405Þ signal in the fits.
The calculation of the significance takes into account
the systematic effects discussed later. The measured BF
of the decay J=ψ → eþe−ηð1405Þ → eþe−π0f0ð980Þ →
eþe−π0πþπ− is calculated as

Bsig ¼
Nsig

NJ=ψ · ϵ · Bðπ0 → γγÞ ; ð2Þ

where Nsig is the number of signal events, NJ=ψ is the total
number of J=ψ events [34], ϵ is the detection efficiency and
Bðπ0 → γγÞ is the BF of π0 → γγ [43]. We obtain Bsig ¼
ð2.04� 0.20Þ × 10−7 where the uncertainty is statisti-
cal only.

V. BRANCHING-FRACTION SYSTEMATIC
UNCERTAINTIES

The sources of systematic uncertainties for the BF
measurement include the MDC tracking efficiency, the
PID efficiency, the Ntrack requirement, the photon detection
efficiency, the γ conversion veto, the total number of J=ψ
events, the BF of π0 → γγ, the kinematic fit, the Mπþπ−

window, the π0 mass window, the fit range of Mπþπ−π0 and
the background shape.
To study the systematic uncertainties related to the MDC

tracking and PID efficiencies of e�, the differences
between data and MC simulation in different momentum
and polar-angle regions are studied with a control sample of
radiative Bhabha scattering eþe− → γeþe− (including
J=ψ → γeþe−) events from the same data sample. The
associated systematic uncertainties are determined by
applying bin-by-bin weights, which take into account the
data/MC differences and the uncertainty due to the limited
size of the control sample, to the momentum and polar-
angle distributions of e� in the signal decays. The sys-
tematic uncertainties from e� tracking and PID are 0.4%
and 0.5%, respectively.
The systematic uncertainty due to the E=p > 0.8

requirement is estimated with the same control sample
and a weighting method similar to that used in the PID
efficiency study. The difference in the efficiencies of the
E=p > 0.8 requirement is tabulated in bins of high
momentum and polar angle. The systematic uncertainty
for the E=p > 0.8 requirement is determined to be 0.1%.
The systematic uncertainties from the tracking efficiency

of charged pions and the photon detection efficiency are
investigated by analyzing control samples of J=ψ →
πþπ−π0 and eþe− → γμþμ− events, respectively. The
two-dimensional distributions of the polar angle and
momentum in the signal decays are reweighted according
to the observed data/MC differences and the statistical
uncertainties of the control samples. The systematic

uncertainty of the π� tracking efficiency is assigned to
be 0.6% per track and that of photon detection efficiency is
0.5% per photon.
The control sample of J=ψ → πþπ−π0, π0 → γeþe−

events is used to study the systematic bias associated with
the requirement of Ntrack ¼ 4. The difference in the ratio of
Ntrack ¼ 4 to Ntrack ≥ 4 between data and MC simulation is
considered as a systematic uncertainty, which is 0.2%.
The systematic uncertainty from the photon conversion

veto criterion Rxy < 2 cm is assessed with the same control
sample of J=ψ → πþπ−π0, π0 → γeþe− events. The rela-
tive difference of efficiencies associated with the γ con-
version rejection between data and MC simulation, is
0.12%, which is taken as the associated systematic uncer-
tainty. The MC samples of the radiation decay J=ψ →
γηð1405Þ are generated to estimate the systematic uncer-
tainty from the remaining gamma conversion background
in the data. Considering the selection efficiency of this MC
sample and the branching fraction measured in Ref. [18],
the remaining event number of this background is esti-
mated, which is only 0.4% of the signal yields, and it is
taken as the systematic uncertainty.
The track helix parameters are corrected for simulated

events to reduce the difference between data and MC
simulation in the χ24C distribution. Half of the difference
in the selection efficiencies after and before the correction,
0.6%, is taken as the corresponding systematic uncer-
tainty [51].
In the baseline fit, the resonances f1ð1285Þ and ηð1405Þ

are described by an incoherent sum of Breit-Wigner
functions, designated as BW1 and BW2, respectively. To
estimate the systematic uncertainty from neglected inter-
ference effects, the probability density function (PDF) of
the two resonances is constructed as

PDFsignal ¼ ðjA × BW1ðsÞ þ BW2ðsÞ × eiφj2Þ
⊗ GðsÞ × εðsÞ; ð3Þ

where φ is the relative phase between the ηð1405Þ and
f1ð1285Þ, A is the normalization factor, GðsÞ is a Gaussian
function used to describe the data-MC difference on the
detector resolution, and εðsÞ is the detection efficiency
curve obtained by the MC simulation. The difference
between the fits with and without interference, 1.2%, is
taken to be the systematic uncertainty.
The signal region in theMπþπ− distribution is widened by

the width of the Breit-Wigner function that describes the
distributions, and another fit is performed. The difference
on the measured BF is taken as the corresponding system-
atic uncertainty, which is 1.5%.
The fit range of Mπþπ−π0 is changed from the baseline

values ½1.2; 1.9� GeV=c2 to ½1.2; 1.84� GeV=c2 and
½1.2; 1.96� GeV=c2 and the f0ð980Þ sideband range is
changed to (0.875 GeV=c2 < Mπþπ− < 0.913 GeV=c2
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and 1.067 GeV=c2 < Mπþπ− < 1.105 GeV=c2). The larg-
est variation on the measured BF between the alternative
fits and the baseline fit, 1.5%, is assigned as the associated
systematic uncertainty.
The systematic uncertainty related to the selection

criterion on Mγγ in order to select good π0 candidates is
also considered. Differing from using a Crystal Ball
function to fit the Mγγ distribution in data, the signal
MC shape is used to perform an alternative fit to the data.
The relative difference on the number of observed π0

candidates, i.e. 1.0%, is taken as the systematic uncertainty.
The uncertainty from the TFF is estimated with the

alternative signal MC samples generated with the pole mass
Λ ¼ 1.80, 2.06, 2.20, 3.097 or 3.77 GeV=c2 instead of the
default value 3.686 GeV=c2, and the largest charge of the
efficiency, 1.7%, is taken as the systematic uncertainty.
The uncertainty from the theoretical model is estimated as
the change of the signal MC efficiency, comparing to the
nominal result, when the f0ð980Þ and ηð1405Þ resonances
are considered as Breit-Wigner line shapes, which is 1.1%.
Additionally, to determine the systematic uncertainty due to
the custom generator, the known width of K� is changed by
�1σ or �2σ to produce different signal MC samples. The
largest change of the efficiency, which is 0.4%, is added in
quadrature to the pole mass uncertainty and theoretical
model uncertainty to arrive at a total uncertainty of 2.1%,
which is considered to be the systematic uncertainty
associated with the signal MC generator.
The uncertainty due to the BF of π0 → γγ is 0.034% [43].

The systematic uncertainty on the total number of J=ψ
events is 0.44% according to Ref. [34].

All the sources of systematic uncertainties are summa-
rized in Table I. The total systematic uncertainty is
evaluated to be 3.9% from the quadratic sum of the above
individual contributions.

TABLE I. Relative systematic uncertainties in the branching-
fraction measurement.

Source Uncertainty (%)

e� tracking 0.4
e� PID 0.5
E=p > 0.8 requirement 0.1
π� tracking 1.2
Photon detection 1.0
Ntrack ¼ 4 0.2
Veto of γ conversion 0.2
γ conversion background 0.4
4C kinematic fit 0.6
Interference effects among resonances 1.2
f0ð980Þ mass window 1.5
Fit range and background shape 1.5
π0 mass window 1.0
Custom generator 2.1
Bðπ0 → γγÞ <0.1
NJ=ψ 0.5
Total 3.9
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FIG. 3. The fit of πþπ−π0 mass spectrum for each Meþe− bin.
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VI. TRANSITION FORM FACTOR
MEASUREMENT

The TFF for J=ψ → eþe−ηð1405Þ decay is measured by
dividing the Meþe− spectrum into three intervals according
to the ratio of the measured BFs and the BFs predicted by
QED. The former are obtained using the same selection
criteria and fit method as for the BF measurement, and the
latter is calculated by integrating Eq. (12) of Ref. [29] over
each bin. The fit of πþπ−π0 mass spectrum for each Meþe−

bin are shown in Fig. 3, where the fit method is same as the
one used in the BF measurement. The numerical values
used to determine TFF are listed in Table II. The normal-
ized TFF is parameterized with the usual simple pole
approximation as [29]

F ðq2Þ ¼ 1

1 − q2=Λ2
; ð4Þ

where q2 ¼ M2
eþe− is the square of the invariant mass

of eþe− pair, and the parameter Λ is the spectroscopic
pole mass, which is used as a fit parameter. Figure 4
shows the result of the fit to the Meþe− dependence of
jF ðq2Þj2. From the fit, Λ is determined to be
ð2.06�0.26ðstatÞ�0.07ðsystÞÞGeV=c2. The systematic
uncertainty on the Λ measurement is obtained by repeat-
ing the fit after considering variations similar to those used
in the determination of the systematic uncertainty of the
BF measurement.

VII. SUMMARY

Based on the data sample of ð10087� 44Þ × 106 J=ψ
events collected with the BESIII in 2009, 2012, 2018 and
2019, the EM Dalitz decay of J=ψ → eþe−ηð1405Þ is
observed for the first time via ηð1405Þ → π0f0ð980Þ and
f0ð980Þ → πþπ− with a significance of 9.8σ. The BF of
J=ψ → eþe−ηð1405Þ → eþe−π0f0ð980Þ → eþe−π0πþπ−

is measured to be ð2.04� 0.20ðstatÞ � 0.08ðsystÞÞ × 10−7,
where the first uncertainty is statistical and the second
one is systematic. Considering the measured BF of the
radiative decay of J=ψ → γηð1405Þ → γπ0f0ð980Þ →
γπ0πþπ− [18], the BF ratio BðJ=ψ→eþe−ηð1405ÞÞ

BðJ=ψ→γηð1405ÞÞ is calculated

to be ð1.36� 0.17ðstatÞ � 0.06ðsystÞÞ × 10−2, against
which future theoretical calculations can be compared.
The TFF for the J=ψ → eþe−ηð1405Þ decay is extracted by
assuming the simple pole approximation. The pole
value in the vector meson dominance model, Λ ¼ ð2.06�
0.26ðstatÞ � 0.07ðsystÞÞ GeV=c2 is also measured. The
obtained result provides valuable input for different theo-
retical models and understanding the intrinsic structure of
ηð1405Þ meson.
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