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Using a sample of about 1010 J=ψ events collected at a center-of-mass energy
ffiffiffi

s
p ¼ 3.097 GeVwith the

BESIII detector, the electromagnetic Dalitz decays J=ψ → eþe−πþπ−η0, with η0 → γπþπ− and
η0 → πþπ−η, have been studied. The decay J=ψ → eþe−Xð1835Þ is observed with a significance of
15σ, and also an eþe− invariant-mass dependent transition form factor of J=ψ → eþe−Xð1835Þ is
presented for the first time. The intermediate states Xð2120Þ and Xð2370Þ are also observed in the πþπ−η0

invariant-mass spectrum with significances of 5.3σ and 7.3σ. The corresponding product branching
fractions for J=ψ → eþe−X, X → πþπ−η0 [X ¼ Xð1835Þ, Xð2120Þ, and Xð2370Þ� are reported.

DOI: 10.1103/PhysRevLett.129.022002

The state Xð1835Þ was first discovered by the BESII
experiment in J=ψ → γπþπ−η0 decays [1] in 2005. In 2011,
the discovery was confirmed by the BESIII experiment [2]
in the same channel. Later, using an order of magnitude
larger data sample, BESIII performed a study of the πþπ−η0
line shape of the Xð1835Þ and reported a significant abrupt

change in the slope of the πþπ−η0 invariant-mass distribu-
tion at the proton-antiproton (pp̄) mass threshold [3]. The
study supported the existence of a pp̄ moleculelike or
bound state but no further conclusion was drawn with the
limited statistic at that moment. Further study indicates that
the Xð1835Þ shares the same spin parity 0−þ [4,5] with the
Xðpp̄Þ, a pp̄ bound state, which has been observed by the
BES [6] and confirmed by BESIII [7] and CLEO [8]. Many
theoretical speculations believe that the Xð1835Þ is exactly
a kind of pp̄ bound state [9–11]; however, the Xð1835Þ
has not been observed in other processes, such as

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
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the author(s) and the published article’s title, journal citation,
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ϒð1SÞ → γpp̄ [12], J=ψ → ωpp̄ [13], and J=ψ → ϕpp̄
[14]. The nature of the Xð1835Þ is still controversial.
Furthermore, BESIII observed three other resonance

states—the Xð2120Þ [2], Xð2370Þ [2], and Xð2600Þ [15]
—in J=ψ → γπþπ−η0 decays. The unprecedented sample
of about 1010 J=ψ decays collected with the BESIII
detector allows confirmation of the Xð1835Þ, Xð2120Þ,
Xð2370Þ, and Xð2600Þ states in different J=ψ decay
modes, in particular, J=ψ → eþe−πþπ−η0.
These electromagnetic (EM) Dalitz decays, where an off-

shell photon is internally converted into an eþe− pair,
provide an ideal opportunity to probe the structure of
hadronic states and to investigate the fundamental mech-
anisms of the interactions between photons and hadrons
[16]. Such EM decays are found to be simpler and they
allow one to make a more complete theoretical interpre-
tation than the case for pure hadronic interactions.
Consequently, these EM Dalitz decays constitute a testing
ground for any theory describing the structure of strongly
interacting particles [16].
In theory, for the EM Dalitz decay J=ψ →

eþe−Xð1835Þ, assuming pointlike particles, the branching
fraction of the Dalitz decay can be exactly described by
quantum electrodynamics (QED) in the standard model
[16], and the theoretical branching ratio, R≡ fB½J=ψ →
eþe−Xð1835Þ�=B½J=ψ → γXð1835Þ�g, is calculated to be
9.80 × 10−3 [17], where many theoretical uncertainties
cancel. The first measurement of the branching fraction
of the EM Dalitz decay and the ratio R will provide a
straightforward test of this pointlike QED prediction.
The EM Dalitz decay J=ψ → eþe−Xð1835Þ gives access

to the EM transition form factors (TFFs) between the J=ψ
and Xð1835Þ states. The q2-dependent differential decay
rate of J=ψ → eþe−Xð1835Þ normalized to the correspond-
ing radiative decay J=ψ → γXð1835Þ can be expressed as
[16,18,19]

dΓðJ=ψ → Xð1835Þeþe−Þ
dq2ΓðJ=ψ → Xð1835ÞγÞ ¼ jFðq2Þj2 × ½QEDðq2Þ�; ð1Þ

where the normalized TFF for the J=ψ → Xð1835Þ tran-
sition is defined as jFðq2Þj2, q2 is the square of the invariant
mass of the eþe− pair, and ½QEDðq2Þ� [18] represents
the QED ratio calculated for pointlike particles.
Experimentally, the TFF is directly accessible by compar-
ing the measured invariant-mass spectrum of the lepton
pairs from the Dalitz decays with the pointlike QED
prediction. The q2-dependent TFF, which reflects the
deviation from the pointlike particle assumption [20],
can provide additional information on the interactions
between J=ψ and Xð1835Þ, and serves as a sensitive probe
into their internal structure. Furthermore, it can possibly
help in distinguishing the transition mechanisms based on
the qq̄ scenario and other solutions that alter the simple
quark model picture. To be specific, besides the pp̄ bound

state, there are many different theoretical models for the
nature of the Xð1835Þ, such as a pseudoscalar glueball [21–
23], an excited η0 state [24], an excited ϕ state [25], etc. It
could be most likely a mixing state of pp̄ and ss̄ and this
idea has been investigated in, e.g., Ref. [26]. Different
theoretical models result in different TFFs. Our measure-
ment of the q2-dependent TFF will be helpful for the
theorists when they proceed to predictions based on
different assumptions of the Xð1835Þ structure.
In this Letter, we report the observation of the EM Dalitz

decays J=ψ → eþe−X, where X represents the Xð1835Þ,
Xð2120Þ, and Xð2370Þ, and the measurement of TFF for
the J=ψ → eþe−Xð1835Þ transition.
This Letter is performed with a sample of ð1.0087�

0.0044Þ × 1010 J=ψ events collected at the center-of-mass
energy 3.097 GeV with the BESIII detector operating at the
BEPCII [27]. The total number of J=ψ events collected in
the years of 2009, 2012, 2018, and 2019 is determined
using inclusive J=ψ decays with the method described in
Ref. [28]. The BESIII detector is composed of a helium-
based main drift chamber (MDC), a time-of-flight system, a
CsI(Tl) electromagnetic calorimeter (EMC), and a muon
counter. Details about the design and performance of the
BESIII detector are given in Refs. [29,30]. Monte Carlo
(MC) simulated data samples are produced with a GEANT4-
based [31] software package, which includes the geometric
description of the BESIII detector and the detector
response. An inclusive MC sample containing about
1010 J=ψ events that includes both the production of the
J=ψ meson and the continuum processes incorporated in
the event generator KKMC [32] is used to study possible
physics backgrounds. The known decay modes of the J=ψ
meson are modeled with the event generator EVTGEN [33]
using branching fractions taken from the Particle Data
Group [34], and the remaining unknown charmo-
nium decays are modeled with the event generator
LUNDCHARM [35,36]. Final state radiation from charged
final state particles is incorporated using the PHOTOS

package [37]. For the simulation of the signal processes,
the three J=ψ → eþe−X decay modes are generated with
angular distributions according to the amplitude squared in
Eq. (3) of Ref. [19] taking into account the J=ψ polarization
effect. The final state η0 candidates from X → πþπ−η0 are
reconstructed with two decay modes: η0 → γπþπ− and
η0 → πþπ−η; η → γγ.
Charged tracks are reconstructed in the MDC with a

polar-angle (θ) range of j cos θj < 0.93. The distance of
closest approach of each track to the interaction point must
be less than 10 cm along the z axis, and less than 1 cm in the
transverse plane. The number of charged tracks is required
to be six, with a net charge equal to zero, and exactly two
tracks are identified as the electron-positron pair in the final
state. Particle identification for charged tracks combines
measurements of the energy deposited in the MDC
(dE=dx), the flight time in the time-of-flight system, and
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the EMC information to form probabilities ProbðiÞi¼e;π;K .
A track is considered an electron when ProbðeÞ is larger
than ProbðπÞ and ProbðKÞ, and the remaining candidates
are identified as pions. Photon candidates are required to
have a minimum energy of 25 MeV in the EMC barrel
region (j cos θj < 0.80) or 50 MeV in the end-cap region
(0.86 < j cos θj < 0.92), and to be separated from charged
tracks by more than 10°.
For the η0 → γπþπ− decay mode, a four-constraint (4C)

kinematic fit imposing conservation of the initial energy
and momentum is performed to the hypothesis of
eþe−πþπ−πþπ−γ. For the events with more than one
photon candidate, the combination with the minimum
χ24C is selected, and events with χ24C < 60 are retained.
The χ2 selection requirement is optimized for maximal
signal (S) to background (B) ratio, i.e., S=

ffiffiffiffiffiffiffiffiffiffiffiffi

Sþ B
p

. In addi-
tion, events with Mγeþe− < 210 MeV=c2, 490 < Mγeþe− <
600 MeV=c2, and 700 < Mγeþe− < 820 MeV=c2 are
removed to suppress background events from J=ψ →
π0πþπ−πþπ−, J=ψ → ηπþπ−πþπ−, and J=ψ →
ωπþπ−πþπ− (π0, η → γeþe−, ω → π0γ, π0eþe−), respec-
tively. Here, all mass windows correspond to about 3 times
the invariant-mass resolution. Since the πþπ− pairs from
η0 → γπþπ− are dominantly from the ρ0 resonance, their
invariant mass must be in the range 575 < Mπþπ− <
920 MeV=c2. As shown in Fig. 1(a), η0 candidates are
selected with jMγπþπ− −mη0 j < 15 MeV=c2. Events with
jMeþe− −mωj<25MeV=c2 and jMeþe− −mϕj<30MeV=c2

are removed to suppress background events from J=ψ →
ωπþπ−η0ðω → eþe−Þ and J=ψ → ϕπþπ−η0ðϕ → eþe−Þ,
respectively. The nominal masses of η0, ω, ϕ are taken
from the Particle Data Group [34]. Photons with energy
larger than 1.02 MeV may convert to eþe− pairs, and this
usually occurs in the beam pipe and inner wall of the MDC,
leading to a γ conversion background. To reject this
background from J=ψ → γπþπ−η0, the candidate events
must satisfy Rxy < 2 cm, where Rxy is the distance from the
reconstructed vertex of the eþe− pair to the interaction
point in the x-y plane based on a γ conversion finder
algorithm [38]. With the requirements above, the remaining
yields for the J=ψ → γXð1835Þ, γXð2120Þ, and γXð2370Þ
decays in the MC simulations of the γ conversion back-
ground are 32� 5, 6� 4, 7� 8, respectively. These yields
are subtracted from the corresponding number of signal
events in the fit to data; the same treatment is used for the
η0 → πþπ−η decay mode.
For the η0 → πþπ−η decay mode, a five-constraint (5C)

kinematic fit imposing conservation of the initial energy
and momentum is performed to the eþe−πþπ−πþπ−η
hypothesis, and the invariant mass of γγ candidates is
constrained to the known mass of the η meson [34]. For
events with more than two photon candidates, the combi-
nation with the smallest χ25C is selected, and the events with
χ25C < 60 are retained. The η0 candidate is reconstructed

from πþπ−η combinations in an event, and all combinations
are kept. As shown in Fig. 1(b), η0 candidates are selected
with jMπþπ−η −mη0 j < 8.1 MeV=c2. The requirements on
Rxy and Meþe− are the same as for the η0 → γπþπ− decay
mode. In total, 20� 3, 3� 2, and 3� 3 events are selected
for the J=ψ → γXð1835Þ, γXð2120Þ, and γXð2370Þ decay
modes in the MC simulations of the γ conversion
background.
After imposing the selection criteria described above, a

clear Xð1835Þ signal is seen in the invariant-mass spectra of
the πþπ−η0 candidates as shown in Fig. 2 for both η0 decay
modes. Detailed event type analysis of the inclusive MC
sample with a generic tool, TOPOANA [39], shows that two
classes of potential backgrounds are left after the candi-
dates selection: events with no real η0 meson in the final
states (non-η0), and events from J=ψ → π0πþπ−η0 decays.
In Ref. [3], two models were used to characterize the

πþπ−η0 line shape around 1.85 GeV=c2: one incorporates
the opening of a threshold in the mass spectrum (Flatté
formula), and the other is the coherent sum of two resonant
amplitudes. Since our fit range reaches up to 2.8 GeV=c2,
the long and high tail of the Flatté formula in the higher
range of the first model makes the fit unstable. We therefore
consider the other model, which assumes the existence of a
narrow resonance Xð1870Þ near the pp̄ threshold, with the
interference between this resonance and the Xð1835Þ
causing the line-shape distortion. Thus, the anomalous
line shape near 1.835 GeV=c2 rate is modeled as jTj2,
where T is the decay amplitude of a coherent sum of the
two Breit-Wigner functions for Xð1835Þ and Xð1870Þ,
defined in Eq. (3) of Ref. [3]. It is known from Ref. [40]
that there should be two nontrivial solutions in a fit using a
coherent sum of two Breit-Wigner functions. So Ref. [3]
obtained two solutions with constructive and destructive
interference in their fit to the Mπþπ−η0 spectra. The two
solutions share the same mass and width of the Xð1835Þ
and Xð1870Þ, but have different values of the relative
πþπ−η0 coupling strengths and the phase between the two
resonances, which means that the only observable differ-
ence between the solutions are branching fractions of the
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FIG. 1. Invariant-mass distributions for selected
(a) η0 → γπþπ− and (b) η0 → πþπ−η candidates. The dots with
error bars are data, the red vertical dashed lines indicate the η0
mass windows, and the pairs of blue dashed lines (left and right of
the signal peak) indicate the η0 sideband regions.
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two Breit-Wigner functions. All of the above parameters of
T in our fit are fixed to the measured values in Ref. [3] and
consequently there will be two sets of branching fractions
for J=ψ → eþe−Xð1835Þ, Xð1835Þ → πþπ−η0 decay as
shown in Table I.
The Mπþπ−η0 spectra for the two η0 decay modes in the

range from 1.36 to 2.80 GeV=c2 are shown in Fig. 2. A
simultaneous unbinned maximum likelihood fit on the
spectra determines the signal yields of the intermediate
resonances from both of the η0 decay modes simultane-
ously. Because of low statistics and unknown variations
across the X Dalitz plot, the only interference considered is
that within the amplitude T. The effect of the six inter-
mediate resonances are described by the sum of five terms.
The first contains two resonances,

ðjTj2 × ϵsigÞ ⊗ g; ð2Þ

and the remaining four terms are of the form

ðjBWj2 × ϵsigÞ ⊗ g: ð3Þ

Here, ϵsig is the mass-dependent detection efficiency; g is a
Gaussian function used to account for the mass resolution.
The motivation for the T in Eq. (2) was discussed above.
The other resonances, i.e., f1ð1510Þ, Xð2120Þ, Xð2370Þ,
and Xð2600Þ are described by Eq. (3) in the fit, where
jBWj2 is the Breit-Wigner function for f1ð1510Þ, Xð2120Þ,
Xð2370Þ, and Xð2600Þ. The masses and widths of the first
three resonances are fixed to the values in Ref. [2,15].
Possible background contribution from non-η0 background
processes is estimated by the events in the η0 mass side-
band. To estimate the contribution from the J=ψ →
π0πþπ−η0 process, a phase space MC-simulation sample
is generated and parametrized by a fourth-order Chebyshev
polynomial function. In addition to these two background
processes, a first-order Chebyshev polynomial function is
used to describe possible nonresonance background proc-
esses. The fit yields are 77� 23, 1364� 53, 310� 32,
397� 37, and 323� 62 events for f1ð1510Þ, Xð1835Þwith
Xð1870Þ, Xð2120Þ, Xð2370Þ, and Xð2600Þ, respectively.
The statistical significance is determined from the change
of the log likelihoods with and without the corresponding
signal shape. The effect of the assumed background and
signal shapes are also considered when evaluating the
significance. Variations are tested, and the lowest signifi-
cances of the f1ð1510Þ, Xð1835Þ, Xð2120Þ, Xð2370Þ, and
Xð2600Þ states are calculated to be 3.3σ, 15σ, 5.3σ, 7.3σ,
and 3.2σ, respectively.
The TFF jFðq2Þj2 for the process J=ψ → eþe−Xð1835Þ

is measured by dividing the Meþe− distribution into five
intervals. The values of jFðq2Þj2 are obtained as the ratios
of branching fractions measured with the fit method
described above and those predicted by QED in each
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FIG. 2. Invariant-mass distributions Mπþπ−η0 for selected η0 → γπþπ− candidates for the (a) η0 → γπþπ− decay mode and
(b) η0 → πþπ−η decay mode. A simultaneous unbinned maximum likelihood fit on the spectra determines the signal yields of the
intermediate resonances from both of the η0 decay modes simultaneously. The dots with error bars are data, the blue solid line is the total
fit, the orange dashed line describes the f1ð1510Þ resonance, the purple dashed line—the Xð1835Þ and Xð1870Þ states, the pink dashed
line—the Xð2120Þ state, the cyan dashed line—the Xð2370Þ state, the light blue dashed line—the Xð2600Þ state, the red dashed line
indicates the non-η0 background, the blue dashed line is the J=ψ → π0πþπ−η0 background, and the black dot-dashed line corresponds to
a Chebyshev polynomial function describing possible nonresonance backgrounds.

TABLE I. Branching fractions of J=ψ → eþe−X, X → πþπ−η0
decays. The first uncertainties are statistical, and the second are
systematic.

Branching fractions of J=ψ → eþe−X, X → πþπ−η0

X ¼ Xð1835Þ (solution I) ð3.58� 0.19� 0.16Þ × 10−6

(solution II) ð4.43� 0.23� 0.19Þ × 10−6

X ¼ Xð2120Þ ð0.82� 0.12� 0.06Þ × 10−6

X ¼ Xð2370Þ ð1.08� 0.14� 0.10Þ × 10−6
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interval as shown in Eq. (1). These QED predicted
branching fractions are obtained from Eq. (12) of
Ref. [18]. Figure 3 shows the values of jFðq2Þj2 determined
in each interval of the Meþe− distribution. A simple pole
approximation parametrized as Fðq2Þ ¼ ½1=ð1 − q2=Λ2Þ�
[18,19], where the parameter Λ is the spectroscopic pole
mass, is used to fit the distribution. From the fit, Λ is
determined to be ½1.75� 0.29ðstatÞ � 0.05ðsystÞ� GeV=c2.
The systematic uncertainty is taken as the difference
between the baseline Λ value and the refitted one including
the systematic uncertainties of the measured branching
fractions in each interval.
The systematic uncertainties on the branching fractions

associated with the efficiency include the signal generator,
photon detection efficiency, tracking efficiency, particle
identification efficiency, kinematic fit, mass spectra
requirements [γeþe−, πþπ−, πþπ−γðηÞ, and eþe−], and
Rxy requirement. The uncertainties from these efficiency-
related sources are 3.7%, 4.9%, and 7.2% for the Xð1835Þ,
Xð2120Þ, and Xð2370Þ modes, respectively. The total
systematic uncertainties related to fit methods include
the non-η0 background, J=ψ → π0πþπ−η0 background,
nonresonance background, and signal shape. The total
uncertainties due to the fit are 1.3%, 4.5%, and 4.7% for
the Xð1835Þ, Xð2120Þ, and Xð2370Þ modes, respectively.
Additional uncertainties for the total number of J=ψ events
[28] and the η0 branching fractions to the final states γπþπ−
and πþπ−η [34] are also included. The total for all
systematic uncertainties on the product branching fractions
of the Xð1835Þ, Xð2120Þ, and Xð2370Þ modes are 4.3%,
6.8%, and 8.8%, respectively. The final branching fraction
results are shown in Table I.
In summary, using a sample of about 1010 J=ψ events

collected at the center-of mass energy
ffiffiffi

s
p ¼ 3.097 GeV

with the BESIII detector, we report the observation of the
EM Dalitz decay J=ψ → eþe−πþπ−η0. This is also the first

observation of the states Xð1835Þ, Xð2120Þ, and Xð2370Þ
in the EM Dalitz decays, and the first measurement of the
TFF between J=ψ and Xð1835Þ. According to the model of
a coherent sum of two Breit-Wigner amplitudes of Xð1835Þ
and Xð1870Þ, the branching fraction of J=ψ →
eþe−Xð1835Þ, Xð1835Þ → πþπ−η0 is measured to be
½3.58� 0.19ðstatÞ � 0.16ðsystÞ� × 10−6 (constructive inter-
ference)/½4.43� 0.23ðstatÞ � 0.19ðsystÞ� × 10−6 (destruc-
tive interference) with a significance of 15σ. With
respect to the radiative decay J=ψ → γXð1835Þ,
Xð1835Þ → πþπ−η0 [3], the ratio R of the branching
fractions is determined to be ½1.19� 0.10ðstatÞ�
0.14ðsystÞ� × 10−2. The measured R is consistent with
the theoretical prediction [17] within 2 standard deviations
(2σ). The branching fractions of J=ψ → eþe−Xð2120Þ,
Xð2120Þ→πþπ−η0 and J=ψ → eþe−Xð2370Þ, Xð2370Þ →
πþπ−η0 are measured to be ½0.82� 0.12ðstatÞ �
0.06ðsystÞ� × 10−6 and ½1.08� 0.14ðstatÞ � 0.10ðsystÞ� ×
10−6 with significances of 5.3σ and 7.3σ, respectively. The
measured values of jFðq2Þj2 for the J=ψ → eþe−Xð1835Þ
channel deviate from the pointlike particle assumption
(jFðq2Þj2 ¼ 1) significantly and have been parametrized
in the simple pole approximation as Fðq2Þ¼½1=ð1−
q2=Λ2Þ� with Λ¼½1.75�0.29ðstatÞ�0.05ðsystÞ�GeV=c2.
This measured pole mass Λ can be used as an input
parameter to improve the theoretical calculations.
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