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We study the eþe− → γωJ=ψ process using 11.6 fb−1 eþe− annihilation data taken at center-of-mass
energies from

ffiffiffi
s

p ¼ 4.008 GeV to 4.600 GeV with the BESIII detector at the BEPCII storage ring. The
Xð3872Þ resonance is observed for the first time in the ωJ=ψ system with a significance of more than 5σ.
The relative decay ratio of Xð3872Þ → ωJ=ψ and πþπ−J=ψ is measured to be R ¼ 1.6þ0.4

−0.3 � 0.2, where
the first uncertainty is statistical and the second systematic (the same hereafter). The

ffiffiffi
s

p
-dependent cross

section of eþe− → γXð3872Þ is also measured and investigated, and it can be described by a single Breit-
Wigner resonance, referred to as the Yð4200Þ, with a mass of 4200.6þ7.9

−13.3 � 3.0 MeV=c2 and a width of

115þ38
−26 � 12 MeV. In addition, to describe the ωJ=ψ mass distribution above 3.9 GeV=c2, we need at least

one additional Breit-Wigner resonance, labeled as Xð3915Þ, in the fit. The mass and width of the Xð3915Þ
are determined. The resonant parameters of the Xð3915Þ agree with those of the Yð3940Þ in B → KωJ=ψ
and of the Xð3915Þ in γγ → ωJ=ψ observed by the Belle and BABAR experiments within errors.

DOI: 10.1103/PhysRevLett.122.232002

The Xð3872Þ resonance was first observed by the Belle
experiment [1], and confirmed by the CDF [2], D0 [3],
BABAR [4], LHCb [5], and BESIII Collaborations [6]. Its
unusual properties do not accommodate with a charmo-
nium state, and thus the Xð3872Þ resonance is widely
explained as an unconventional meson candidate [7]. Since
the Xð3872Þ mass is near the D̄0D�0 mass threshold, it is
often interpreted as a hadronic molecule by theoretical
models [8]. The hadronic molecule model predicts that
the decay of Xð3872Þ → ωJ=ψ is sensitive to its internal
structure, and a precise measurement of the decay rate
would help to determine the ratio of various components

that contribute to the Xð3872Þ wave function. While the
decay Xð3872Þ → πþπ−J=ψ, where πþπ− is found to be
dominated by a ρ0 [9], violates the isospin symmetry in the
strong interaction, the Xð3872Þ → ωJ=ψ decay process
conserves isospin symmetry, and thus such a decay
provides an excellent metric for probing its isospin-
violation effect. Previously, the Belle and BABAR
Collaborations only reported less than 5σ evidences for
the Xð3872Þ → ωJ=ψ decay [10]. A solid observation is
still lacking and is necessary for improved interpretation of
this first experimentally observed state potentially com-
posed of four quarks.
The BESIII Collaboration recently reported evidence for

the radiative transition Yð4260Þ→ γXð3872Þ in Xð3872Þ →
πþπ−J=ψ mode [6]. A charged charmoniumlike state
Zcð3900Þ, which is a good candidate for a four-quark state
[11], was observed near

ffiffiffi
s

p ¼ 4.26 GeV by BESIII [12]
and Belle [13], and later confirmed with CLEO-c’s data at

Published by the American Physical Society under the terms of
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ffiffiffi
s

p ¼ 4.17 GeV [14]. All these observations show poten-
tial connections among the Xð3872Þ, Yð4260Þ, and
Zcð3900Þ resonances, and strongly hint towards a
common underlying nature for them. At the moment, more
supportive experimental observation for the transition
process Yð4260Þ → γXð3872Þ is needed to establish these
connections.
The Yð3940Þ resonance was observed by the Belle

Collaboration [15] and confirmed by the BABAR
Collaboration [16] in B → KωJ=ψ . Later on, both Belle
and BABAR reported observations of the Xð3915Þ reso-
nance in γγ → ωJ=ψ process [17], and it was suggested to
be the same resonance as the Yð3940Þ by the Particle Data
Group (PDG) [18]. The underlying nature of the Xð3915Þ is
still unclear. It was once considered as a candidate for the
χc0ð2PÞ charmonium state. However, such kind of assign-
ment was challenged by a recent Belle observation [19].
Other interpretations, such as a tetraquark [20] or a
hadronic molecule [21] are proposed for the Xð3915Þ.
Moreover, a theoretical calculation predicted a 1þþ tetra-
quark with mass near 3.95 GeV=c2 [22]. To make the
situation more clear, it is important to provide additional
data on the Xð3915Þ.
In this Letter, we report the study of the process

eþe− → γωJ=ψ , with J=ψ → lþl− (l ¼ e, μ) and
ω → πþπ−π0ðπ0 → γγÞ, using data samples collected with
the BESIII detector [23]. We search for the Xð3872Þ and
Xð3915Þ resonances in the ωJ=ψ system and study the

ffiffiffi
s

p
-

dependent production cross section, σ½eþe− → γXð3872Þ�.
The eþe− center-of-mass (c.m.) energies of the data sets
range from

ffiffiffi
s

p ¼ 4.008 to 4.600 GeV (c.f. Supplemental
Material [24]), with a total integrated luminosity of
about 11.6 fb−1.
The BESIII detector is described in detail elsewhere

[23,25]. GEANT4 [26] based Monte Carlo (MC) simulation
samples are used to optimize the event selection criteria,
determine the detection efficiency, and estimate back-
grounds. For the signal process, we generate eþe− →
γXð3872Þ=Xð3915Þ → γωJ=ψ MC events, with J=ψ →
lþl− (l ¼ e, μ) and ω → πþπ−π0ðπ0 → γγÞ at each
c.m. energy corresponding to data. The Xð3872Þ=
Xð3915Þ → ωJ=ψ decay is described with the phase-space
model from EVTGEN [27]. Initial state radiation (ISR) is
simulated with KKMC [28]. The maximum ISR photon
energy is set to correspond to the 3.90 GeV=c2 production
threshold of the γXð3872Þ system. The final state radiation
(FSR) from charged final-state particles are handled with
PHOTOS [29].
Events with four charged tracks with net zero charge are

selected. For each charged track, the polar angle in the
multilayer drift chamber must satisfy j cos θj < 0.93, and
the point of closest approach to the eþe− interaction point
must be within �10 cm in the beam direction and within
1 cm in the plane perpendicular to the beam direction.
Since the π� from ω decay and l� from J=ψ decay are

kinematically well separated, charged tracks with momenta
larger than 1.0 GeV=c in the laboratory frame are assumed
to be l�, and the ones with momenta less than 1.0 GeV=c
are assumed to be π�. The energy deposition of charged
tracks in the electromagnetic calorimeter (EMC) is used to
separate e and μ. For μ� candidates, the deposited energy in
the EMC are required to be less than 0.35 GeV, while for e�
it is required to be larger than 1.1 GeV.
Showers identified as good photon candidates must

satisfy fiducial and shower-quality requirements. The
minimum EMC energy is 25 MeV for barrel showers
(j cos θj < 0.80) and 50 MeV for end cap showers
(0.86 < j cos θj < 0.92). To eliminate showers produced
by charged particles, a photon must be separated by at least
20 degrees from any charged track in the EMC. The time
information from the EMC is also used to suppress
electronic noise and energy deposits unrelated to the event.
At least three good photon candidates are required in
each event.
To improve the momentum and energy resolutions

and to reduce backgrounds, a five-constraint (5C) kin-
ematic fit is applied to an event with the hypothesis
eþe− → γπþπ−π0lþl−, which constrains the sum of four
momentum of the final-state particles to the initial colliding
beams, and the mass of two photon combinations to the π0

world average mass [18]. The χ2 over number of degree of
freedom (ndf) of the kinematic fit is required to be less than
100=5. When there are ambiguities due to multicombina-
tions or multiphoton candidates in one event, we choose the
combination with the smallest χ2.
Background events such as eþe− → πþπ−ψð3686Þ=

π0π0ψð3686Þ → πþπ−π0π0J=ψ with one photon
candidate missing would also pass the previously
described event selection. To remove these backgrounds,
we require jMrecoilðπþπ−Þ −m½ψð3686Þ�j > 8 MeV=c2

and jMðπþπ−J=ψÞ −m½ψð3686Þ�j > 7 MeV=c2, where
Mrecoilðπþπ−Þ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðPeþe− − Pπþπ−Þ2

p
, and m½ψð3686Þ� is

the mass of the ψð3686Þ according to Ref. [18]. Other
background events, such as eþe− → η0J=ψ → γωJ=ψ ,
have the same event topology as the signal. Their con-
tribution can be effectively vetoed by rejecting events
satisfying both 0.93 < MðγωÞ < 0.97 GeV=c2 and
MðωJ=ψÞ > 3.9 GeV=c2.
After imposing the above requirements, clear peaks from

J=ψ and ω decays are seen in the lþl− and πþπ−π0
invariant mass distributions, as shown in Fig. 1. The η peak
in the right panel of Fig. 1 comes from eþe− → ηJ=ψ
and γISRψð3686Þ → γISRηJ=ψ processes. To identify signal
candidates that involve the J=ψ resonances, we select
events within an invariant mass window of 3.07 <
Mðlþl−Þ < 3.14 GeV=c2, referred to as the J=ψ-mass
window. Non-J=ψ background events are selected within
the two sidebands 2.97 < Mðlþl−Þ < 3.04 GeV=c2 or
3.17 < Mðlþl−Þ < 3.24 GeV=c2.
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The difference between the mass of Xð3872Þ and J=ψ
[18] is about 775 MeV=c2, which is slightly lower than
the world average mass of the ω. A consequence is an
asymmetric Mðπþπ−π0Þ distribution around the ω reso-
nance, as can be seen in the right panel of Fig. 1. To
accommodate for this effect, the ω mass window is defined
as 0.72 < Mðπþπ−π0Þ < 0.81 GeV=c2, and its mass side-
band as 0.61 < Mðπþπ−π0Þ < 0.70 GeV=c2 or 0.83<
Mðπþπ−π0Þ<0.92GeV=c2. We fitted both the Mðlþl−Þ
and Mðπþπ−π0Þ distributions, and normalized the data of
the sidebands according to the fit results.
Figure 2 shows the MðωJ=ψÞ [30] distribution from

the full data set. A signal peak consistent with the
Xð3872Þ resonance is observed. In addition, there are
evident structures above 3.9 GeV=c2. There are irreducible
eþe− → ωχc0 background events that produce a broad
structure in the MðωJ=ψÞ distribution. Such kind of

background is well understood and can be reproduced
by the MC simulation at BESIII [31]. Other possible
backgrounds come from continuum events, such as
eþe− → γωπþπ−, γπþπ−π0J=ψ , γπþπ−π0πþπ− etc. They
are estimated by analyzing the J=ψ and ω mass side-
bands data.
An unbinned maximum-likelihood fit is performed to the

MðωJ=ψÞ mass distribution. In the fit, we use as the signal
probability density function (PDF) the incoherent sum of
three Breit-Wigner (BW) resonances [denoted as Xð3872Þ,
Xð3915Þ, and Xð3960Þ, respectively], each convolved with
a Gaussian resolution function. The Xð3872Þwidth is set to
1.2 MeV [18]. The shape and yield of the eþe− → ωχc0
background component are fixed to the results of the MC
simulation. Contribution from other backgrounds is para-
meterized as a linear shape. The upper panel of Fig. 2
shows the fit results (numerical results are listed in Table I),
and the extracted Xð3872Þ mass agrees with its world
average value within errors. The obtained Xð3872Þ signal
events yield is Nsig ¼ 45� 9� 3. The statistical signifi-
cance of the Xð3872Þ resonance is estimated to be 5.7σ by
comparing the likelihood difference with or without the
Xð3872Þ in the fit, Δð−2 lnLÞ ¼ 40.8, and by taking the
change of ndf (Δndf ¼ 3) into account. Possible systematic
effects on the Xð3872Þ signal significance, including
background shape, ωχc0 background normalization,
Xð3872Þ intrinsic width and mass resolution are inves-
tigated, and no sign for a decreased Xð3872Þ significance is
observed. The statistical significance of Xð3915Þ and
Xð3960Þ are estimated to be 3.1σ and 3.4σ only.
As an alternative choice, we fit the MðωJ=ψÞ mass

distribution only with the Xð3872Þ and Xð3915Þ resonan-
ces as signal PDF. The eþe− → ωχc0 background is
handled in the same way as before. The contribution from
other backgrounds is parametrized as a linear function and
has been fixed as the result of fitting it to the data of the
J=ψ - and ω-mass sidebands. The bottom panel of Fig. 2
shows the fit results (c.f. Table I), and the number of fitted
Xð3872Þ signal events is Nsig ¼ 40� 8� 3. The statistical
significance of Xð3872Þ is estimated to be 5.2σ, and found
to be larger than 5.1σ after considering systematic effects
from ωχc0 and linear background normalization, Xð3872Þ
intrinsic width and mass resolution. The statistical signifi-
cance of Xð3915Þ is estimated to be 6.9σ. We test the
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FIG. 2. The MðωJ=ψÞ distribution with results of an unbinned
maximum-likelihood fit to data including three BW resonances
(upper) and including two BW resonances (bottom) as signal. Dots
with error bars are data, the red solid curves show the total fit
results, the blue dotted curves are the MC simulated ωχc0 back-
ground component, the blue dashed curves are the linear back-
ground component, the pink dotted-dashed curves are the Xð3915Þ
resonance, the pink double-dotted dashed curve is the Xð3960Þ
resonance, and the green shaded histograms are the normalized
contribution from the J=ψ- and ω-mass sidebands.
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FIG. 1. The Mðlþl−Þ and Mðπþπ−π0Þ distributions from the
full data sets.

TABLE I. The masses (in MeV=c2) and widths (in MeV) of
the Xð3872Þ, Xð3915Þ, and Xð3960Þ resonances from the fit. The
numbers in brackets represent the fit scenario without the
Xð3960Þ. The uncertainties are statistical only.

Mass Width

Xð3872Þ 3873.3� 1.1ð3872.8� 1.2Þ 1.2(1.2)
Xð3915Þ 3926.4� 2.2 ð3932.6� 8.7Þ 3.8� 7.5 ð59.7� 15.5Þ
Xð3960Þ 3963.7� 5.5 33.3� 34.2
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significance between these two fit scenarios, and find they
only differ by 2.5σ.
The production cross section of eþe− → γXð3872Þ

times the branching fraction B½Xð3872Þ → ωJ=ψ � at each
c.m. energy is calculated as σB½Xð3872Þ → ωJ=ψ � ¼
½Nsig=Lϵð1þ δÞB�, where Nsig is the number of Xð3872Þ
signal events, L is the integrated luminosity, ϵ is the
detection efficiency, B is the product of branching fractions
for J=ψ → lþl− and ω → πþπ−π0ðπ0 → γγÞ, and 1þ δ is
the ISR radiative correction factor, which is calculated
using the KKMC program [28]. The ISR photon energy
distribution is obtained by an iterative procedure using the
line shape σ½eþe− → γXð3872Þ� measured in this study to
replace the default one of KKMC. The left panel of Fig. 3
shows the measured σB½Xð3872Þ → ωJ=ψ �. Using the
same analysis method as described in Ref. [6] and the
radiative correction factor in this study, σB½Xð3872Þ →
πþπ−J=ψ � is measured as well. Our result agrees with and
supersedes the earlier published BESIII measurement [6],
as shown in the right panel of Fig. 3. All the numerical
results can be found in the Supplemental Material [24].
A simultaneous maximum-likelihood fit is performed to

both the σB½Xð3872Þ → ωJ=ψ � and the σB½Xð3872Þ →
πþπ−J=ψ � distributions. We use a single BW resonance,
denoted as Yð4200Þ, with free mass and width as PDF. A
free parameter R ¼ fB½Xð3872Þ → ωJ=ψ �=B½Xð3872Þ →
πþπ−J=ψ �g is used to describe the relative decay rate
of Xð3872Þ → ωJ=ψ and πþπ−J=ψ , which is common
for every c.m. energy. The fit gives M½Yð4200Þ� ¼
4200.6þ7.9

−13.3 MeV=c2, Γ½Yð4200Þ� ¼ 115þ38
−26 MeV,

Γee · B½Yð4200Þ → γXð3872Þ�B½Xð3872Þ → πþπ−J=ψ � ¼
ð4.5þ1.1

−0.8Þ × 10−2 eV and R ¼ 1.6þ0.4
−0.3 , where Γee is the

electronic partial width of the Yð4200Þ. Here, all the
uncertainties are statistical only.
The systematic uncertainty for Xð3872Þ, Xð3915Þ, and

Xð3960Þ mass and width measurements come from the
uncertainties in the absolute mass scale, background, and
resolution effects. The eþe− → γISRψð3686Þ → γISRηJ=ψ
events with the same event selection (except the ω mass

window is replaced by the η mass window) are used as a
control sample to calibrate the mass scale. The measured
ψð3686Þ mass is 3685.4� 0.4 MeV=c2, and the difference
to the ψð3686Þ world average mass is 0.8 MeV=c2.
Backgrounds are varied from a linear shape to a second-
order polynomial or by �1σ for the linear component, and
varied by �1σ for the ωχc0 component in the fit. The
differences in the mass and width measurements with
respect to the nominal results are taken as a systematic
uncertainty. The systematic uncertainty of resolution is
estimated by varying the Gaussian parameters of the
resolution response function by �1σ in the signal PDF.
In both fit scenarios [with and without the Xð3960Þ], the
Xð3872Þ mass difference 0.5 MeV=c2 is taken as a
systematic uncertainty due to the fit model. All these
contributions are summarized in Table II, and the total
uncertainty is calculated by adding the independent con-
tributions in quadrature.
The systematic uncertainty for the eþe− → γXð3872Þ

cross section measurement mainly comes from uncertain-
ties in the luminosity measurements, detection efficiency,
signal extraction, radiative correction, and branching frac-
tions. The integrated luminosities of each data set are
measured with large-angle Bhabha scattering events, with
an uncertainty of 1.0% [32]. The tracking efficiency is
estimated to be 1% per track from a study of the control
sample J=ψ → pp̄πþπ−. The uncertainty due to the photon
reconstruction is studied using the J=ψ → πþπ−π0 events,
and is found to be 1% for the radiative photon [33]. An
additional systematic uncertainty of 1% is assigned to the
efficiency of π0 reconstruction by studying ψð3686Þ →
π0π0J=ψ and eþe− → ωπ0 events. In our event selection, a
5C kinematic fit is used, and the systematic uncertainty
related to the kinematic fit is estimated to be 0.8% by using
a helix correction method as discussed in Ref. [34].
The number of Xð3872Þ signal events is extracted by

fitting the MðωJ=ψÞ distribution, and the difference
between the two fit scenarios is 9.5%. The Xð3872Þ
intrinsic width is fixed to 1.2 MeV in the signal PDF.
Varying the width from 50 keV to 1.2 MeV results in a 5%
difference for the Xð3872Þ signal yield. The systematic
uncertainty of the ωχc0 background is estimated by varying

FIG. 3. The measured cross section of σ½eþe− → γXð3872Þ�
times the branching fraction of Xð3872Þ → ωJ=ψ (left) and
πþπ−J=ψ (right), and a simultaneous fit to data with a single
BW resonance. Dots with error bars are data, the open triangles
are an early measurement reported in Ref. [6], and the red curves
show the fit results.

TABLE II. Summary of the systematic uncertainties for
Xð3872Þ=Xð3915Þ=Xð3960Þ mass and width measurements.
The numbers in the brackets correspond to the fit scenario with
only the Xð3872Þ and Xð3915Þ as signal PDF.

Source Mass (MeV=c2) Width (MeV)

Absolute mass scale 0.8=0.8 ð0.8Þ=0.8 � � �/� � �/� � �
Background shape 0.3=0.4 ð4.5Þ=0.5 � � �/2.5 ð3.6Þ=8.3
Resolution 0.0=0.8 ð0.7Þ=0.8 � � �/0.7 ð0.3Þ=0.1
Fit model 0.5/� � �/� � � � � �/� � �/� � �
Total 1.0=1.2 ð4.7Þ=1.3 � � �/2.6 ð3.7Þ=8.3
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the normalization by �1σ, which will cause a difference of
0.9% in the Xð3872Þ signal yield. The remaining back-
ground is parameterized as a linear function. Varying the
background shape from linear to a second-order polyno-
mial or the normalization by �1σ will cause a 3.1%
difference for the Xð3872Þ signal yield.
We iterate the cross section measurement until the value

of ð1þ δÞϵ changes by at most 1% from the previous
iteration, and 1% is taken as a systematic uncertainty due to
ISR radiative correction. The systematic uncertainty related
to the J=ψ-mass window cut is 1.6% [6]. The branching
fraction uncertainties of J=ψ → lþl−, ω → πþπ−π0 and
π0 → γγ are 0.6%, 0.8%, and 0.04% [18], respectively.
The total systematic uncertainty is calculated to be

12.3% by adding all contributions in quadrature.
The systematic uncertainty for the Yð4200Þ parameters

mainly comes from the uncertainties related to the eþe−
c.m. energy measurement, the parametrization of the fit
model, and the cross section measurement. The c.m. energy
of each data set is measured with dimuon events, with
�0.8 MeV uncertainty [35]. Such kind of common uncer-
tainty will shift the Yð4200Þ line shape globally, and thus,
propagate to the Yð4200Þ mass linearly. In the fit to the
cross section, the Yð4200Þ resonance is parametrized as a
BW with a constant full width. We also use a BW with a
phase-space dependent full width, Γ½Φð ffiffiffi

s
p Þ=ΦðMÞ�, and

the difference is 2.8 MeV=c2 for the mass, 12 MeV for the
width, and 6.5% for Γee. The cross section data measured in
Xð3872Þ → ωJ=ψ and πþπ−J=ψ channels are fitted simul-
taneously. The common uncertainties of cross section
measurements in both channels, including luminosity,
tracking, photon detection, radiative correction, kinematic
fit, Xð3872Þ intrinsic width, J=ψ mass window, and J=ψ →
lþl− branching fraction, will propagate to Γee linearly, i.e.,
6.9%. The uncommon ones, including π0, background, fit
model, and ω → πþπ−π0ðπ0 → γγÞ branching fraction, will
affect the R measurement, and the total contribution is
10.9%, by adding them in quadrature.
In summary, we have studied the eþe− → γωJ=ψ process

with 11.6 fb−1 data at the BESIII experiment. For the first
time, the Xð3872Þ → ωJ=ψ decay was firmly observed
with more than 5σ significance, and the Xð3872Þ mass
was measured to be 3873.3� 1.1� 1.0 MeV=c2. The
relative decay ratio for Xð3872Þ → ωJ=ψ and πþπ−J=ψ
is measured to be R ¼ 1.6þ0.4

−0.3 � 0.2, which agrees well
with previous measurements within errors [10]. These
measurements provide important input for the hadronic
molecule interpretation for the Xð3872Þ resonance [8].
To describe the MðωJ=ψÞ distribution above

3.9 GeV=c2, we need at least one additional BW resonance
Xð3915Þ. Its mass and width are measured to be 3926.4�
2.2� 1.2 MeV=c2 and 3.8� 7.5� 2.6 MeV, or 3932.6�
8.7� 4.7 MeV=c2 and 59.7� 15.5� 3.7 MeV, depend-
ing on the fit models.

The eþe− → γXð3872Þ production cross section is mea-
sured at the c.m. energies between 4.008 and 4.600 GeV
[24]. We studied the

ffiffiffi
s

p
-dependent cross section line shape

of eþe− → γXð3872Þ, and find it can be described by a
single BW resonance Yð4200Þ. A simultaneous fit to the
Xð3872Þ → ωJ=ψ and πþπ−J=ψ cross section data gives its
massM½Yð4200Þ� ¼ 4200.6þ7.9

−13.3 � 3.0 MeV=c2, and width
Γ½Yð4200Þ� ¼ 115þ38

−26 � 12 MeV, which agree with the
ψð4160Þ [18] or the Yð4220Þ observed by BESIII in
πþπ−J=ψ [36] and πþπ−hc [37] within errors. The mea-
sured eþe− → γXð3872Þ cross section provides useful
information for the DD̄� hadronic molecule calculation as
described in Ref. [38].
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