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The decays ψ2ð3823Þ → γχc0;1;2, πþπ−J=ψ , π0π0J=ψ , ηJ=ψ , and π0J=ψ are searched for using the
reaction eþe− → πþπ−ψ2ð3823Þ in a 19 fb−1 data sample collected at center-of-mass energies between 4.1
and 4.7 GeV with the BESIII detector. The process ψ2ð3823Þ → γχc1 is observed in a 9 fb−1 data sample in
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the center-of-mass energy range 4.3–4.7 GeV, which confirms a previous observation but with a higher
significance of 11.8σ, and evidence for ψ2ð3823Þ → γχc2 is found with a significance of 3.2σ for

the first time. The branching-fraction ratio Bðψ2ð3823Þ→γχc2Þ
Bðψ2ð3823Þ→γχc1Þ is determined. No significant ψ2ð3823Þ signals

are observed for any of the other decay channels. Upper limits of branching-fraction ratios for
ψ2ð3823Þ → πþπ−J=ψ , π0π0J=ψ , ηJ=ψ , π0J=ψ , γχc0 relative to ψ2ð3823Þ → γχc1 are reported. The
process eþe− → π0π0ψ2ð3823Þ is also searched for, and we find evidence for the process with a

significance of 4.3σ. The average cross-section ratio σðeþe−→π0π0ψ2ð3823ÞÞ
σðeþe−→πþπ−ψ2ð3823ÞÞ is also determined.

DOI: 10.1103/PhysRevD.103.L091102

Charmonium, the bound state of a charm quark and
anticharm quark (cc̄), plays an important role in our
understanding of quantum chromodynamics (QCD), which
is the fundamental theory of the strong interaction. Low-
energy QCD remains a field of high interest both exper-
imentally and theoretically. All charmonium states below
the open-charm (DD̄) threshold have been observed exper-
imentally and can be well described by potential models
[1]. However, the understanding of the spectrum that is
above the DD̄ threshold remains unsettled. During the
past decade, many new charmoniumlike states have been
discovered, such as the Xð3872Þ, Yð4260Þ, Zcð3900Þ, and
Zcsð3985Þ [2–5]. These are good candidates for exotic
states that lie outside the conventional quark model as
discussed in Refs. [6–9]. On the other hand, there are still
excited charmonium states above the DD̄ threshold pre-
dicted by potential models, which have not yet been
observed. Thus, a more complete understanding of the
charmonium(like) spectrum is necessary to identify con-
ventional and exotic states.
The lightest charmonium resonance above the DD̄

threshold is the ψð3770Þ, which is identified as the
ψð13D1Þ state, the J ¼ 1 member of the D-wave spin
triplet [10]. Recently, two more states have been observed,
which are considered to be good candidates for members of
this spin triplet. The ψ2ð3823Þ, for which first evidence was
found by the Belle Collaboration and which was later
observed by the BESIII Collaboration in ψ2ð3823Þ → γχc1,
is considered to be the ψð13D2Þ state [11,12]. The LHCb
Collaboration also observed the ψ2ð3823Þ in its decay to
πþπ−J=ψ [13]. The other newly observed resonance is the
ψ3ð3842Þ seen by the LHCb Collaboration in ψ3ð3842Þ →
DD̄ [14]. It is suggested to be the ψð13D3Þ state.
The motivation of this paper is to provide additional

experimental evidence for the correct assignment of
the ψ2ð3823Þ to be the J ¼ 2 spin-triplet partner, by
comparing its decay channels to the theory predictions
of Refs. [15–24]. Experimental information on the
ψ2ð3823Þ is still sparse. The partial widths for decays of
the ψð13D2Þ state to several channels have been predicted
by various different models. These models agree that
the dominant decay of the ψð13D2Þ is to γχc1, with the
next most probable decays being to γχc2 and to πþπ−J=ψ .

The branching-fraction ratios Bðψð13D2Þ→γχc2Þ
Bðψð13D2Þ→γχc1Þ and

Bðψð13D2Þ→πþπ−J=ψÞ
Bðψð13D2Þ→γχc1Þ are predicted to be 0.19–0.32 and

0.12–0.39, respectively [15–24].
In this Letter, a search for ψ2ð3823Þ → γχc0;1;2,

πþπ−J=ψ , π0π0J=ψ , ηJ=ψ , and π0J=ψ is reported, using
eþe− → πþπ−ψ2ð3823Þ events from a 19 fb−1 data sample
collected at center-of-mass energy in the range 4.1 <

ffiffiffi
s

p
<

4.7 GeV with the BESIII detector [25]. Additionally, a
search is performed for the process eþe− → π0π0ψ2ð3823Þ
with ψ2ð3823Þ → γχc1.
The BESIII detector is a magnetic spectrometer located

at the Beijing Electron Positron Collider (BEPCII). For
more details on the detector or the accelerator, we refer
to Refs. [25–27]. Simulated samples produced with the
GEANT4-based [28] Monte Carlo (MC) package, which
includes the geometric description of the BESIII detector
and the detector response, are used to determine the
detection efficiency and to estimate background contribu-
tions. The simulation includes the beam energy spread and
initial-state radiation (ISR) in eþe− annihilations modeled
with the generator KKMC [29]. Signal MC samples for
eþe− → ππψ2ð3823Þ are generated using isotropic phase-
space populations, assuming that the cross section follows a
coherent sum of ψð4360Þ and the ψð4660Þ Breit-Wigner
(BW) distributions, whose magnitude and phase parame-
ters we obtain from a fit to the observed cross section, with
the ψ2ð3823Þ mass fixed to the Particle Data Group (PDG)
value [10] and width fixed to zero. The subsequent
ψ2ð3823Þ decays are generated uniformly in the phase
space, and the effects from the angular distributions of
ψ2ð3823Þ decays are studied and found to be small.
Inclusive MC samples consist of the production of open-
charm processes, the ISR production of vector charmonium
(like) states, and the continuum processes incorporated in
KKMC [29]. Known decay modes are modeled with EvtGen

[30] using branching fractions summarized and averaged
by the PDG [10]. The remaining unknown decays from the
charmonium states are generated with LUNDCHARM [31].
Final-state radiation from charged final-state particles is
incorporated with the PHOTOS package [32].
The χc1;2 are reconstructed via χc1;2 → γJ=ψ decays, the

J=ψ is reconstructed in its decay to an eþe− or μþμ− pair,
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the π0 and η are reconstructed via π0=η → γγ decays, and
the χc0 is reconstructed in its decay to a πþπ− or KþK−

pair. For each charged track, the distance of closest
approach to the interaction point is required to be within
�10 cm in the beam direction and within 1 cm in the plane
perpendicular to the beam direction. The polar angle (θ) of
the tracks must be within the fiducial volume of the
multilayer drift chamber ðj cos θj < 0.93Þ. Photons are
reconstructed from isolated showers in the electromagnetic
calorimeter (EMC), which are at least 10° away from the
nearest charged track. The photon energy is required to be
at least 25 MeV in the barrel region ðj cos θj < 0.8Þ or
50 MeV in the end-cap region ð0.86 < j cos θj < 0.92Þ. To
suppress electronic noise and energy depositions unrelated
to the event, the time at which the photon is recorded in the
EMC is required to be within 700 ns of the event start time.
Candidate events must have the exact same number of
charged tracks with zero net charge and at least the same
number of photons as required for the respective final state.
Tracks with momenta larger than 1 GeV=c are assigned to
be leptons from the decay of a J=ψ or to be π=K from the
decay of a χc0. Otherwise, tracks are considered pions.
Leptons from the J=ψ decay with an energy deposit in the
EMC larger than 1.0 GeV are identified as electrons, and
those with less than 0.4 GeV as muons. To reduce back-
ground contributions and to improve the mass resolution, a
four-constraint kinematic fit is performed to constrain the
total four-momentum of the final-state particles to the four-
momentum of the colliding beams. Additionally, for the
ψ2ð3823Þ → π0π0J=ψ and eþe− → π0π0ψ2ð3823Þ chan-
nels the invariant masses of the two pairs of photons are
constrained to the nominal mass of the π0 meson [10]. The
two track candidates from the decay of χc0 mesons are
considered to be either a πþπ− or a KþK− pair depending
on the χ2 of the four-constraint kinematic fit. If
χ2ðπþπ−Þ < χ2ðKþK−Þ, the two tracks are identified as
a πþπ− pair, otherwise, as a KþK− pair. For all these
channels, if there is more than one combination of photons
in an event, the one with the smallest χ2 of the kinematic fit
is selected. The χ2 of the candidate process is required to be
less than 60 in all cases.
Besides the requirements described above, further

selection criteria are applied. To suppress the background
from π0=η → γγ in ψ2ð3823Þ → γχc1;2 decays, regions
around the π0 and η masses, namely [0.11, 0.16] and
½0.51; 0.58� GeV=c2, in the invariant mass MðγγÞ are
excluded. In order to remove background from ψð3686Þ →
πþπ−J=ψ in ψ2ð3823Þ → πþπ−J=ψ , π0π0J=ψ , ηJ=ψ ,
π0J=ψ decays, all possible invariant mass Mðπþπ−J=ψÞ
combinations are required to be outside the region
½3.675; 3.696� GeV=c2. To eliminate background from
η0 → ηπþπ− and χc1 → γJ=ψ in ψ2ð3823Þ → ηJ=ψ decays,
the invariant masses Mðγγπþπ−Þ and MðγHJ=ψÞ are
required to be outside the regions [0.94, 0.97] and

½3.49; 3.53� GeV=c2, respectively, where γH is the high-
est-energy photon. This condition removes almost all of
the η0=χc1 background. To remove background from η →
π0πþπ− in ψ2ð3823Þ → π0J=ψ decays, candidates are
excluded that have an invariant mass Mðγγπþπ−Þ around
the nominal η mass in the region ½0.51; 0.58� GeV=c2.
Finally, to reject background from photon conversion in
ψ2ð3823Þ → γχc0 decays, the cosine of the angle between
any two charged tracks is required to be less than 0.9.
The J=ψ signal region is defined by the mass range

½3.075; 3.125� GeV=c2 in Mðeþe−=μþμ−Þ, apart from in
the decay channel ψ2ð3823Þ → πþπ−J=ψ , where the J=ψ
signal region is narrowed to the range ½3.09; 3.11� GeV=c2
due to the better resolution for the four charged-track final
states. The χc1 and χc2 signal regions are chosen as the
ranges [3.49, 3.53] and ½3.54; 3.57� GeV=c2 inMðγHJ=ψÞ,
respectively, and sideband regions, defined as the ranges
[3.43, 3.48] and ½3.58; 3.63� GeV=c2, are used to study the
nonresonant background. The η, π0 and χc0 signal regions
are chosen to be [0.52, 0.57] and ½0.12; 0.15� GeV=c2 in
MðγγÞ and ½3.39; 3.44� GeV=c2 in Mðπþπ−=KþK−Þ,
respectively.
Figure 1 shows the πþπ− recoil-mass distribution

RMðπþπ−Þ for the γχc1 channel. A clear ψ2ð3823Þ signal
is observed for 9 fb−1 of data at 4.3 <

ffiffiffi
s

p
< 4.7 GeV,

while no significant ψ2ð3823Þ signal is seen for the 10 fb−1

sample at 4.1 <
ffiffiffi
s

p
< 4.3 GeV. The green shaded histo-

grams correspond to the normalized events from the χc1
sideband region. Thus, only data at 4.3 <

ffiffiffi
s

p
< 4.7 GeV

are used to search for new ψ2ð3823Þ decay channels.
Figure 2 shows the distributions of RMðπþπ−Þ for the

decays ψ2ð3823Þ → γχc1, γχc2, πþπ−J=ψ , π0π0J=ψ , ηJ=ψ ,
π0J=ψ , γχc0 and a scatter plot of MðγHJ=ψÞ versus
RMðπþπ−Þ for the decays ψ2ð3823Þ → γχc1;2 for data at
4.3 <

ffiffiffi
s

p
< 4.7 GeV. Here, all valid RMðπþπ−Þ combi-

nations of the πþπ−J=ψ decay are retained. In addition to
the ψ2ð3823Þ signal observed in the ψ2ð3823Þ → γχc1
channel, there are also events clustered in the signal region
for the mode ψ2ð3823Þ → γχc2. No significant ψ2ð3823Þ
signals are observed for the other channels. The distribution
ofMðπþπ−J=ψÞ after a four-constraint kinematic fit for the
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FIG. 1. πþπ− recoil-mass distribution RMðπþπ−Þ for γχc1
channel for the data at 4.3 <

ffiffiffi
s

p
< 4.7 GeV (a) and data at 4.1 <ffiffiffi

s
p

< 4.3 GeV (b). The green shaded histograms correspond to
the normalized events from the χc1 sideband region.
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πþπ−J=ψ decay is also checked, but no significant
ψ2ð3823Þ signals are seen. Furthermore, in any of these
channels, no significant eþe− → πþπ−ψ3ð3842Þ signals
are found. A detailed study of the inclusive MC samples
indicates that there are no peaking background contribu-
tions in the ψ2ð3823Þ signal region [33]. In order to extract
the ψ2ð3823Þ signal yield, a simultaneous unbinned maxi-
mum-likelihood fit is performed to the seven decay
channels. The expected shape of RMðπþπ−Þ from the
signal process is modeled by the shape from the MC
simulation convolved with a Gaussian function. The
parameters of mean and width are free parameters in
the fit but are constrained to be the same in all channels.
The background is described by a constant. The solid
curves in Fig. 2 show the fit results. The significances with

systematic uncertainty included for the decays ψ2ð3823Þ →
γχc1 and ψ2ð3823Þ → γχc2 are 11.8σ and 3.2σ, respec-
tively. For the other decays, where there are no significant
signals, upper limits of the relative branching ratio com-
pared to the decay ψ2ð3823Þ → γχc1 at the 90% confidence
level (C.L.) are determined. These upper limits are calcu-
lated from the likelihood curve of the fits as a function of
signal yield after being convolved with a Gaussian dis-
tribution, where the width of Gaussian distribution is the
quadratic sum of the systematic uncertainty and statistical
uncertainty of the ψ2ð3823Þ → γχc1 signal yield. Those
limits together with the corresponding limits on the number
of signal events are summarized in Table I.
The values of the branching-fraction ratio Bðψ2ð3823Þ→γχc2Þ

Bðψ2ð3823Þ→γχc1Þ
and the upper limits of the branching-fraction ratios for
ψ2ð3823Þ → πþπ−J=ψ , π0π0J=ψ , ηJ=ψ , π0J=ψ and γχc0
relative to the decay ψ2ð3823Þ → γχc1 shown in Table I are
calculated using the definition in Table II, where N is the
yield of signal events, L is the integrated luminosity [34], σ
is the cross section, 1þ δ is the radiative correction factor
[29,35], ϵ is the efficiency, B is the branching fraction [10],
and i denotes each energy point.
Figure 3 shows the π0π0 recoil-mass distribution

RMðπ0π0Þ for the decay ψ2ð3823Þ → γχc1 for data at
4.3 <

ffiffiffi
s

p
< 4.7 GeV. A signal peak corresponding to

the process eþe− → π0π0ψ2ð3823Þ can be seen. In order
to determine the signal yield, an unbinned maximum-
likelihood fit is performed. The ψ2ð3823Þ signal is modeled
by the MC-determined shape convolved with a Gaussian
function, whose mean value and width are fixed to be
the values obtained from the same final-state process
eþe− → π0π0ψð3686Þ. The background is described with
a constant. The solid curve in Fig. 3 shows the fit results.
The number of signal events is determined to be 15.9þ5.1

−4.4 ,
and the significance for the process eþe− → π0π0ψ2ð3823Þ
with systematic uncertainties included is found to be 4.3σ.
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FIG. 2. Results of the simultaneous fits to the seven distribu-
tions of RMðπþπ−Þ for the decays ψ2ð3823Þ → γχc1 (a), γχc2 (b),
πþπ−J=ψ (c), π0π0J=ψ (d), ηJ=ψ (e), π0J=ψ (f), and γχc0 (g) and
a scatter plot of MðγHJ=ψÞ versus RMðπþπ−Þ for the decays
ψ2ð3823Þ → γχc1;2 (h) for data at 4.3 <

ffiffiffi
s

p
< 4.7 GeV. The red

solid lines are the total fit results and the blue dashed lines are the
background components.

TABLE I. The number of ψ2ð3823Þ signal events Nψ2ð3823Þ and
branching-fraction ratios Bðψ2ð3823Þ→���Þ

Bðψ2ð3823Þ→γχc1Þ for different ψ2ð3823Þ
decay channels. For Nψ2ð3823Þ only the statistical uncertainty is
shown. For the ratios the first uncertainty is statistical and the
second uncertainty is systematic. The upper limits at the
90% C.L. are calculated taking into account both contributions.
� � � means that the result is not applicable.

Channel Nψ2ð3823Þ Bðψ2ð3823Þ→���Þ
Bðψ2ð3823Þ→γχc1Þ

γχc1 63.1� 8.5 � � �
γχc2 8.8þ4.3

−3.4 0.28þ0.14
−0.11 � 0.02

πþπ−J=ψ <21.0 <0.06
π0π0J=ψ <10.0 <0.11
ηJ=ψ <9.8 <0.14
π0J=ψ <5.6 <0.03
γχc0 <6.3 <0.24
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The average cross-section ratio σðeþe−→π0π0ψ2ð3823ÞÞ
σðeþe−→πþπ−ψ2ð3823ÞÞ for the

γχc1 channel for data at 4.3 <
ffiffiffi
s

p
< 4.7 GeV is determined

to be 0.64þ0.22
−0.20 � 0.05, which is calculated using the

definition in Table II, and is consistent with the expectation
of isospin symmetry.
The considered sources of systematic uncertainties

related to the branching-fraction ratios and average
cross-section ratio are summarized in Table III, where
those that are common to the numerator and denominator
cancel. The uncertainty in the tracking efficiency and
photon efficiency is 1% per track or per photon [36].
The uncertainty from the branching fractions is taken from
the PDG [10]. The uncertainty due to the kinematic fit is
estimated by correcting the helix parameters of charged
tracks, and the difference between the results with and
without this correction is taken as the uncertainty [37].
To estimate the uncertainty related to the input line shape of
the process eþe− → ππψ2ð3823Þ, we change the input line
shape to a coherent sum of BW functions of ψð4415Þ and
ψð4660Þ with the parameters fixed to PDG values, where
magnitude and phase parameters are obtained from a fit to
the cross section of eþe− → πþπ−ψ2ð3823Þ. The process
eþe− → ππψ2ð3823Þ is generated by the three-body phase-
space model, and the uncertainty of the MC decay model is

obtained by changing the phase-space model to the model
eþe− → f0ð500Þψ2ð3823Þ with a D wave in the MC
simulation. The angular distribution of the angle between
the two low-momentum pions in the lab frame is sensitive
to the MC model for the ψ2ð3823Þ → γχc0 decay, which
leads to the dominant systematic uncertainty contribution
for this mode. The uncertainty from the fit range is obtained
by varying the limits of the fit range by �5 MeV=c2, and
the uncertainty associated with the background shape is
estimated by changing the constant background to a linear
background. The influence from the possible presence of a
ψ3ð3842Þ state is accounted for by including this compo-
nent in the fit. In each case, the difference to the nominal
result is taken as the systematic uncertainty. The uncer-
tainties from the J=ψ , π0=η, χc1;2 and χc0 mass-window
requirements are 1.6%, 1.0%, 1.0%, and 1.7%, respec-
tively [38,39]. The overall systematic uncertainties are
obtained by adding all the sources of systematic uncer-
tainties in quadrature, assuming they are uncorrelated.
The effect of the systematic uncertainties on the upper
limit or significance is accounted for by changing the fit
range and the background shape and then choosing the
largest value of the upper limit or the lowest value of the
significance.

TABLE II. Definitions of the ratios Bðψ2ð3823Þ→���Þ
Bðψ2ð3823Þ→γχc1Þ and

σðeþe−→π0π0ψ2ð3823ÞÞ
σðeþe−→πþπ−ψ2ð3823ÞÞ, where Bðψ2ð3823Þ → � � �Þ represents

the branching fraction of ψ2ð3823Þ decays into a certain channel and Bð…Þ represents the branching fraction of
subsequent decays.

Ratio Definition

Bðψ2ð3823Þ→���Þ
Bðψ2ð3823Þ→γχc1Þ Nψ2ð3823Þ→���

Nψ2ð3823Þ→γχc1

P
i
Liσið1þδÞiϵψ2ð3823Þ→γχc1

iP
i
Liσið1þδÞiϵψ2ð3823Þ→���

i

Bðχc1→γJ=ψ→γlþl−Þ
Bð…Þ

σðeþe−→π0π0ψ2ð3823ÞÞ
σðeþe−→πþπ−ψ2ð3823ÞÞ Nπ0π0ψ2ð3823Þ

Nπþπ−ψ2ð3823Þ

P
i
Lið1þδÞiϵπ

þπ−ψ2ð3823Þ
iP

i
Lið1þδÞiϵπ

0π0ψ2ð3823Þ
i

1
B2ðπ0→γγÞ
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FIG. 3. Results of the fit to the invariant-mass distribution of
RMðπ0π0Þ for decay ψ2ð3823Þ → γχc1 for data at 4.3 <

ffiffiffi
s

p
<

4.7 GeV. The red solid line is the total fit to data, the blue dashed
line is the background component, and the green shaded
histogram corresponds to the normalized events from the χc1
sideband region.

TABLE III. Relative systematic uncertainties (in percent) from
the different sources for average cross-section ratio
σðeþe−→π0π0ψ2ð3823ÞÞ
σðeþe−→πþπ−ψ2ð3823ÞÞ (first column) and branching-fraction ratios
Bðψ2ð3823Þ→���Þ
Bðψ2ð3823Þ→γχc1Þ (second to sixth columns) for each decay channel.

� � � mean that the results are not applicable or cancel in the ratio.

Source γχc1 γχc2 πþπ−J=ψ π0π0J=ψ ηJ=ψ π0J=ψ γχc0

Tracking efficiency 2.0 � � � 2.0 � � � � � � � � � � � �
Photon efficiency 4.0 � � � 2.0 2.0 � � � � � � 1.0
Branching fraction 0.1 3.9 2.9 2.9 3.0 2.9 4.4
Kinematic fit 0.9 0.5 0.6 0.3 0.2 0.4 0.4
Input line shape 0.1 0.4 1.3 1.6 1.8 0.6 0.3
MC decay model 5.8 0.7 0.8 1.0 1.3 2.1 10.5
Fit method 4.2 4.5 � � � � � � � � � � � � � � �
Mass window � � � � � � 1.0 1.0 1.4 1.4 2.5

Sum 8.5 6.0 4.5 4.1 4.0 3.9 11.7
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In summary, the decays ψ2ð3823Þ → γχc0;1;2, πþπ−J=ψ ,
π0π0J=ψ , ηJ=ψ , and π0J=ψ are searched for using the
process eþe− → πþπ−ψ2ð3823Þ in a 19 fb−1 data sample
collected at center-of-mass energy between 4.1 and 4.7 GeV
with the BESIII detector. The process ψ2ð3823Þ → γχc1 is
observed in a 9 fb−1 data sample in the center-of-mass
energy range 4.3–4.7 GeV, which confirms the previous
observation but with the higher significance of 11.8σ, and
evidence for the process ψ2ð3823Þ → γχc2 is found for the
first time with a significance of 3.2σ. The branching-fraction
ratio Bðψ2ð3823Þ→γχc2Þ

Bðψ2ð3823Þ→γχc1Þ is measured to be 0.28þ0.14
−0.11 � 0.02,

which is consistent with the theoretical predictions for
Bðψð13D2Þ→γχc2Þ
Bðψð13D2Þ→γχc1Þ [15–24]. No significant ψ2ð3823Þ signals

are observed for other channels. The upper limits of
branching-fraction ratios for ψ2ð3823Þ → πþπ−J=ψ,
π0π0J=ψ , ηJ=ψ , π0J=ψ and γχc0 relative to ψ2ð3823Þ →
γχc1 are reported, and the results can be found in Table I.
The upper limit at the 90% C.L. of the branching-fraction

ratio Bðψ2ð3823Þ→πþπ−J=ψÞ
Bðψ2ð3823Þ→γχc1Þ is determined to be 0.06, which is

lower than the theoretical predictions given in Refs. [15–24].
No significant eþe− → πþπ−ψ3ð3842Þ signals are seen in
any of the channels we studied. The process eþe− →
π0π0ψ2ð3823Þ with ψ2ð3823Þ → γχc1 is also searched
for, and evidence for the process is found with a significance

of 4.3σ. The average cross-section ratio σðeþe−→π0π0ψ2ð3823ÞÞ
σðeþe−→πþπ−ψ2ð3823ÞÞ

is determined to be 0.64þ0.22
−0.20 � 0.05, which is consistent

with the expectation of isospin symmetry.
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