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Abstract: Using a data sample corresponding to an integrated luminosity of 11.3 fb−1

collected at center-of-mass energies from 4.23 to 4.70GeV with the BESIII detector, we
observe the process e+e− → π0π0ψ2(3823) for the first time with a statistical significance
of 6.0 standard deviations. The ratio of average cross sections for e+e− → π0π0ψ2(3823)
and π+π−ψ2(3823) is determined to be R = σ[e+e−→π0π0ψ2(3823)]

σ[e+e−→π+π−ψ2(3823)] = 0.57 ± 0.14 ± 0.05,
which is consistent with expectations from isospin symmetry. Here and below, the first
uncertainties are statistical and the second are systematic. The mass of the ψ2(3823) is
measured to be M [ψ2(3823)] = 3824.5±2.4±1.0MeV/c2. Due to the limited data sample,
an upper limit of 18.8MeV at 90% confidence level is set on the intrinsic width of ψ2(3823).
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1 Introduction

The study of exotic hadrons, whose quark contents are different from conventional baryons
and mesons, remains an interesting topic in the field of hadron physics. In recent years,
more than a dozen XY Z particles, which are considered to be good candidates for exotic
hadrons [1, 2], have been discovered in the heavy quarkonium energy region. Here we dis-
cuss the Y -states, which appear as peaks in the center-of-mass energy dependence of e+e−

cross sections. The first candidate, the Y (4260), was discovered by the BaBar experiment
in the Initial-State-Radiation (ISR) process e+e− → γISRπ

+π−J/ψ [3], and later confirmed
by the Belle experiment in the same process [4]. By studying the e+e− → γISRπ

+π−ψ(2S)
process, the BaBar experiment observed a new resonance, the Y (4360) [5]. A detailed study
with a larger data sample by the Belle experiment confirmed the Y (4360) resonance, and
announced the discovery of a new resonance, the Y (4660) [6]. An updated measurement
by the BaBar experiment later confirmed the Y (4660) resonance [7]. Since the Y -states
are produced in direct e+e− annihilation or via its ISR process, they have the quantum
numbers JPC = 1−−, i.e., they are vector states. From the potential model, the vector
charmonium states above the open-charm threshold are expected to decay dominantly to
D(∗)D̄(∗) pairs [8]. However, as discussed above, these vector Y -states are widely discov-
ered in hidden-charm final states, which indicates that they might be exotic states. To
better understand their underlying nature, more experimental observations are desirable.
Recently, the BESIII experiment reported the observation of resonance structures in the
cross section measurement of the process e+e− → π+π−ψ2(3823) [10], which suggests that
the ψ2(3823) can be used as a probe for the study of Y -states.
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Since its discovery in 1974 [11, 12], the charmonium system has been considered an ideal
environment in which to test quantum chromodynamics (QCD) in the non-perturbative
regime [13]. Just above the open-charm threshold, the J = 2 member of the D-wave spin-
triplet, the 13D2 charmonium state also known as the ψ2(3823), was studied by the E705,
Belle, BESIII and LHCb experiments [14–17]. A recent measurement of the ψ2(3823) mass
was reported by the BESIII experiment in the process e+e− → π+π−ψ2(3823) [10]. More
detailed measurements of ψ2(3823) properties were also performed at BESIII [18], but only
an evidence of 4.3 standard deviations was found for the isospin neutral production process
e+e− → π0π0ψ2(3823). Moreover, there is still no direct measurement for the JP of the
ψ2(3823). Further experimental constraints on its quantum numbers would improve our
understanding of the ψ2(3823) and charmonium spectroscopy above open-charm threshold.

In this article, we perform a search for the process e+e− → π0π0ψ2(3823) at BESIII
by employing a partial-reconstruction method with a signal efficiency which is much higher
than that of ref. [18]. The ratio of average cross sections for e+e− → π0π0ψ2(3823) and
e+e− → π+π−ψ2(3823), and the resonance parameters of the ψ2(3823) are measured. The
data sample, corresponding to an integrated luminosity of 11.3 fb−1, was taken at center-
of-mass (CM) energies from

√
s = 4.23 to 4.70GeV [19–21] with the BESIII detector [22]

operating at the Beijing Electron Positron Collider (BEPCII) [23]. The ψ2(3823) candidate
is reconstructed via its decay to γχc1, with χc1 → γJ/ψ and J/ψ → `+`− (` = e or µ).
The π0 candidate is reconstructed via its decay to γγ.

2 BESIII detector and Monte Carlo simulation

The BESIII detector is a magnetic spectrometer located at the BEPCII collider [23]. 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 magnetic field. The solenoid is sup-
ported 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 dE/dx resolution is 6% for the electrons from Bhabha scattering. The EMC
measures photon energies with a resolution of 2.5% (5%) at 1GeV 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. The end cap TOF system was upgraded in 2015 with multi-gap resistive plate
chamber technology, providing a time resolution of 60 ps [24–26].

A geant4-based [27] Monte Carlo (MC) simulation software package is used to op-
timize event selection criteria, determine detection efficiency, and estimate background.
We generate 100000 e+e− → π0π0ψ2(3823) signal MC events at each CM energy using an
evtgen [28, 29] phase-space model. The ISR is simulated with kkmc [30, 31], where the
cross section of the e+e− → π+π−ψ2(3823) process [10] is used as the line shape input. The
maximum ISR photon energy is set corresponding to the 4.1GeV/c2 production threshold
of the π0π0ψ2(3823) system. Final-State-Radiation is handled with photos [32, 33].
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The background contributions are investigated using an inclusive MC sample, which in-
cludes the production of open-charm processes, the ISR production of vector charmonium(-
like) states, and the continuum processes incorporated in kkmc. All particle decays are
modelled with the evtgen [28, 29] using branching fractions taken from the Particle Data
Group [9] when available, or otherwise modelled with lundcharm [34, 35].

3 Event selection and background study

We select events with two oppositely charged tracks in the polar angle region | cos θ| < 0.93,
where θ is defined with respect to the z-axis (the symmetry axis of the MDC). For each
charged track, the distance of closest approach to the interaction point must be less than
10 cm along the beam direction and 1 cm in the plane perpendicular to the beam direction.
Charged tracks with momentum greater than 1.0GeV/c are assigned lepton hypotheses.
We make use of the energy depositions in the EMC to identify muons and electrons. The
deposited energy in the EMC is required to be less than 0.4GeV for a muon candidate,
while it has to be greater than 1.1GeV for an electron.

Electromagnetic showers identified as photon candidates must satisfy fiducial shower
quality and timing requirements (0 ≤ t ≤ 700 ns). The minimum energy in the EMC is
25MeV for barrel showers (| cos θ| < 0.80) and 50MeV for end cap showers (0.86 < | cos θ| <
0.92). To exclude showers that originate from charged tracks, the angle subtended by the
EMC shower and the position of the closest charged track at the EMC must be greater than
10 degrees as measured from the interaction point. We introduce a partial-reconstruction
strategy which has a significantly improved efficiency compared to that of the ref. [18]. In
this strategy, we require at least five photons to be reconstructed in each event (Nγ ≥ 5),
allowing one missing photon (γmiss). The γmiss can be any one of the six signal photons.
The momentum of γmiss is determined from momentum conservation. In addition, we
require the number of photons to be Nγ ≤ 6 to suppress the background contribution from
the process π0π0ψ(2S)→ π0π0π0π0J/ψ.

We apply a four-constraint (4C) kinematic fit to the selected events. The invariant mass
of the pair of leptons is constrained to the mass of the J/ψ (mJ/ψ), the mass of the missing
photon is constrained to zero, the invariant mass of a pair of photons is constrained to the
mass of the π0 (mπ0), and the same for another pair of photons. The values for mJ/ψ and
mπ0 are taken from the PDG [9]. Since there is more than one possible combination within
an event when selecting the photons and reconstructing the π0s, we retain the one with the
minimum χ2 from the kinematic fit. Events with χ2 < 15 are selected for further analysis.

The two remaining photons other than those used for the reconstruction of the π0s are
boosted to the CM frame of the ψ2(3823), and the one with a lower energy is considered to
originate from the ψ2(3823) decay, while the other one (with a higher energy) together with
the J/ψ candidate is used to reconstruct the χc1. The mass window of the χc1 candidate
is defined as 3.49 < M(γJ/ψ) < 3.53GeV/c2.

A study of the inclusive MC sample [36] shows that background contributions come
from the processes e+e− → ηJ/ψ with η → π0π0π0 and e+e− → π0π0ψ(2S) with ψ(2S)→
π0π0J/ψ. Background contribution from e+e− → ηJ/ψ → π0π0π0J/ψ process is effectively
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rejected by the invariant mass requirement M(γγπ0π0) > 0.70GeV/c2. Background con-
tribution from e+e− → π0π0ψ(2S)→ π0π0π0π0J/ψ process can be suppressed by vetoing
the events in the invariant mass region 3.665 < M(π0π0J/ψ) < 3.700GeV/c2. The contri-
butions from other sources, such as e+e− → π0π0π0π+π−, are found to be relatively small
(∼ 10% of the total contribution). The total simulated background only produces a flat
distribution in the ψ2(3823) signal region, as shown by the green filled histogram in figure 1.

4 Measurements of the mass and width of the ψ2(3823)

Figure 1 shows the M(γγJ/ψ) distribution for the data from
√
s = 4.23 to 4.70GeV after

the above selection criteria, where prominent ψ(2S) and ψ2(3823) signal peaks are ob-
served. An unbinned maximum likelihood fit is performed to extract the parameters of the
ψ2(3823) state. The probability density function (PDF) of the signal is represented by the
sum of the ψ(2S) and ψ2(3823) shapes obtained from the MC simulation, each of which is
convolved with a Gaussian function to account for the small differences in mass resolution
between data and MC simulation. The parameters of the ψ(2S) resonance in simulation
are taken from the PDG [9]. The mass of the ψ2(3823) in simulation is set to 3823.0MeV/c2

and its width is set to zero. The fit parameter σ corresponding to the resolution in Gaussian
functions is common for both resonances, while the parameters µψ(2S) and µψ2(3823) de-
scribing the mass shifts are free. The background shape is parameterized as a second-order
polynomial function. At BESIII, the J/ψ mass reconstructed by `+`− can deviate from
PDG value by a level of 0.5MeV to 3MeV [19–21], which is mainly due to calibration, res-
olution and Final-State-Radiation etc. To avoid its impact to our mass measurement, the
M(γγJ/ψ) mentioned above is defined as M(γγJ/ψ) ≡M(γγ`+`−)−M(`+`−)+m(J/ψ),
wherem(J/ψ) = 3.097GeV/c2 is taken from PDG [9]. The deviation of J/ψ mass therefore
partly cancels and the ψ2(3823)/ψ(2S) masses are better measured. In order to further
cancel the calibration effects from the two photons, we measure the ψ2(3823) mass with
respect to the ψ(2S) mass. Assuming M [ψ2(3823)] and M [ψ(2S)] are the true masses of
ψ2(3823) and ψ(2S), respectively, we calculate their mass difference as

M [ψ2(3823)]−M [ψ(2S)] = [M [ψ2(3823)]input +µψ2(3823)]− [M [ψ(2S)]input +µψ(2S)], (4.1)

where M [ψ(2S)]input = M [ψ(2S)] = 3686.097MeV/c2 [9]. The equation then can be
derived as

M [ψ2(3823)] = M [ψ2(3823)]input + µψ2(3823) − µψ(2S). (4.2)

According to the fit, µψ2(3823) = (1.8 ± 2.4)MeV/c2 and µψ(2S) = (0.3 ± 1.2)MeV/c2.
Therefore, by using eq. 4.2, the ψ2(3823) mass is measured to be M [ψ2(3823)] = (3824.5±
2.4 ± 1.2)MeV/c2. Here, the first uncertainty in M [ψ2(3823)] is statistical, which is the
uncertainty of µψ2(3823). The second uncertainty in M [ψ2(3823)] is the uncertainty of
µψ(2S), which is considered to be systematic, since we take the ψ(2S) mass as a reference
when measuring the ψ2(3823) mass. We additionally employ ψ(2S)→ γχc2 and ψ(2S)→
ηJ/ψ data events to increase the ψ(2S) data sample. This reduces the uncertainty of
µψ(2S) in the fit, which gives µψ(2S) = (0.3± 0.9)MeV/c2. A more accurate ψ2(3823) mass
M [ψ2(3823)] = (3824.5± 2.4± 0.9)MeV/c2 is therefore achieved.
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Figure 1. The fit to the M(γγJ/ψ) distribution for the data from
√
s = 4.23 to 4.70GeV. The

dots with error bars are the data. The red solid curve is the total fit. The blue dashed curve is
the background in the fit and the green filled histogram is the normalized background from the
inclusive MC sample.

The total number of ψ2(3823) candidates extracted from the fit is Ntotal = 30.3± 6.8.
A χ2-test to the fit quality gives χ2/ndf = 12.13/26 = 0.47. According to Wilks’s theo-
rem [37], the statistical significance of the ψ2(3823) signal is estimated to be 6.0 standard de-
viations, by comparing the difference between the log-likelihood values [∆(−2 lnL) = 40.6]
with and without ψ2(3823) signal in the fit, and taking into account the change of the
number of degrees of freedom (∆ndf = 2).

In order to estimate the width of the ψ2(3823), we slightly modify the fit function
described above. We replace the PDF of the ψ2(3823) signal with a floating-width Breit-
Wigner function convolved with Gaussian functions to account for resolution effects. The
parameters of the Gaussian functions are fixed according to the study of the resolution
in MC simulation, and the resolution difference between data and MC simulation. The
ψ2(3823) width is measured to be Γ[ψ2(3823)] = (2.9 ± 5.9)MeV, corresponding to an
upper limit of 18.8MeV at the 90% confidence level (including the systematic uncertainty
from background shape). Here the upper limit is set based on the Bayesian method [9]. The
measured mass and width of the ψ2(3823) are consistent with the previous measurements
by the BESIII [10, 16] and LHCb [17] experiments.

5 Measurement of the ratio of average cross sections

Due to the limited data sample, cross sections at each CM energy cannot be effectively
measured. Instead, the average cross sections for e+e− → π0π0ψ2(3823), denoted by σave,
and e+e− → π+π−ψ2(3823), denoted by σ′ave, are measured as:

σ(′)
ave =

∑
i σ

(′)
i Li(1 + δi)ε(

′)
i∑

i Li(1 + δi)ε(
′)
i

= N
(′)
total∑

i Li(1 + δi)ε(
′)
i

1
B(′) , (5.1)

where Ntotal is the total number of observed ψ2(3823) candidates; σi, Li, (1 + δi), and
εi are the cross section, luminosity [19–21], radiative correction factor, and efficiency at
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the i-th CM energy point, respectively (cf. table 1); and B is the product of branching
fractions for the chain of decays involved in each process. The unprimed variables are for
e+e− → π0π0ψ2(3823) and the primed variables are for e+e− → π+π−ψ2(3823) with the
values taken from ref. [10]. Note that the luminosities and radiative correction factors are
the same for both processes (the minor difference between the numbers in table 1 and that
from ref. [10] is due to fluctuation from the size of MC samples). The ratio of average cross
sections, R ≡ σave/σ

′
ave, is then calculated as

R = Ntotal
N
′
total

∑
i Li(1 + δi)ε

′
i∑

i Li(1 + δi)εi
1

B2(π0 → γγ) , (5.2)

where B(π0 → γγ) is the branching fraction of π0 → γγ, and all other branching fractions
cancel in the ratio. According to eq. 5.2, we determine the ratio of average cross sections
to be R = 0.57± 0.14 (the uncertainty is statistical), which is consistent with expectations
from isospin symmetry (R = 0.5), within uncertainty.

6 Systematic uncertainty

The systematic uncertainties in the ψ2(3823) mass measurement include those from the
absolute mass scale, resolution, signal parameterization, and background shape. In the
ψ2(3823) mass measurement, the ψ(2S) mass is used to calibrate the absolute mass scale,
so the uncertainty of the measured ψ(2S) mass is taken as a systematic uncertainty, which
is 0.9MeV/c2. We change the width of the Gaussian function in the signal PDF by one stan-
dard deviation to do the fits, and the largest mass difference to our nominal fit, 0.3MeV/c2,
is taken as the systematic uncertainty associated to the resolution. The systematic uncer-
tainty from the parameterization of the ψ2(3823) signal is estimated with different width
assumptions. We input a series of ψ2(3823) widths between zero (which is our nominal
value) and its upper limit to generate the MC shapes for the signal PDF constructions,
then repeat the fits for the mass measurements. The largest mass difference to our nom-
inal fit, 0.3MeV/c2, is taken as a systematic uncertainty. We vary the background shape
from a second-order polynomial with floating parameters to a second-order polynomial
whose parameters are fixed according to the fit to the inclusive MC sample. The fitted
ψ2(3823) mass difference between these two background assumptions is found to be small
(0.02MeV/c2) and can be neglected. Assuming all the sources are independent, we calcu-
late the total systematic uncertainty by adding them in quadrature, resulting in 1.0MeV/c2

for the ψ2(3823) mass measurement. Table 2 summarizes the systematic uncertainties for
the ψ2(3823) mass measurement.

The systematic uncertainties in the measurement of the ratio R include those from
the photon efficiency, signal extraction, kinematic fit, MC decay model, χc1 mass window
and size of MC samples. The systematic uncertainty from the number of good photons re-
quirement Nγ ≥ 5 can be estimated by studying the efficiency difference between data and
MC simulation, which is 3.1%. The systematic uncertainty due to the requirement Nγ ≤ 6
originates from the fake-photon-rate difference between data and MC simulation, and this
difference is estimated to be 0.1% by studying a control sample of e+e− → π0π0J/ψ. The
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√
s (GeV) L(pb−1) (1 + δ) ε ε′

4.2263 1056.4 0.739 0.146±0.001 0.309±0.002
4.2580 828.4 0.745 0.143±0.001 0.336±0.002
4.2866 502.4 0.746 0.141±0.001 0.333±0.002
4.3115 501.2 0.748 0.141±0.001 0.345±0.002
4.3370 505.0 0.747 0.147±0.001 0.353±0.002
4.3583 543.9 0.749 0.150±0.001 0.357±0.002
4.3768 522.7 0.751 0.143±0.001 0.336±0.002
4.3954 507.8 0.762 0.137±0.001 0.314±0.002
4.4156 1043.9 0.784 0.133±0.001 0.313±0.002
4.4359 569.9 0.818 0.138±0.001 0.324±0.002
4.4671 111.1 0.882 0.141±0.001 0.341±0.002
4.5271 112.1 1.001 0.132±0.001 0.331±0.002
4.5745 48.9 1.075 0.129±0.001 0.306±0.002
4.5995 586.9 1.066 0.128±0.001 0.304±0.002
4.6119 103.8 0.983 0.138±0.001 0.318±0.002
4.6280 521.5 0.831 0.151±0.001 0.351±0.002
4.6409 552.4 0.741 0.166±0.001 0.378±0.002
4.6612 529.6 0.849 0.166±0.001 0.379±0.002
4.6819 1669.3 0.985 0.152±0.001 0.356±0.002
4.6988 536.5 1.053 0.143±0.001 0.333±0.002

Table 1. The luminosity [19–21], radiative correction factor and efficiency at each CM energy for
the e+e− → π0π0ψ2(3823) process. The efficiency for the e+e− → π+π−ψ2(3823) process (ε′) is
also quoted [10]. The uncertainty on ε/ε′ is related to the MC sample size.

Source Mass uncertainty (MeV/c2)
Absolute mass scale 0.9

Resolution 0.3
Signal parameterization 0.3

Background shape < 0.1
Total 1.0

Table 2. The systematic uncertainties for the ψ2(3823) mass measurement.
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Source Uncertainty for σave Uncertainty for σ′ave

Tracking and photon 3.1% (photon) 2.0% (pion)
Background shape 3.6% 1.4%

Signal parameterization 5.0% 3.9%
Kinematic fit 1.2% 1.7%

MC decay model 1.0% 1.8%
χc1 mass window 1.1% —
MC sample size 0.8% 0.6%

Total 7.2% 5.3%

Table 3. The systematic uncertainties for the measurement of the ratio R ≡ σave/σ
′

ave (the values
for σ′

ave are quoted from ref. [10]). The “-” means this item is not applicable.

background and signal parameterizations as discussed in the ψ2(3823) mass measurement
bring 3.6% and 5.0% differences in the ψ2(3823) signal event yields, which are taken as the
systematic uncertainties from signal extraction. A track helix parameter correction method
is applied to each MC simulated event during the 4C kinematic fit as discussed in ref. [38].
The difference in detection efficiencies with and without the corrections, 1.2%, is assigned as
the systematic uncertainty associated to the kinematic fit. The ψ2(3823) state most likely
has quantum numbers JPC = 2−− [10], and the π0π0 system in π0π0ψ2(3823) is expected
to be dominated by S-wave contribution, such as f0(500). According to spin-parity conser-
vation, value of the orbital angular momentum L between π0π0 and ψ2(3823) is therefore 2.
We perform MC simulation of the e+e− → π0π0ψ2(3823) process with L = 2 between π0π0

and ψ2(3823). The efficiency difference between this model and the nominal three-body
phase-space model, 1.0%, is taken as the systematic uncertainty from the MC decay model.
Using a control sample from the process e+e− → π+π−ψ(2S) → π+π−γχc1, we estimate
the systematic uncertainty due to the χc1 mass window requirement to be 1.1%. The uncer-
tainty from the MC sample size is 0.8%. We change the input cross section line shape from a
two-resonance interpretation to an alternative single-resonance interpretation, as described
in ref. [10], and the variation among the calculated ratios R is found to be small (0.3%) and
can be neglected with respect to the total uncertainty. The systematic uncertainties from
luminosity, reconstruction efficiency of the lepton, branching fractions B(χc1 → γJ/ψ) and
B(J/ψ → `+`−) cancel. The uncertainty from the quoted branching fraction B2(π0 → γγ)
is small (0.03% [9]) and neglected. The systematic uncertainties inherent only from the
charged channel e+e− → π+π−ψ2(3823) [10] are estimated to be 5.3% in total. Assuming
all the sources are independent and there is no correlation between neutral and charged
channels for the above systematic uncertainties, we calculate the total systematic uncer-
tainty by adding them in quadrature, resulting in 8.9% for the measurement of the ratio
R. Table 3 summarizes the systematic uncertainties related for the ratio R measurement.
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7 Summary and discussion

In summary, by using a data sample corresponding to an integrated luminosity of 11.3 fb−1

collected with the BESIII detector at CM energies from 4.23 to 4.70GeV, the process
e+e− → π0π0ψ2(3823) is observed for the first time. The ratio of average cross sec-
tions for e+e− → π0π0ψ2(3823) over e+e− → π+π−ψ2(3823) is measured to be R ≡
σave/σ

′
ave = 0.57 ± 0.14 ± 0.05, which agrees with the expectation from isospin symme-

try. Here and below, the first uncertainties are statistical and the second are system-
atic. This result supports the di-pion transition of the Y -states to ψ2(3823) observed in
e+e− → π+π−ψ2(3823) [10], though currently we do not have enough data to measure the
CM energy dependent cross sections of e+e− → π0π0ψ2(3823).

The mass of the ψ2(3823) is measured to beM [ψ2(3823)] = (3824.5±2.4±1.0)MeV/c2,
which is in agreement with the previous measurements [10, 15–17]. Due to the limited data
sample, an upper limit is given to the width of ψ2(3823), which is Γ[ψ2(3823)] < 18.8MeV
at the 90% confidence level. According to an angular distribution study of the ψ2(3823)
from the process e+e− → π+π−ψ2(3823) at BESIII [10], the ψ2(3823) is likely a state with
quantum numbers JPC = 2−− assuming the π+π− system is dominated by f0(500). Since
the ρ0 → π0π0 decay is forbidden, the observation of e+e− → π0π0ψ2(3823) thus further
confirms that the ππ system in e+e− → ππψ2(3823) comes from f0(500) decay instead of
the ρ0. It therefore supports the JPC = 2−− assignment for the ψ2(3823).
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