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Cross sections of the process eþe− → π0π0J=ψ at center-of-mass energies between 3.808 and
4.600 GeV are measured with high precision by using 12.4 fb−1 of data samples collected with the
BESIII detector operating at the BEPCII collider facility. A fit to the measured energy-dependent cross
sections confirms the existence of the charmoniumlike state Yð4220Þ. The mass and width of the Yð4220Þ
are determined to be ð4220.4� 2.4� 2.3Þ MeV=c2 and ð46.2� 4.7� 2.1Þ MeV, respectively, where the
first uncertainties are statistical and the second systematic. The mass and width are consistent with those
measured in the process eþe− → πþπ−J=ψ . The neutral charmonium-like state Zcð3900Þ0 is observed
prominently in the π0J=ψ invariant-mass spectrum, and, for the first time, an amplitude analysis is
performed to study its properties. The spin-parity of Zcð3900Þ0 is determined to be JP ¼ 1þ, and the pole
position is ð3893.1� 2.2� 3.0Þ − ið22.2� 2.6� 7.0Þ MeV=c2, which is consistent with previous studies
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of electrically charged Zcð3900Þ�. In addition, cross sections of eþe− → π0Zcð3900Þ0 → π0π0J=ψ are
extracted, and the corresponding line shape is found to agree with that of the Yð4220Þ.
DOI: 10.1103/PhysRevD.102.012009

I. INTRODUCTION

A charmoniumlike structure with a mass around
4260 MeV=c2 and spin-parity of JPC ¼ 1−−, namely the
Yð4260Þ, was observed and confirmed in the process
eþe− → ðγISRÞπþπ−J=ψ by several experiments [1–3].
However, the latest results from the BESIII experiment
for eþe− → πþπ−J=ψ revealed that the Yð4260Þ consists of
two components [4], the Yð4220Þ and Yð4320Þ. Besides
eþe− → πþπ−J=ψ , dedicated cross section measurements
by BESIII for the processes eþe− → πþπ−hc [5], ωχc0 [6],
πþπ−ψð2SÞ [7], and πþD0D�− [8] also support the exist-
ence of a structure around 4220 MeV=c2. Despite several
experimental observations, the internal constituents of the
Yð4220Þ are still unclear. Possible interpretations include
hybrids, meson molecules, hadrocharmonium, or tetra-
quarks, etc., but none of them are conclusive [9–13].
A partial-wave analysis (PWA) [14] showed that the

charged charmoniumlike state Zcð3900Þ�, observed in
decays to π�J=ψ in the process eþe− → πþπ−J=ψ
[3,15], and to D�D̄ in the process eþe− → π�ðD�D̄Þ∓
[16], has spin-parity JP ¼ 1þ. Different theoretical models
[9–13] consider the Zcð3900Þ� to be an unconventional
state; in particular, the molecular and tetraquark inter-
pretation [11,13], suggested a strong correlation of the
Yð4220Þ to πZcð3900Þ. However, further studies are
needed to clarify the situation.
It is particularly interesting to understand the relationship

between the Y and Zc production through the same decay
processes [3,7,8,15,16], since such information could shed
light on their nature. More precise measurements of their
resonant parameters, production cross sections, and decay
modes, as well as searches for new states, are essential.
Studying the neutral decay process eþe− → π0π0J=ψ is
a natural way to study the properties of the Yð4220Þ and
to search for the charge-neutral isospin partner of the
Zcð3900Þ�.
The neutral Zcð3900Þ0 was observed in the processes

eþe− → π0π0J=ψ and eþe− → π0ðDD̄�Þ0 by CLEO-c and
BESIII [17–19], demonstrating that the Zcð3900Þ� is an
isovector. However, the previous analysis were unable to
extract the resonant parameters of the Y states and to
determine the properties of the Zcð3900Þ0, owing to limited
statistics and lack of data in some key center-of-mass (c.m.)
energy points. In this paper, we present an updated analysis
of eþe− → π0π0J=ψ using 12.4 fb−1 of BESIII data taken
at c.m. energies from 3.808 to 4.600 GeV. The production
cross sections are measured with high precision, and a
PWA is performed to study properties of the Zcð3900Þ0.

II. THE BESIII EXPERIMENT
AND THE DATA SETS

BESIII [20] is a cylindrical spectrometer, consisting of a
small-celled, helium-based main drift chamber (MDC), a
plastic scintillator time-of-flight system (TOF), a CsI(Tl)
electromagnetic calorimeter (EMC), a superconducting
solenoid providing a 1.0 T magnetic field, and a muon
counter. The charged particle momentum resolution is
0.5% at a transverse momentum of 1 GeV=c. The energy
loss measurement provided by the MDC has a resolution of
6%, and the time resolution of the TOF is 80 ps (110 ps) in
the barrel (end-caps). The energy resolution for photons is
2.5% (5%) at 1 GeV in the barrel (end cap) region of the
EMC. A more detailed description of the BESIII detector is
given in Ref. [20].
The GEANT4-based [21] Monte Carlo (MC) simulation

software package BOOST [22] is used to determine detection
efficiencies and to estimate background rates. Signal MC
samples of eþe− → π0π0J=ψ with J=ψ → lþl−ðl ¼ e; μÞ
and π0 → γγ, are generated using a phase-space (PHSP)
model and weighted by the amplitude model obtained
from the analysis of the data. Potential background con-
taminations are studied using inclusive MC samples
described in Ref. [4]. Additional exclusive MC samples
eþe− → ηJ=ψ with η→π0π0π0 and eþe−→ γψð2SÞ with
ψð2SÞ→π0π0J=ψ are generated to estimate possible peak-
ing backgrounds.

III. EVENT SELECTION

Candidates for charged tracks and photons are selected
using the same criteria as described in Ref. [18]. Electrons
(muons) are distinguished with the energy (E) deposited in
the electromagnetic calorimeter (EMC) divided by their
momentum (p) measured in the main drift chamber (MDC)
with E=p > 0.7 (E=p < 0.3). Candidate π0 decays are
reconstructed from pairs of photons with an invariant mass
(Mγγ) satisfying 0.11 < Mγγ < 0.15 GeV=c2. Less than
three π0π0 combinations for each event are required to
suppress combinatorial backgrounds. A kinematic fit under
the hypothesis eþe− → π0π0lþl− is applied to enforce
energy-momentum conservation and to constrain the two
π0 masses. The combination with the smallest χ26C and with
χ26C < 75 is chosen.
Detailed MC studies indicate that the dominant back-

grounds are those from eþe− → qq̄, eþe− → ηJ=ψ
(η → π0π0π0) and γψð2SÞ (ψð2SÞ → π0π0J=ψ). The first
one has a uniform distribution in the lþl− invariant-mass
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(Mlþl−) spectrum, while the other two produce a broad
peak around the J=ψ position. To determine the signal yield
of eþe− → π0π0J=ψ , an unbinned maximum-likelihood fit
to the Mlþl− spectrum in the range 2.90 < Mlþl− <
3.30 GeV=c2 is performed. The signal and peaking back-
grounds are described using MC-simulated shapes con-
volved with a common Gaussian function representing the
resolution difference between data and the MC simulation,
while the other possible backgrounds are described with a
first-order polynomial function. The peaking background
contributions are normalized to the integrated luminosity.

IV. STUDY OF THE e+ e − → π0π0J=ψ LINE SHAPE

A. Extraction of the Born cross section

The Born cross section is determined by

σB ¼ Nobs

Lintð1þ δrÞð1þ δvÞεB ; ð1Þ

where Nobs is the signal yield obtained as described
above, Lint is the integrated luminosity, ε is the selection
efficiency estimated with signal MC samples modeled
according to the results of the PWA for those points that
fall within

ffiffiffi
s

p ¼ 4.178–4.416 GeV and by PHSP for
other energy points with low statistics, ð1þ δrÞ is the
radiative correction factor, ð1þ δvÞ is the vacuum polari-
zation factor derived from QED calculations [23] and B is
the world averaged value [24] of the product branching
fractions (BFs) of the intermediate states. The resultant
cross sections are shown in the top subplot of Fig. 1,
and the various numbers used in the calculation are

summarized in Table I. To examine the isospin symmetry,
the cross-section ratios of the processes eþe− → π0π0J=ψ
to eþe− → πþπ−J=ψ [4] at different c.m. energies are
extracted, and are fitted by a constant function, as shown
in the bottom subplot of Fig. 1. The fit yields an average
ratio of 0.48� 0.02, consistent with the prediction 0.5
based on isospin symmetry.

B. Fit to the cross section

A χ2 fit is performed to the Born cross section to study
resonant structure in the range

ffiffiffi
s

p ¼ 3.808–4.600 GeV.
The cross section line shape is described by

σfitð
ffiffiffi
s

p Þ ¼ j
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σNYð

ffiffiffi
s

p Þ
q

þ f1ðsÞeiϕ1 þ f2ðsÞeiϕ2 j2; ð2Þ

where σNYð
ffiffiffi
s

p Þ ¼ Φð ffiffiffi
s

p Þe−p0ð
ffiffi
s

p
−MthdÞþp1 represents the

nonresonant component [25], Mthd¼2mπ0þmJ=ψ , Φð ffiffiffi
s

p Þ
is the PHSP factor of the three-body decay Ri → π0π0J=ψ
[24], fi stands for the amplitude of structure Ri [R1 is
Yð4220Þ and R2 is Yð4320Þ], and ϕi is its phase relative to
the continuum. The amplitude fi is defined as

fiðsÞ ¼
Miffiffiffi
s

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12πΓi

eeΓi
totBi

π0π0J=ψ

q
s −M2

i þ iMiΓi
tot

×

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Φð ffiffiffi

s
p Þ

ΦðMiÞ

s
; ð3Þ

where Mi, Γi
tot, Γi

ee and Bi
π0π0J=ψ

are the mass, full width,

partial width coupling to eþe−, and the decay BF of
Ri → π0π0J=ψ , respectively. The mass and width of the
Yð4320Þ are fixed to those reported in Ref. [4] and other
parameters are allowed to vary. There are four solutions
owing to degeneracies from the phase ϕðR1Þ of the
dominant component Yð4220Þ: the difference in phase
between solutions I and II (III and IV) is approximately
90 degrees, while solutions III and I (IV and II) differ by
around 45 degrees. A summary of the fit results can be
found in Table II. The goodness of fit is χ2=ndf ¼ 19.3=19,
where ndf is the number of degrees of freedom. The mass
and width of the Yð4220Þ are measured to be ð4220.4�
2.4Þ MeV=c2 and ð46.2� 4.7Þ MeV, respectively, which
agree with the ones obtained in eþe− → πþπ−J=ψ [4]. The
fit curves for one of the solutions are shown in Fig. 1. The
statistical significance of Yð4320Þ is estimated to be 4.2σ
by the changes in the χ2 and ndf values obtained from
including and excluding the Yð4320Þ.

C. Systematic uncertainties

The systematic uncertainties for the cross section meas-
urement include those associated with the luminosity,
detection efficiency, radiative correction, fitting procedure,
and the BFs of intermediate states. The uncertainty of the
integrated luminosity is 1% from the analysis of large-angle
Bhabha scattering events [26]. The uncertainties of the
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FIG. 1. Top: Fit to the Born cross sections of eþe− → π0π0J=ψ ,
where points with error bars are data, the red solid line is the total
fit result, the blue dotted line is the nonresonant component, while
the red dashed and dot-dashed lines represent the contributions
from Yð4220Þ and Yð4320Þ, respectively. Bottom: Cross-section
ratio of eþe− → π0π0J=ψ to eþe− → πþπ−J=ψ , where the black
dashed line corresponds to the average.
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detection efficiency include those of tracking, photon
detection, e=μ identification, π0 reconstruction, kinematic
fit, and MC modeling. The uncertainty of the tracking
efficiency for leptons is 1.0% per track [27]. The uncer-
tainty for the photon detection is 1.0% per photon [28]. The
uncertainty of the e=μ identification is 0.2% per track
estimated with a control sample eþe− → π0π0J=ψ at

ffiffiffi
s

p ¼ 3.686 GeV. The uncertainty for π0 reconstruction,
0.3%, is the efficiency difference by smearing the Mγγ

distribution of signal MC sample to match that of data.
The uncertainty due to the kinematic fit is 2.6%, estimated
with a clean control sample eþe− → γψð2SÞ, ψð2SÞ →
π0π0J=ψ at

ffiffiffi
s

p ¼ 4.178 GeV. The uncertainty associated
with the MC modeling is estimated by two approaches.

TABLE II. Summary of the fit results to the measured cross sections of eþe− → π0π0J=ψ . The uncertainties are
statistical only.

Parameters Solution I Solution II Solution III Solution IV

p0ðc2=MeVÞ 5.1� 0.5
p1 ð3.0� 2.9Þ × 10−2

MðR1ÞðMeV=c2Þ 4220.4� 2.4
ΓtotðR1ÞðMeVÞ 46.2� 4.7
Γ1
eeB1

R1→π0π0J=ψ ðeVÞ 0.99� 0.17 4.13� 0.28 1.38� 0.30 5.72� 0.57

Γ2
eeB2

R2→π0π0J=ψ ðeVÞ 0.31� 0.15 0.41� 0.20 6.44� 0.41 8.51� 0.44

ϕðR1Þ ð16.8� 5.5Þ° ð−73.6� 3.6Þ° ð63.0� 8.4Þ° ð−28.2� 2.0Þ°
ϕðR2Þ ð133.5� 12.3Þ° ð99.2� 1.6Þ° ð−96.0� 5.2Þ° ð−131.3� 2.8Þ°

TABLE I. Summary of the center-of-mass energies (
ffiffiffi
s

p
), luminosities (L), detection efficiencies estimated from MC samples

generated by PWA resulted amplitudes (εPWA) and from PHSP MC samples (εPHSP), numbers of estimated peaking backgrounds
eþe− → ηJ=ψ (Nest

ηJ=ψ ), e
þe− → γψð2SÞ (Nest

γψð2SÞ) and observed signal events (Nobs
π0π0J=ψ ), radiative correction factors (1þ δr), vacuum

polarization factors (1þ δv), Born cross sections of eþe− → π0π0J=ψ (σBorn) and the cross section ratios of eþe− → π0π0J=ψ to
eþe− → πþπ−J=ψ , where the first uncertainties are statistic and second systematic. The ratios at some of these energy points are not
available due to the lack of published cross section of eþe− → πþπ−J=ψ .

ffiffiffi
s

p ðGeVÞ Lðpb−1Þ εPWAð%Þ εPHSPð%Þ Nest
γψð2SÞ Nest

ηJ=ψ Nobs
π0π0J=ψ

1þ δr 1þ δv σBorn (pb) Rð π0π0J=ψπþπ−J=ψÞ
3.808 50.5� 0.5 20.44 11.5� 4.0 0.815 1.056 11.11� 3.87� 0.78 0.70� 0.28� 0.17
3.896 52.6� 0.5 19.89 6.5� 3.3 0.855 1.049 5.95� 3.02� 0.42 0.36� 0.23� 0.10
4.008 482.0� 4.8 19.64 11.3 1.4 88.6� 11.2 0.904 1.044 8.51� 1.14� 0.60 0.56� 0.08� 0.07
4.086 52.9� 0.4 19.60 10.6� 3.6 0.933 1.052 8.96� 3.04� 0.63 0.63� 0.22� 0.14
4.178 3194.5� 31.9 20.68 20.09 25.4 8.6 365.7� 24.6 0.900 1.054 5.00� 0.34� 0.35
4.189 43.3� 0.3 20.97 11.2� 3.8 0.861 1.056 11.65� 3.91� 0.82 0.79� 0.27� 0.21
4.189 524.6� 0.4 22.91 20.78 4.4 2.4 89.3� 11.4 0.859 1.056 7.03� 0.90� 0.49 0.48� 0.06� 0.12
4.200 526.0� 0.4 22.01 21.54 4.6 2.6 122.6� 12.5 0.810 1.056 10.62� 1.08� 0.74
4.208 55.0� 0.4 22.44 26.9� 5.7 0.768 1.057 23.10� 4.86� 1.62 0.46� 0.10� 0.06
4.210 518.0� 0.4 21.94 22.16 4.5 2.9 235.9� 16.7 0.762 1.057 22.12� 1.57� 1.55 0.44� 0.03� 0.05
4.217 54.6� 0.4 22.89 28.6� 5.8 0.741 1.057 25.07� 5.08� 1.76 0.44� 0.09� 0.06
4.219 514.6� 0.4 22.95 22.60 4.3 3.0 351.0� 20.1 0.739 1.056 32.66� 1.87� 2.29 0.57� 0.03� 0.07
4.226 1100.9� 7.0 22.75 23.27 8.8 5.2 890.4� 32.1 0.744 1.056 38.84� 1.40� 2.72 0.48� 0.02� 0.04
4.236 530.3� 0.5 21.80 23.22 4.4 2.4 452.9� 22.6 0.779 1.056 40.88� 2.04� 2.86
4.242 55.9� 0.4 23.26 49.1� 7.6 0.805 1.056 38.15� 5.87� 2.67 0.48� 0.07� 0.06
4.244 538.1� 0.5 23.34 23.04 3.9 1.9 435.3� 22.0 0.815 1.056 34.59� 1.75� 2.42
4.258 828.4� 5.5 22.91 23.15 5.9 1.3 585.1� 25.9 0.857 1.054 29.29� 1.30� 2.05 0.52� 0.02� 0.05
4.267 531.1� 0.6 24.64 22.68 3.6 0.8 356.0� 20.6 0.869 1.053 25.51� 1.48� 1.79
4.278 175.7� 0.6 22.98 22.44 1.1 0.2 110.0� 11.2 0.877 1.053 25.32� 2.58� 1.77
4.308 45.1� 0.3 22.35 23.3� 5.4 0.886 1.052 21.32� 4.91� 1.49 0.43� 0.10� 0.06
4.358 543.9� 3.6 21.24 20.38 2.9 0.4 196.4� 15.9 1.062 1.051 13.07� 1.06� 0.92 0.54� 0.04� 0.06
4.387 55.6� 0.4 18.52 4.2� 2.6 1.177 1.051 2.83� 1.77� 0.20 0.15� 0.09� 0.03
4.416 1090.7� 6.9 17.59 17.18 4.7 1.1 182.8� 16.2 1.238 1.052 6.27� 0.56� 0.44 0.55� 0.05� 0.06
4.467 111.1� 0.7 16.28 17.2� 4.9 1.268 1.055 6.11� 1.72� 0.43 0.48� 0.14� 0.09
4.527 112.1� 0.7 16.32 14.1� 5.0 1.265 1.055 4.96� 1.74� 0.35 0.49� 0.17� 0.10
4.575 48.9� 0.1 16.52 7.2� 3.1 1.259 1.055 5.72� 2.47� 0.40 0.45� 0.19� 0.12
4.600 586.9� 3.9 16.76 1.8 0.1 32.6� 7.8 1.252 1.055 2.15� 0.52� 0.15 0.36� 0.09� 0.05
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For high-statistics c.m. energy points for which PWA is
performed, we generate 100 sets of signal MC samples at
each c.m. energy point by altering the input parameters
with an additional residual generated randomly with a
multivariable Gaussian function according to the PWA
results, and the resultant standard deviation of detection
efficiencies is taken as the systematic uncertainty. We also
take differences between the nominal efficiencies and
efficiencies estimated by PHSP MC samples at the c.m.
energy points with large statistics as the uncertainty for
those with low statistics. The uncertainty from initial and
final state radiation depends on both the radiative correction
factor uncertainty of 0.3%, obtained by altering the input
cross section line shape from Ref. [4] to the measurements
in this analysis, as well as the vacuum polarization factor
uncertainty of 0.5% taken from a QED calculation [23].
The uncertainty of the fit procedure, 1.2%, including
uncertainties of the background shape and the fit range,
is estimated by altering the first order polynomial func-
tion to the quadratic and by varying the fit range by
100 MeV=c2; the (largest) change of signal yield is taken
as the uncertainty. The uncertainty of peaking backgrounds
is negligible by considering the uncertainties of their cross
sections. The uncertainties on the BFs of J=ψ → lþl− and
π0 → γγ are quoted from Ref. [24]. All of the above
uncertainties are summarized in Table III; assuming all
sources are independent, the total uncertainty is found to be
6.1% by adding all individual values in quadrature.
The uncertainties for the Yð4220Þ resonant parameters

are from the measured cross section and the fit procedure,
as well as the c.m. energy measurement and its spread. The
c.m. energy uncertainty 0.8 MeV, obtained from a meas-
urement of di-muon events [29], is directly propagated to
the mass of the Yð4220Þ. The uncertainties from the c.m.
energy spread are obtained by convolving the resonant PDF
with a Gaussian whose width is taken to be 1.6 MeV, equal
to the spread obtained from the beam energy measurement
system [30]. The uncertainties associated with the fit

procedure include those of the PDF model, the PHSP
factor, and the resonant parameters of the Yð4320Þ. The
uncertainties of the PDF model are estimated by replacing
the exponential function with a broad resonance Yð4008Þ
[4] and by changing the constant full width Γtot to a phase-

space-dependent full width Γtot
Φð ffiffi

s
p Þ

ΦðMÞ . The uncertainty of

the three-body PHSP factor, due to the existence of inter-
mediate states, is estimated by considering the PHSP of
cascade two-body decays of eþe− → RJ=ψ with R → π0π0

(R ¼ σ, f0ð980Þ, f0ð1370Þ) and eþe− → π0Zcð3900Þ0
with Zcð3900Þ0 → π0J=ψ . The uncertainties associated
with the resonant parameters of the Yð4320Þ are obtained
by changing their values by 1σ of their uncertainty. In the
above scenarios, the alternative fits are performed, and the
resultant differences with respect to the nominal values are
considered as the uncertainties. As summarized in Table IV,
assuming all of the systematic uncertainties are indepen-
dent, the total uncertainties of 2.3 MeV=c2 and 2.1 MeV
for the mass and width of Yð4220Þ, respectively, are the
quadratic sum of the individual values.

V. STUDY OF THE NEUTRAL Zcð3900Þ0 STATE

A PWA is applied to measure the spin and parity of
Zcð3900Þ0. The candidate signal events are required
to be within the J=ψ signal region (3.06 < Mlþl− <
3.13 GeV=c2). Events within the J=ψ-sideband region
ðð2.93; 3.00Þ ∪ ð3.20; 3.27ÞÞ GeV=c2 are used to evaluate
the effect of non-J=ψ background. The J=ψ-peaking
background is found to be negligible. To improve the
purity of samples in the J=ψ → μþμ− channel, at least one
muon track penetrating more than five muon chamber
(MUC) layers is required. The invariant-mass distributions
of π0J=ψ (Mπ0J=ψ ) and π0π0 (Mπ0π0) for the four data
samples of

ffiffiffi
s

p ¼ 4.226, 4.236, 4.244 and 4.258 GeV,
which have the largest statistics among all data samples, are
shown in Fig. 2, where the structures Zcð3900Þ0 and
f0ð980Þ are clearly visible. To decompose the intermediate
processes, a simultaneous PWA is performed on the four
data samples with a sum of 2188� 47 candidate events, of
which 57� 8 are background events estimated from the
J=ψ -sideband regions.

TABLE III. Summary of the systematic uncertainties of the
eþe− → π0π0J=ψ cross section measurement.

Sources Uncertainties (%)

Tracking for e�=μ� 2.0
E=p requirement 0.4
Photon efficiency 4.0
π0 mass window 0.3
Kinematic fit 2.6
Fit to Mlþl− 1.2
Radiative correction 0.3
Vacuum polarization 0.5
MC model 2.7
Luminosities 1.0
Binter 0.6

Total 6.1

TABLE IV. Summary of the systematic uncertainties of the
Yð4220Þ resonant parameters.

Uncertainties

Sources M ðMeV=c2Þ Γ (MeV)

Cross section measurement 0.2 0.3
c.m. energies 0.8 …
c.m. energy spread 0.01 0.4
Fit procedure 2.2 2.0

Total 2.3 2.1
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A. Amplitude construction

The isobarmodel is implemented in thePWAand includes
the cascading decay chains eþe− → π0Zcð3900Þ0 →
π0π0J=ψ and eþe− → RJ=ψ → π0π0J=ψ , where R repre-
sents σ, f0ð980Þ, f0ð1370Þ, etc. The quasi two-body decay
amplitudes in the sequential decays are constructed using
the helicity formalism [31]. For a decay of particle A,
AðJ;MÞ → 1ðJ1; λ1Þ þ 2ðJ2; λ2Þ, where spin and helicity
are indicated in the parentheses, the amplitude is given by

Aλ1;λ2ðθ;ϕÞ ¼ NJFJ
λ1;λ2

DJ�
M;λðϕ; θ; 0Þ; ðλ ¼ λ1 − λ2Þ;

ð4Þ

where NJ is the normalization factor, FJ
λ1;λ2

is the helicity-
coupling amplitude constrained by the parity conservation

and DJ
M;λðϕ; θ; 0Þ is to describe the angular distribution of

the final state particle with its polar (θ) and azimuthal (ϕ)
angles in the rest frame of the mother particle. FJ

λ1;λ2
is cited

from Chung’s formula [31]:

FJ
λ1;λ2

¼
X
LS

gJLS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Lþ 1

2J þ 1

r
hL0SλjJλi

× hS1λ1S2 − λ2jSλipLBLðp; rÞ; ð5Þ
where gLS is the coupling constants in the LS coupling
scheme, the angular brackets denote Clebsch-Gordan coef-
ficients, and the orbital angular momentum barrier factor
pLBLðp; rÞ involves the Blatt-Weisskopf functions [31].
The total amplitude is a sum of the amplitudes of two

different cascading decay chains,

I ¼
X
λY ;Δλl

j
X

λZ0c
;λRj ;λJ=ψ

½
X
j

A
Y→RjJ=ψ
λRj ;λJ=ψ

ðθRj
;ϕRj

ÞBWðMπ0π0ÞARj→π0π0

0;0 ðθπ0 ;ϕπ0ÞAJ=ψ→lþl−
λlþ ;λl−

ðθlþ ;ϕlþÞ

þ eiΔλlαlAY→π0Z0
c

λZ0c
;0 ðθZ0

c
;ϕZ0

c
ÞBWðMπ0J=ψÞAZ0

c→π0J=ψ
λJ=ψ ;λπ0

ðθJ=ψ ;ϕJ=ψÞAJ=ψ→lþl−
λlþ ;λl−

ðθlþ ;ϕl−Þ�j2 ð6Þ

where λP is the helicity of particle P, (θP, ϕP) are the polar
and azimuthal angles of particle P in the helicity frame of
the cascading decay, Mπ0π0 and Mπ0J=ψ are the invariant
mass of π0π0 and π0J=ψ , respectively. The amplitude of
J=ψ → lþl− is considered, and an additional term eiΔλlαl
is introduced to correct for the difference in the azimuthal
angle (αl) between the lepton helicities in two different
decay chains [32]. The intermediate states are parameter-
ized with the relativistic Breit-Wigner (BW) functions,
except for the f0ð980Þ, which is described by a Flatté
formula with fixed parameters taken from Ref. [33].
The width of the wide σ resonance is parameterized asffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m2

π
s

q
Γ [34]. The resonant parameters of the f0ð1370Þ

and other well-known mesons are taken from the world
averaged values [24], while those of the Zcð3900Þ0 are left
free in the fit. The relative magnitudes and phases of the
individual intermediate processes are determined by per-
forming an unbinned extended-maximum-likelihood fit for
the four data samples simultaneously. The overall like-
lihood is given by

L ¼ e−μμN

N!

YN
i¼1

IðΩi; αÞηðΩiÞ
μ

ð7Þ

where IðΩi; αÞ is the total amplitude squared as defined
in Eq. (6) with a set of four-vector momenta Ωi ¼
ðpπ0 ; pπ0 ; plþ ; pl−Þi and float parameters α; ηðΩÞ is the
signal selection efficiency; N is the observed number of
events and μ is the normalization factor. The normalization

factor μ ¼ R
IðΩ; αÞηðΩÞdΩ is calculated as the sum of

IðΩ; αÞ over eþe− → π0π0J=ψ events generated with the
PHSP model that passed through the detector simulation
and event selection. The background contribution to the
overall likelihood value is estimated from the events in
the J=ψ-sideband region and subtracted. The properties of
the intermediate states, namely their masses, widths and
coupling strengths to the different final states are shared
parameters between the different data samples, while the
production magnitudes and the relative phases are inde-
pendent. All of the possible known intermediate states are
considered in the fit and only those with statistical
significances larger than 5σ are kept in the nominal results.
The statistical significance is calculated by the differences
in the likelihood values and the number of degrees of
freedom between the two scenarios with or without the
intermediate process included. Different Zcð3900Þ0 spin-
parity hypotheses are tested in the simultaneous fit.

B. PWA results

With the above strategy, the nominal fit includes
the intermediate processes eþe− → σJ=ψ , f0ð980ÞJ=ψ ,
f0ð1370ÞJ=ψ and π0Zcð3900Þ0. As shown in Fig. 2, the
π0π0 S-wave contribution dominates. The spin-party of
the Zcð3900Þ0 is determined to be JP ¼ 1þ with a statistical
significance of more than 9σ over alternative JP hypotheses
(JP ¼ 0þ, 1−, 2þ, 2−). The fits yield a mass ð3893.0�
2.3Þ MeV=c2 and a width ð44.2� 5.4Þ MeV for the
Zcð3900Þ0, where the uncertainties are statistical only.
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Since theZcð3900Þ0 is alsoobserved ineþe− → π0D�D̄ [19]
and its mass is close to the mass threshold of D�D̄, we also
perform an alternative fit by parametrizing the Zcð3900Þ0
with a Flatté formula as those for eþe− → πþπ−J=ψ [14].
The fit results are not sensitive enough to determine the
coupling constants gπ0J=ψ and gD�D̄. However, if the ratio
gD�D̄=gπ0J=ψ is fixed to the value reported in Ref. [14], the fit

gives a comparable description of the data as the nominal
case. We try to improve the fit toMπ0J=ψ projections around
3.4 GeV by adding a possible new Z state around 3.4 GeV,
substituting the π0π0 − S waves with K-matrix approach
[35], adding the contribution of direct three-body decays
and/or f2ð1270Þ. However, none of these tests make a big
difference due to the limited statistics.
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FIG. 2. (Left column) Dalitz plots of M2
π0J=ψ

versus M2
π0π0

, invariant-mass projections (middle column) Mπ0J=ψ and (right column)
Mπ0π0 of the results of the nominal PWA for data samples

ffiffiffi
s

p ¼ 4.226–4.258 GeV. Points with errors are data, red solid curves are the
total fit results, the blue dashed (magenta long-dashed) curves represent Zcð3900Þ0 (π0π0-S wave) components, and green shaded
histograms represent the estimated backgrounds. Each event appears twice in the Dalitz plots and Mπ0J=ψ distributions. The χ2=ndf is
calculated by merging those bins with less than 10 events in the Dalitz plots.
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C. Study of e+ e − → π0Zcð3900Þ0 → π0π0J=ψ

Based on the above procedure, the Born cross sections
for the process eþe− → π0Zcð3900Þ0 → π0π0J=ψ are mea-
sured using σBornZ0

c
¼ fZ0

c
× σBorn

π0π0J=ψ , where fZ0
c
is the frac-

tion of the Zcð3900Þ0 component in the eþe− → π0π0J=ψ
process, extracted from the PWA. To obtain the energy-
dependent line shape of the cross section for eþe− →
π0Zcð3900Þ0 → π0π0J=ψ around the Yð4220Þ, we also
perform the PWA for other data samples with c.m. energy
around the Yð4220Þ, individually, where the properties of
the Zcð3900Þ0 and its coupling strength to π0J=ψ are fixed
to those obtained from the simultaneous fit. The resulting
cross sections, shown in Fig. 3 and in Table V, show a clear
structure around 4220 MeV.
We perform a χ2 fit to the Zcð3900Þ0 cross sections using

a coherent sum of a relativistic BW function and σNYð
ffiffiffi
s

p Þ,
as in Eq. (2), but with a thresholdMthd ¼ Mπ0 þMZcð3900Þ0

for the nonresonant component and a PHSP factor for the
two-body decay R → π0Zcð3900Þ0, which both use the
measured mass of Zcð3900Þ0 from this analysis. Two
solutions with equal quality are found, as shown in
Table VI. The fit curve of one solution is shown in
Fig. 3, with a goodness of fit of χ2=ndf ¼ 8.5=5. The
mass ð4231.9�5.3ÞMeV=c2 and width ð41.2�16.0ÞMeV
of the resonant structure are consistent with those of the
Yð4220Þ presented previously. We also tested the scenarios
including the Yð4320Þ with fixed resonant parameters
and/or phase, but none of those improve the fit quality.
Due to the lack of data around 4.3 GeV, we cannot rule out
a contribution from the Yð4320Þ.

D. Systematic uncertainties

The systematic uncertainties for the Zcð3900Þ0 resonant
parameters and the corresponding cross sections include
those associated with the amplitude modeling and back-
ground treatment in the PWA, as well as the detection
efficiency difference between data and the MC simulation.
The uncertainties associated with the amplitude model-

ing in PWA arise from the parametrizations of the inter-
mediate states (σ, f0ð980Þ, f0ð1370Þ and Zcð3900Þ0), the
radius of angular momentum barrier factor, and possible
missing components. The uncertainties associated with
the parameterizations of intermediate states are studied
individually by describing σ with the PKU ansatz [34] or
the Zou-Bugg approach [34], varying f0ð980Þ couplings
by 1σ of uncertainties [33], describing f0ð1370Þ with a
mass-dependent width BW function, and parametrizing
Zcð3900Þ0 with a Flatté-like formula as described for
eþe− → πþπ−J=ψ [14]. The uncertainty related to the
barrier radius r is estimated by varying r in the range
1.0–5.0 GeV−1. The uncertainty due to extra components is
studied by including the process eþe− → f2ð1270ÞJ=ψ ,
which is the most significant (3.2σ) amplitude not included
in the nominal fit. The uncertainty related to the back-
ground treatment is studied by varying theMlþl−-sideband
region. We perform alternative PWAs for the above
scenarios individually and the resultant (largest) changes
with respect to the nominal values are regarded as the
uncertainties.

 (GeV)s
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) 
(p

b)
ψ

J/0 π0 π
→0 c

Z0 π
→- e+

(eσ

5−

0

5

10

data
Fit
Y(4220)
NonRes
interference

FIG. 3. Fit to the measured eþe− → π0Zcð3900Þ0 → π0π0J=ψ
cross sections. Points with error bars are data, the red solid curve
is the total fit result, the red-dashed (blue-dotted) curve is the
resonant (nonresonant) component, and the magenta dash-dotted
line represents the interference of the two components.

TABLE V. Summary of the Born cross sections of eþe− →
π0Z0

c → π0π0J=ψ . The first uncertainties are statistical and the
second systematic.

ffiffiffi
s

p ðGeVÞ σeþe−→π0Z0
c
ðpbÞ

4.178 1.24� 0.29� 0.87
4.189 1.62� 0.57� 1.13
4.200 4.65� 1.06� 3.26
4.210 2.75� 0.94� 1.93
4.219 6.66� 1.50� 4.68
4.226 6.14� 1.09� 4.31
4.236 7.87� 1.80� 2.59
4.244 5.03� 1.21� 1.38
4.258 2.34� 0.82� 0.74
4.267 1.82� 0.75� 1.28
4.278 4.78� 2.78� 3.36

TABLE VI. Summary of the fit results to the measured cross
sections of eþe− → π0Zcð3900Þ0 → π0π0J=ψ . The uncertainties
are statistical only.

Parameters Solution I Solution II

p0ðc2=MeVÞ 0.0� 11.3
p1 ð1.8� 1.9Þ × 10−2

MðRÞ ðMeV=c2Þ 4231.9� 5.3
ΓtotðRÞÞ ðMeVÞ 41.2� 16.0
ΓeeBR→π0Zcð3900Þ0 ðeVÞ 0.53� 0.15 0.22� 0.25
ϕðRÞ ð−103.9� 33.9Þ° ð112.7� 43.0Þ°
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The uncertainties related with the detection efficiency
include those for tracking of leptons and photons, π0

reconstruction, kinematic fit and radiation correction factor,
as well as the uncertainty by requiring additional MUC hits.
The uncertainties associated with the previously discussed
sources for the measurement of the eþe− → π0π0J=ψ cross
section are 5.2%, which directly propagate to the measured
cross section of Zcð3900Þ0, but do not affect its resonance
parameters. To estimate the uncertainties from the MUC
hits requirement, we perform alternative PWA fits by
assigning a correction factor for the efficiency to J=ψ →
μþμ− MC events according to the cos θ distribution of μ,
and the resultant changes are regarded as uncertainties. The
detection resolution, about 8.8 MeV=c2 in the Mπ0J=ψ

distribution, is not considered in the nominal PWA. Its
effect is estimated with 300 sets of pseudoexperiments. The
resultant jμpullj þ σpull are regarded as the corresponding
uncertainties conservatively, where μpull and σpull are the
mean values and standard deviations of the differences
between the input and fitted Zcð3900Þ0 values of
300 pseudo-experiments, respectively. All of the above
uncertainties are summarized in Table VII. Assuming all of
the individuals are uncorrelated, the total uncertainties are
the quadratic sum of individual sources.

The uncertainties for the resonant parameters in the fit to
σðeþe− → π0Zcð3900Þ0 → π0π0J=ψÞ, shown in Table VIII,
include the sources discussed in the fit to σðeþe− →
π0π0J=ψÞ since the same approach is used. In this case,
the uncertainty of the fit procedure is estimated by
replacing the nominal PDF model with one BW function
only and by changing the constant full width of BW to a

phase-space dependent width, Γ Φð ffiffi
s

p Þ
ΦðMÞ . The total systematic

uncertainties are 4.9 MeV=c2 and 16.4 MeV for the mass
and width of the structure, respectively.

VI. SUMMARY

In summary, we measured the Born cross sections of
eþe− → π0π0J=ψ for c.m. energies between 3.808 and
4.600 GeV with data samples collected by the BESIII
experiment. The measured cross sections are fitted by
including two resonant structures, Yð4220Þ and Yð4320Þ,
with the resonant parameters of the Yð4320Þ fixed to the
values taken from Ref. [4]. The mass and width of the
Yð4220Þ are measured to be ð4220.4� 2.4� 2.3Þ MeV=c2

and ð46.2� 4.7� 2.1Þ MeV, respectively, where the first
uncertainties are statistical, and the second are systematic
(the same as following). These measurements agree with
those reported in Ref. [4], and confirm the existence of the
Yð4220Þ. The average ratio of the cross section eþe− →
π0π0J=ψ to that of eþe− → πþπ−J=ψ [4] is 0.48� 0.02,
which is consistent with isospin symmetry.
The Zcð3900Þ0 signal is clearly observed in the

Mπ0J=ψ distribution, and a PWA is performed to study its
properties. The spin-parity of theZcð3900Þ0 is determined to
be JP¼1þ, and the measured mass ð3893.0�2.3�
19.9ÞMeV=c2 and width ð44.2� 5.4� 9.1Þ MeV corre-
spond to a pole position ð3893.1� 2.2� 3.0Þ − ið22.2�
2.6� 7.0Þ MeV=c2, which is the complex zero of the deno-
minator of the BW. These values are consistent with those
of the charged Zcð3900Þ� observed in eþe− → πþπ−J=ψ .

TABLE VII. Summary of the systematic uncertainties of the Zcð3900Þ0 parameters and the cross sections of
eþe− → π0Zcð3900Þ0 → π0π0J=ψ in percent (%).

π0Zcð3900Þ0 cross sections

Sources MZ0
c

ΓZ0
c

4.226 4.236 4.244 4.258

Zcð3900Þ0 parametrization … … 65.7 16.5 11.1 12.4
σ parametrization 0.03 4.9 11.7 25.3 8.6 4.2
f0ð980Þ coupling constant 0.01 0.6 1.8 1.3 1.2 1.6
f0ð1370Þ parametrization 0.01 2.7 7.5 3.2 5.6 5.6
f2ð1270Þ amplitude 0.05 2.9 15.1 5.0 18.1 25.8
Barrier radius 0.01 13.4 11.7 2.9 8.0 3.4
Background estimation 0.01 1.3 3.8 10.2 9.8 5.1
Event selection 0.01 0.2 5.2 5.2 5.2 5.2
Detection resolution 0.06 11.4 6.0 4.1 6.4 9.3

Total 0.08 18.8 70.4 33.3 28.0 32.0

TABLE VIII. Summary of the systematic uncertainties of the
structure parameters observed in the σðeþe− → π0Zcð3900Þ0 →
π0π0J=ψÞ line shape.

Uncertainties

Sources Mass (MeV=c2) Γ (MeV)

Cross section measurement 0.6 13.6
c.m. energies 0.8 …
c.m. energy spread 0.01 0.4
Fit procedure 4.7 9.2

Total 4.9 16.4
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The Born cross sections of eþe− → π0Zcð3900Þ0 →
π0π0J=ψ are also measured and fitted for c.m. energies
between 4.178 and 4.278 GeV. The fit yields a structure with
a mass of ð4231.9� 5.3� 4.9Þ MeV=c2 and a width of
ð41.2� 16.0� 16.4Þ MeV, compatible with the Yð4220Þ.
The relationship between the two exotic states Yð4220Þ and
theZcð3900Þ0 is established for the first time. Due to the lack
of data around 4.3 GeV, the existence of the Yð4320Þ in the
Zcð3900Þ0 production cannot be ruled out.
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