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Based on 12.0 fb−1 of eþe− collision data samples collected by the BESIII detector at center-of-mass
energies from 4.1271 to 4.3583 GeV, a partial wave analysis is performed for the process
eþe− → πþπ−J=ψ . The cross sections for the subprocesses eþe− → πþZcð3900Þ− þ c:c: → πþπ−J=ψ ,
f0ð980Þð→ πþπ−ÞJ=ψ , and ðπþπ−ÞS-waveJ=ψ are measured for the first time. The mass and width of the
Zcð3900Þ� are determined to be 3884.6� 0.7� 3.3 MeV=c2 and 37.2� 1.3� 6.6 MeV, respectively.
The first errors are statistical and the second systematic. The final state ðπþπ−ÞS-waveJ=ψ dominates
the process eþe− → πþπ−J=ψ . By analyzing the cross sections of π�Zcð3900Þ∓ and f0ð980ÞJ=ψ ,
Yð4220Þ has been observed. Its mass and width are determined to be 4225.7� 4.1� 3.4 MeV=c2 and
57.5� 9.4� 12.1 MeV, respectively.
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I. INTRODUCTION

Over the past twenty years several unpredicted charmo-
niumlike states, usually referred to as XYZ mesons,
have been discovered. The Zcð3900Þ� state was simulta-
neously observed by BESIII and Belle Collaborations in
the eþe− → πþπ−J=ψ process [1,2] and confirmed by
CLEO-c Collaboration [3]. The mass and width of the
Zcð3900Þ� were determined by directly fitting the invariant
mass distribution of π�J=ψ , as well as by partial wave
analysis (PWA) [4–6], with consistent values among the
different experiments. Although there are many theoretical
explanations for the Zcð3900Þ�, its internal structure is still
unclear. Currently, it is thought to be either a tetra-quark or
molecular state [7–14].
According to the interpretation of the Zcð3900Þ as a

molecular or a tetra-quark state, there is a strong correlation
between the Yð4230Þ and πZcð3900Þ spectrum [15,16].
The latest results of BESIII regarding the neutral process
eþe− → π0Zcð3900Þ0ð→ π0J=ψÞ [17] show that the cross
section line shape is consistent with that of the Yð4230Þ.
Compared to the neutral mode, the charged process
eþe− → π�Zcð3900Þ∓ð→ π∓J=ψÞ has larger signal yield
and a lower background level. It is, therefore, a more
promising channel to study the relationship between the

Zcð3900Þ� and Y states. In addition, there might also be
similar correlation between Y states and resonances of the
πþπ− system. For example, Ref. [18] predicted a possible
peak around 4150 MeV=c2 with a width of 90 MeV, which
may have a strong coupling to f0ð980ÞJ=ψ . In Ref. [19],
it is claimed that Y(4230) comes from the mass shift of
the loop amplitude of the decay ψð4160Þ → D�

sD̄�
s →

f0ð980ÞJ=ψ → πþπ−J=ψ . All these models require a mea-
surement of the cross section of eþe− → f0ð980ÞJ=ψ .
Besides, providing the invariant mass/Dalitz plot distribu-
tions at different center-of-mass (c.m.) energies would be
helpful for theorists to explain the “triangle singularity”
[20] with Zcð3900Þ.
In this paper, we measure the cross sections of eþe− →

π�Zcð3900Þ∓ð→ π∓J=ψÞ, f0ð980Þð→ πþπ−ÞJ=ψ , and
ðπþπ−ÞS-waveJ=ψ [the ensemble of f0ð500Þ, f0ð980Þ, and
f0ð1370Þ] through PWA of 17 data samples with c.m.
energies

ffiffiffi
s

p
from 4.1271 to 4.3583 GeV. Two different

models are used to parametrize ðπþπ−ÞS-wave to obtain the
cross sections: one is the Breit-Wigner (BW) function,
the other is the K-matrix [21–24]. The parameters of
Zcð3900Þ� and the fractions of the subprocesses are given
by PWA. Based on the precise cross section measurement
of the eþe− → πþπ−J=ψ process reported in Ref. [25], the
cross sections of the subprocesses are given. The data
sample with

ffiffiffi
s

p ¼ 4.1780 GeV is used as an example to
illustrate the analysis method.

II. THE BESIII DETECTOR AND THE DATASETS

The BESIII detector [26] records eþe− collisions pro-
vided by the BEPCII storage ring [27] in a c.m. energy
range from 2.00 to 4.95 GeV. The cylindrical core of the
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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 supported by an octa-
gonal flux-return yoke with resistive plate counter muon
identification modules interleaved with steel (MUC). The
charged-particle momentum resolution at 1 GeV=c is
0.5%, and the dE=dx resolution is 6% for electrons from
Bhabha scattering. The EMC measures photon energies
with a resolution of 2.5% (5%) at 1 GeV in the barrel
(end cap) region. The time resolution in the TOF barrel
region is 68 ps, while that in the end cap region is 110 ps.
The end cap TOF system was upgraded in 2015 using
multigap resistive plate chamber technology, providing a
time resolution of 60 ps [28].
The data samples in this work are listed in Table VIII.

There are 17 energy points with c.m. energies from 4.1271
to 4.3583 GeV with an integrated luminosity more than
400 pb−1 at each point. The luminosity and the energy are
measured using Bhabha scattering [29] and radiative di-
muon production [30], respectively.
The GEANT4-based [31] Monte Carlo (MC) simulation

software packages BOOST [32] and EVTGEN [33] are used to
determine detection efficiencies and to estimate the back-
ground contributions. The generator KKMC [34] is used to
model the beam energy spread and the initial state radiation
emission in eþe− annihilations. Final state radiation from
charged particles is incorporated using the PHOTOS package
[35]. The phase-space (PHSP) MC samples of 4 × 105

eþe− → πþπ−J=ψ , J=ψ → lþl−ðl ¼ e; μÞ events are
generated for each energy point, and about half of them
that survived after reconstruction and event selection are
used for MC integration of PWA. The background MC
samples of eþe− → eþe−ρ0ð→ πþπ−Þ (PHSP), eþe− →
πþπ−ρ0ð→ πþπ−Þ (PHSP), and the two-photon process
eþe− → eþe−μþμ− [36,37] are generated to estimate the
effect of corresponding background channels.

III. EVENT SELECTION

The preliminary event selection criteria are the same as
those used in Ref. [25]. The charged tracks need to meet the
vertex fit and geometric acceptance criteria of the detector
and the final event candidate requires four charged tracks
with a total charge of zero. The momentum measured by the
MDC, the energy deposited in the EMC of the charged
tracks, and the combined lepton pair invariant mass are used
to distinguish leptons and pions. The angular distribution
information, dE=dx information, and boosted decision tree
method are used to suppress background events of gamma
conversion events, low-momentum e=π misidentification
events, and two-photon process events. A four-constraint
fit imposing energy-momentum conservation with the

hypothesis of eþe− → πþπ−lþl− is applied to the final
charged tracks to suppress the background contribution and
to improve the energy and momentum resolution.
In addition, we further require that at least one of the

muon tracks in the J=ψ → μþμ− mode has a MUC hit
depth to eliminate the background of the 2ðπþπ−Þ process,
and the selection criterion is optimized by S=

ffiffiffiffiffiffiffiffiffiffiffiffi
Sþ B

p
with

MC samples, where S and B indicate the numbers of events
estimated from the signal and background regions, respec-
tively. We choose 3.09 < mðlþl−Þ < 3.11 GeV=c2 as the
signal region and 3.02 < mðlþl−Þ < 3.07 GeV=c2 and
3.13 < mðlþl−Þ < 3.16 GeV=c2 as sideband regions to
estimate the background contributions. The background
level of most samples is less than 10% after event selection.
Finally, a five-constraint fit is implied with the invariant
mass of the lepton pairs constrained to the known J=ψ
mass [38].

IV. AMPLITUDE CONSTRUCTION
AND THE PWA RESULT

Amplitudes of the PWA are constructed with the
helicity-covariant method [39,40] and include the
cascading processes eþe− → π�Zcð3900Þ∓ð→ π∓J=ψÞ
and eþe− → fjð→ πþπ−ÞJ=ψ , where fj represents the
f0ð500Þ, f0ð980Þ, f0ð1370Þ, or f2ð1270Þ. The construction
method of the amplitude is the same as that in
Refs. [4,17,41]. The PWA is performed using the
AmpTool package [42].
For a decay aðJa;MÞ → bðJb; λbÞ þ cðJc; λc) of particle

a into the pair bþ c, where spin and helicity are indicated
in the parentheses, the amplitude is given by

AJa
λb;λc

ðθ;ϕÞ ¼ NJaF
Ja
λb;λc

DJa�
M;λðϕ; θ; 0Þ; ð1Þ

where NJa is the normalization factor, λ ¼ λb − λc, and

FJa
λb;λc

is the helicity amplitude, which is constrained by

parity conservation. The DJa
M;λðϕ; θ; 0Þ is the Wigner-D

function which describes the angular distribution of the
final state particle with its polar (θ) and azimuthal (ϕ)
angles in the rest frame of the mother particle. The
amplitude FJa

λb;λc
is given by Chung’s formula [39],

FJa
λb;λc

¼
X
LS

GJa
LS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Lþ 1

2Ja þ 1

s
hL; 0; S; λjJa; λi

× hSb; λb; Sc;−λcjS; λipLBLðp; rÞ; ð2Þ

where GLS is the coupling constant in the LS coupling
scheme, L is the orbital angular momentum between b, c,
and S is the coupled spin angular momentum of b and c.
The angular brackets denote Clebsch-Gordan coefficients,
and the orbital angular momentum barrier factor
pLBLðp; rÞ involves the Blatt-Weisskopf functions [39].
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The total differential cross section is given by

T ¼
X
λY ;Δλl

���� X
fj;λJ=ψ ;λfj

A
Y→fjJ=ψ
λfj ;λJ=ψ

ðθfj ;ϕfjÞBWðmðπþπ−ÞÞAfj→πþπ−

0;0 ðθπþ ;ϕπþÞAJ=ψ→lþl−
λlþ ;λl−

ðθlþ ;ϕlþÞ

þ eiΔλlαl
X

Zc;λZc ;λJ=ψ

AY→πZc
λZc ;0

ðθZc
;ϕZc

ÞBWðmðπJ=ψÞÞAZc→πJ=ψ
λJ=ψ ;λπ

ðθJ=ψ ;ϕJ=ψÞAJ=ψ→lþl−

λlþ ;λl−
ðθlþ ;ϕlþÞ

����2; ð3Þ

where λP is the helicity of the particle P (l�, Zcð3900Þ�,
J=ψ , and fj), Zc (π) represents the Zcð3900Þþ (π−) and
Zcð3900Þ− (πþ), and ðθP;ϕPÞ are the polar and azimuthal
angles of particle P in the helicity frame of the cascading
process. The summation is performed for the virtual photon
(λY), and the lepton pairs in the final state (Δλl), then
λY ¼ �1 and Δλl ¼ �1. The mðπþπ−Þ and mðπJ=ψÞ are
the invariant masses of πþπ− and π�J=ψ . The amplitude of
J=ψ → lþl− is considered, and an additional term eiΔλlαl
is introduced to align the helicity frames in two different
decay chains [41]. (If we make a one-to-one correspon-
dence for the final states of eþe− → πþπ−J=ψ and the
process Λ0

b → pK−J=ψ studied in Ref. [41], with πþ ↔ p,
π− ↔ K−, and J=ψ ↔ J=ψ , the helicity frames for these
two processes are identical and so the calculation methods
for the helicity angles and αl are also the same).
The subprocesses, including Zcð3900Þ�, f0ð500Þ,

f0ð1370Þ, and f2ð1270Þ, are parametrized with constant-
width relativistic BW functions. The f0ð980Þ is described
by a Flatté formula with parameters taken from Ref. [43].
The energy-dependent width of the f0ð500Þ is parametrized

as
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m2

π
s

q
Γ [4,17]. The resonant parameters of these

well-known mesons are taken from the world averaged
values (Particle Data Group, PDG) [38]. We also use the
K-matrix method [24] to parametrize ðπþπ−ÞS-wave, where
its parameters are fixed to the values obtained from the
scattering experiments [23,44]. The relative magnitudes
and phases of the individual subprocesses are determined
by performing an unbinned extended maximum likelihood
(EML) fit at each energy point. The likelihood function is

L ¼ e−μμN

N!

YN
i¼1

Iðωi; αÞϵðωiÞ
μ

; ð4Þ

where Iðωi;αÞ≡ Ti is the total differential cross section,
as defined in Eq. (3) with a set of four-momenta ωi ¼
ðpπþ ; pπ− ; plþ ; pl−Þi and float parameters α [the coup-
ling constants GLS and the resonance parameters of
Zcð3900Þ�]. The ϵðωiÞ is the event selection efficiency,
which is precalculated and does not affect fit parameters.
The N is the number of observed events. The normalization
factor μ ¼ R

Iðωi; αÞϵðωiÞdωi ¼ 1
Nmc

PNmc
j¼1 Iðωj; αÞ. Nmc is

the eþe− → πþπ−J=ψ events generated with the PHSP

model that pass the detector simulation and event selection.
We can see that μ is the expected value of the Poisson term
in Eq. (4), and it will converge to the number of signal
events in the EML fit. Thus, the magnitude of the coupling
constants will converge to suitable values automatically.
However, to remove the phase ambiguity, we fix the
phase of the coupling constant of the first amplitude of
the Y → πZcð3900Þ process to 0. Technically, rather than
maximizing L, the log-likelihood − lnL is minimized. The
background contribution to the overall likelihood value is
calculated and subtracted with the events in the J=ψ
sideband region.
After the fitting, the fraction of a process i is calculated

using

Fi ¼
R jAij2dϕR jPkAkj2dϕ

¼
P

j∈PHSPjAjðωj; αÞj2P
j∈PHSPj

P
kAkðωj; αÞj2

; ð5Þ

where the numerator is the amplitude of process i and
the denominator is the sum of all the amplitudes included
in the fit. The PHSP MC without passing the detector
reconstruction and event selection is used to perform the
calculation, so what we get is the fraction at the physical
level, and there is no need to consider the efficiency and so
on. The interference between process i and j is

Interi;j ¼
R jAi þ Ajj2 − jAij2 − jAjj2dϕR jPkAkj2dϕ

; ð6Þ

which is similar to the calculation of fractions.
In order to reduce the number of unnecessary parameters

and subprocesses with low significance (less than 5σ), we
perform a significance check based on the subprocesses
used in Ref. [4]. We remove the PHSP process and only
keep the ðL; SÞ ¼ ð0; 1Þ wave of f2ð1270Þ, where L is the
orbital angular momentum between J=ψ and f2ð1270Þ, and
S is the spin of the [J=ψ ; f2ð1270Þ] system. The signifi-
cance of π�Zcð4020Þ∓ in this energy range is less than
3.0σ. A simultaneous fit to four adjacent energy points is
used to obtain the parameters of Zcð3900Þ�, and then give
the fractions of the subprocesses by a single-point fit with
the Zcð3900Þ� parameters fixed. The masses and widths
of the subprocesses are shared as common parameters in
the simultaneous fit, while the production magnitudes and
the relative phases are independent. The mass and width of
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the Zcð3900Þ� obtained by the simultaneous fit in different
energy regions are listed in Table I, and the average values
of the fitted results of four sets of data samples are taken as
the final parameters of Zcð3900Þ�, which are ðM;ΓÞ ¼
ð3884.6� 0.7� 3.3 MeV=c2; 37.2� 1.3� 6.6 MeVÞ.
When performing the fit to get the fraction of inter-

mediate states, we meet some local minimum and multiple
solution problems. At each energy point, we perform
10,000 fits with random initial parameter values. The cross
sections and fractions with different FCNs (target function,
here it is −2 lnL in the extended maximum likelihood fit)
are counted (only the solutions that appear more than 100
times are considered), as shown in Fig. 4. The cumulative
number of times and the fractions of subprocesses for
different FCNs are listed in Tables V and VI. We can see
that there are some solutions with quite different values but
generally close FCNs. When looking at some single energy
points, it might be difficult to choose the physical solution.
The result in Ref. [4] can be repeated within the 0.5% FCN
difference range, but it does not correspond to the solution
with minimum FCN in our fit. By our study, many factors,
such as the statistics of PHSP MC and the line shape of
Zcð3900Þ, may cause a fluctuation in the fit, and the result
may converge to a different solution. This explains the
difference about the cross section of eþe− → π�Zcð3900Þ∓
between this work and the previous BESIII result [4].
We have the result at many adjacent c.m. energy points,
which can help us to select a set of reasonable solutions. We
found at most energy points that choosing the solution with
minimum FCN would give a reasonable set of solutions.
The fraction and cross section of intermediate states
of adjacent c.m. energies are smooth, and there are no
abnormal jumps/dips. There is only one exception atffiffiffi
s

p ¼ 4.2776 GeV. The solution with minimum FCN
seems to cause a jump on the cross section of both eþe− →
π�Zcð3900Þ∓ and f0ð980ÞJ=ψ . However, since the uncer-
tainty at this energy point is large and it is far away from the
peak of Yð4220Þ, we just keep the solution with minimum
FCN as the nominal result at all energy points. All the
following discussion and results are based on this choice.
The invariant mass distributions of π�J=ψ and πþπ− as

well as the Dalitz plots at
ffiffiffi
s

p ¼ 4.1780 GeV are shown in

Figs. 1(a)–1(d) (the remaining energy points are shown in
Figs. 5, 6, 7, and 8 in the Appendix), where the mðπ�J=ψÞ
is the sum of mðπþJ=ψÞ and mðπ−J=ψÞ. The goodness of
fit (χ2=ndf) of the mðπ�J=ψÞ, mðπþπ−Þ, and Dalitz
distributions is listed in Table X in the Appendix. For
the Dalitz distributions, we have used the adaptive binning
scheme [45] to make sure the bin content in each bin is
not less than 10. In addition, the distributions ofmðπ�J=ψÞ
and mðπþπ−Þ after background deduction and efficiency
correction are also given, which are shown in Figs. 1(e)
and 1(f). At multiple c.m. energies and the combination of
all data samples (in Fig. 2), we note that systematically the
data are not described very well by our fits for π�J=ψ
invariant masses in the region around 3.4 GeV, which is the
reflection of Zcð3900Þ. We have tried to solve this problem.
The first attempt is adding the contribution of Zcð4020Þ�,
however, the significance of Zcð4020Þ is too small and
cannot improve the fitting quality significantly. Changing
the parameters of the ðπþπ−ÞS-wave to the K-matrix or using
the Flatté formula used in [4] to parametrize Zcð3900Þ�
cannot solve this problem either. The efficiency corrected
distributions of mðπ�J=ψÞ (Fig. 9) and mðπþπ−Þ (Fig. 10)
are placed in the Appendix to facilitate the theorists who
can make further studies. The Argand plots [38] of energy
points with larger statistics are shown in Fig. 12. Although
the uncertainties are large, they show the features of a
resonance.
In this paper, we only report the result below

ffiffiffi
s

p ¼
4.3583 GeV, due to the decrease in the Zcð3900Þ� pro-
duction cross section with increasing energy, and the
second Zc states might be needed. However, after adding
a new subprocess π�Zcð4020Þ∓ which is parametrized with
a BW function with its mass and width fixed to PDG
values, the fit results with the samples at

ffiffiffi
s

p ¼ 4.3768,
4.3954, 4.4156, and 4.4359 GeVare obtained and shown in
Fig. 11. Themðπ�J=ψÞ is not well fitted, and the line shape
of Zcð3900Þ� or Zcð4020Þ� may affect the fit. Detailed
study of these data samples is ongoing by BESIII and will
be published in another paper.
The influence of the statistics of the MC samples used for

integration and the reconstruction resolution are also taken
into consideration, and a correction independent of c.m.
energy is given according to the MC-based input and output
(I/O). The correction values are listed in Table II. After
obtaining the fractions of the subprocesses (listed in the
Appendix), we extract the cross section of each subprocess
according to the total cross section of the eþe− → πþπ−J=ψ
process given in Ref. [25]. The results are listed in Table VIII
and the corresponding cross section plots are shown in
Fig. 3. The interference magnitudes between each subpro-
cess at

ffiffiffi
s

p ¼ 4.2263 and 4.2580 GeVare listed in Table IX.
It can be seen that the interference between ðπþπ−ÞS-wave is
strong, therefore, we only present the results for the narrower
structures and ðπþπ−ÞS-wave as a whole.

TABLE I. The mass (M) and width (Γ) of Zcð3900Þ� obtained
by the simultaneous fit in different energy regions. The first
uncertainty is statistical, and the second uncertainty for average
values is systematic.

Sample M (MeV=c2) Γ (MeV)

4.1567–4.1989 3883.5� 1.6 38.6� 3.6
4.2091–4.2357 3884.0� 1.0 37.8� 1.6
4.2438–4.2776 3884.9� 1.8 34.2� 3.3
4.2866–4.3583 3890.0� 2.3 36.1� 4.2

Average 3884.6� 0.7� 3.3 37.2� 1.3� 6.6

M. ABLIKIM et al. PHYS. REV. D 112, 092013 (2025)

092013-4



FIG. 1. The PWA fit result of the
ffiffiffi
s

p ¼ 4.1780 GeV sample. Figures (a) and (b) show the distributions of mðπ�J=ψÞ and mðπþπ−Þ,
respectively. The top plots come from the fit result of PWA, and the bottom parts are the pull distribution of the total fit result. The
goodness of fits (χ2=ndf) of (a) and (b) are 1.48 and 1.22, respectively. In (a) and (b), the ðπþπ−ÞS-wave includes f0ð500Þ, f0ð980Þ, and
f0ð1370Þ. Figures (c) and (d) are the Dalitz plots for π�J=ψ and πþπ−, (c) is from data, and (d) is the fit result, where the χ2=ndf is 1.71.
Figures (e) and (f) are the distributions of mðπ�J=ψÞ and mðπþπ−Þ after background deduction and efficiency correction. In (e) and (f),
the sideband events are used as an estimate of the background events and subtracted from events in the signal region.
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V. SYSTEMATIC UNCERTAINTIES

The systematic uncertainties for the Zcð3900Þ� param-
eters and the cross sections of the subprocesses come from
the amplitude modeling, the background estimation,
reconstruction resolution, and the statistics of the PHSP
MC samples in the PWA. In addition, since we first use the
four-samples simultaneous fit to obtain the parameters of

the Zcð3900Þ�, and then give the fractions and cross
sections of the subprocesses with the parameters fixed,
the uncertainties of the cross sections of the subprocesses
also include the uncertainty due to the Zcð3900Þ� param-
eters and the uncertainty from the total cross section of the
process eþe− → πþπ−J=ψ .
The uncertainties associated with the amplitude model-

ing in PWA arise from the parametrizations of the sub-
processes, the radius of the angular momentum barrier
factor, and the possible missing components. Each term of
the uncertainties associated with the parametrizations of
subprocesses and barrier factors is studied by varying the
parameters within their possible value range and uncer-
tainty [4,38,43], and the largest difference between the
results and the nominal result is regarded as the uncertainty.
For the BW function of propagators, widths of the reso-
nances are replaced by the energy-dependent widths to
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FIG. 2. Fitting results for all data samples are merged together. Figures (a) and (b) show the distributions of mðπ�J=ψÞ and mðπþπ−Þ,
respectively. The top plots come from the fit result of PWA, and the bottom parts are the pull distribution of the total fit result. The fit of
mðπ�J=ψÞ does not agree well with the data near 3.3 GeV=c2. Figures (c) and (d) are the Dalitz plots for π�J=ψ and πþπ−, (c) is from
data, and (d) is the fit result.

TABLE II. The mass (MZ in MeV=c2) and width (WZ in MeV)
correction values of Zcð3900Þ�. The fraction correction values of
π�Zcð3900Þ∓ (FZ in %), f0ð980ÞJ=ψ (F980 in %), and
ðπþπ−ÞSwaveJ=ψ (FS in %).

Parameter MZ WZ FZ F980 FS

Value 0.9� 0.1 0.6� 0.1 −0.2� 0.1 0.3� 0.1 0.2� 0.1
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estimate the uncertainty, and the difference between
the nominal and new results is taken as the systematic
uncertainty.
The uncertainty related to the background estimation is

studied by varying themðlþl−Þ signal region and using the
background MC sample instead of sideband events, and
the difference is taken as the system uncertainty. Since the
significance of the three-body PHSP process is lower
than 5σ in the simultaneous fit, it is not considered in
the nominal fit. At the same time, due to the limited MC
statistics, the very wide f0ð1370ÞJ=ψ and PHSP processes
cannot be distinguished in the fit, that is, f0ð1370Þ actually
represents a class of wider states. Therefore, we do not
consider the possible effect caused by missing the PHSP
process in the fit. For the MC sample statistics and
reconstruction resolution, we take the maximum difference
between the I/O bias value and the correction value as the
systematic uncertainty.
Assuming all the sources are independent, they are added

in quadrature. The total systematic uncertainties are listed
in Table VIII. In parametrizing ðπþπ−ÞS-wave, the K-matrix

method is used as a comparison to the BW method, and the
difference is taken as the systematic uncertainty of the
S-wave parametrization.

VI. FIT THE CROSS SECTION

A least-square fit is performed to the cross sections
of eþe− → πþZcð3900Þ− þ c:c: → πþπ−J=ψ , f0ð980Þ×
ð→ πþπ−ÞJ=ψ , and ðπþπ−ÞS-waveJ=ψ . For these distribu-
tions, the BW functions [Eq. (7)] are used to describe the
possible resonant structures and the two-body PHSP
function describes the nonresonant components. The fit
results are shown in Fig. 3,

BWjð
ffiffiffi
s

p Þ ¼ Mjffiffiffi
s

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12πΓee

j Γtot
j BðRjÞ

q
s −M2

j þ iMjΓtot
j

×

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PSð ffiffiffi

s
p Þ

PSðMjÞ

s
; ð7Þ

where Mj, Γtot
j , and Γee are the mass, full width, and

electric width of resonance Rj, respectively. The BðRj) is
the branching fraction for Rj decaying into π�Zcð3900Þ∓,

(a) (b)

(c) (d)

FIG. 3. (a)–(b): the cross sections of eþe− → π�Zcð3900Þ∓ð→ π∓J=ψÞ. (a) Fitted with coherent sum of two BW functions, and
χ2=ndf ¼ 8.3=12. (b) Fitted with coherent sum of one BW function and a two-body phase function, and χ2=ndf ¼ 9.1=12. (c) The cross
sections of eþe− → f0ð980Þð→ πþπ−ÞJ=ψ and fitted with a single BW function, the χ2=ndf ¼ 11.1=14. (d) The cross sections of
eþe− → ðπþπ−ÞS-waveJ=ψ , and the χ2=ndf ¼ 6.7=11. The ðπþπ−ÞS-waveJ=ψ is the whole of f0ð500ÞJ=ψ , f0ð980ÞJ=ψ , and
f0ð1370ÞJ=ψ . In these fits, the parameters of the BW function used to describe the structure around 4.3 GeV are fixed to those of
the Yð4320Þ given in Ref. [25].
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f0ð980ÞJ=ψ , and ðπþπ−ÞS-waveJ=ψ :PSð
ffiffiffi
s

p Þ ¼ 1
ð2πÞ5ð2 ffiffi

s
p Þ ×

ððs − ðm1 þm2Þ2Þððs − ðm1 −m2Þ2ÞÞ1=2 is the standard
two-body decay phase-space factor [38]. The m1 and m2

are the invariant masses of the final particles.
The cross sections of these processes are parametrized

with a coherent sum of two BW functions (model I), one
BW and a two-body PHSP function (model II), only one
BW (model III), or a coherent sum of two BW functions
and a two-body PHSP function (model IV). The cross
section line shape is described by

σfitð
ffiffiffi
s

p Þ ¼
�����
Xn
j¼0

Rjð
ffiffiffi
s

p Þeiϕj

�����
2

; ð8Þ

where Rj represents the amplitude to describe a given
resonant structure and ϕj is the corresponding phase. The
phase ϕ0 is set to zero and the other phases are given
relative to the R0. The Rj can be the BWor two-body PHSP
function. The two-body PHSP function is described by
Rð ffiffiffi

s
p Þ ¼ p0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PSð ffiffiffi

s
p Þ= ffiffiffi

s
pp

, where p0 is a free parameter.
For the eþe− → π�Zcð3900Þ∓ð→ π∓J=ψÞ process, it is

not possible to distinguish which model is the best at the
current accuracy (Table III). When describing the structure
at 4.3 GeV, we fix its parameters to those of the Yð4320Þ
given in Ref. [25]. The interferences between different
structures are also taken into account. The mass and width
of the Yð4220Þ and the significance of the Yð4320Þ for
these three processes in different models are listed in
Table III.

The systematic uncertainty of the fit comes mainly from
the

ffiffiffi
s

p
calibration, the fit model, the parameters of

Yð4320Þ, and PHSP factors. The total systematic uncer-
tainty is given by assuming that these uncertainties
are independent. The average mass and width of
Yð4220Þ are given by the processes π�Zcð3900Þ∓ (in
model I), f0ð980ÞJ=ψ (in model III), and ðM;ΓÞ ¼
ð4225.8� 4.1� 3.4 MeV=c2; 57.5� 9.4� 12.1 MeVÞ.
To estimate the difference in the decay rates of

Yð4220Þ and Yð4320Þ to π�Zð3900Þ∓, f0ð980ÞJ=ψ , and
ðπþπ−ÞSwaveJ=ψ , the ratios of ΓeeB between Yð4220Þ and
Yð4320Þ for different solutions based on the Yð4220Þ with
model IV are given, and the results are listed in Table IV.
Here, Γee is the electronic width of the resonance, and
B are the branching fractions for Yð4220Þ=Yð4320Þ →
π�Zcð3900Þ∓ð→ π∓J=ψÞ, f0ð980Þð→ πþπ−ÞJ=ψ , and
ðπþπ−ÞS-waveJ=ψ . Because of the multiple solutions and
large statistical uncertainties, it is hard to conclude
whether the decay patterns of the Yð4220Þ and Yð4320Þ
are different.

VII. SUMMARY

In summary, a PWA is performed on the eþe− →
πþπ−J=ψ process to measure the mass and width of
the Zcð3900Þ� by a simultaneous fit to data at multiple
energy points. The cross sections of eþe− to different
subprocesses at different energy points are measured.
Different parametrizations are used to describe the
ðπþπ−ÞS-wave, and consistent cross section results

TABLE III. The mass (M) and width (Γ) of the Yð4220Þ and the significance of the Yð4320Þ given by different
processes with different models. The π�Zcð3900Þ∓ and f0ð980ÞJ=ψ stand for eþe− → π�Zcð3900Þ∓ð→ π∓J=ψÞ
and f0ð980Þð→ πþπ−ÞJ=ψ , respectively. The Yð4220Þave is the average of the processes π�Zcð3900Þ∓ (in model I)
and f0ð980ÞJ=ψ (in model III). The first uncertainty is statistical, and the second systematic.

Yð4220Þ Yð4320Þ
Process M (MeV=c2) Γ (MeV) Significance

π�Zcð3900Þ∓ (model I) 4225.7� 6.8� 6.8 66.5� 16.1� 24.1 2.1σ
π�Zcð3900Þ∓ (model II) 4223.1� 6.4� 0.6 53.8� 19.1� 0.3 2.0σ
f0ð980ÞJ=ψ (model III) 4225.6� 4.5� 0.6 48.4� 9.8� 0.2 0.5σ
ðπþπ−ÞS-waveJ=ψ (model IV) 4218.8� 3.4� 3.7 43.5� 5.3� 5.0 11.7σ

Yð4220Þave 4225.7� 4.1� 3.4 57.5� 9.4� 12.1

TABLE IV. The ratios of ΓeeB between Yð4220Þ and Yð4320Þ for different solutions. Here, we only show the
ðΓeeBÞn value of Yð4220Þ, and n ¼ 1, 2, 3 correspond to three different sets of solutions. “Rn” are the ratios of
ðΓeeBÞYð4320Þ=ðΓeeBÞYð4220Þ.

Process ðΓeeBÞ1 R1 ðΓeeBÞ2 R2 ðΓeeBÞ3 R3

π�Zð3900Þ∓ 1.2� 0.2 0.4� 0.5 0.2� 0.1 0.8� 1.3 0.3� 0.1 3.4� 2.1
f0ð980ÞJ=ψ 3.6� 0.5 1.0� 0.4 0.5� 0.2 1.8� 2.2 0.5� 0.2 3.3� 2.5
ðπþπ−ÞSwaveJ=ψ 1.2� 0.1 0.5� 0.3 7.2� 0.3 0.1� 0.1 1.9� 0.2 7.7� 1.0
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of eþe− → π�Zcð3900Þ∓ð→ π∓J=ψÞ and eþe− →
ðπþπ−ÞS-waveJ=ψ processes are obtained. The Zcð3900Þ�
Breit-Wigner mass and width are ðM;ΓÞ ¼ ð3884.6�
0.7� 3.3 MeV=c2; 37.2� 1.3� 6.6 MeVÞ. The parame-
ters of Zcð3900Þ� are consistent with the CLEO-c mea-
surements [3] and Zcð3885Þ� in the ðDD̄�Þ� system [46].
From the fit results, the ðπþπ−ÞS-waveJ=ψ amplitude

dominates the process eþe− → πþπ−J=ψ . The cross sec-
tions with Yð4220Þ and Yð4320Þ decaying in different final
states do appear to have different distributions. However,
due to statistical uncertainties and multiple solutions, it is
difficult to conclude that the decay modes of Yð4220Þ and
Yð4320Þ are different. In particular, the process eþe− →
f0ð980ÞJ=ψ can be well described by only one BW func-
tion with parameters consistent with those of the Yð4220Þ.
Finally, the mass and width of Yð4220Þ given by the fit of
the cross sections of these subprocesses are ðM;ΓÞ ¼
ð4225.7� 4.1� 3.4 MeV=c2; 57.5� 9.4� 12.1 MeVÞ.
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APPENDIX

Figure 4 shows the cross sections and fractions of
π�Zcð3900Þ∓ and f0ð980ÞJ=ψ corresponding to different
FCN values that appeared in 10,000 random initialization
fits at each energy point, respectively. Some solutions with
the same FCN but fewer cumulative times, such as less
than 100 times, are not shown. The cumulative number of
solutions of the same FCN and the fractions of the sub-
processes of these solutions are listed in Tables V and VI.
Tables VII and VIII list the fractions and cross

sections of eþe− → π�Zcð3900Þ∓ð→ π∓J=ψÞ, f0ð980Þ×
ð→ πþπ−ÞJ=ψ , and ðπþπ−ÞS-waveJ=ψ at different energy
points by using the Breit-Wigner and K-matrix methods
to parametrize the ðπþπ−ÞS-wave in the PWA of eþe− →
πþπ−J=ψ . Table IX lists the interference magnitude
between each subprocess at

ffiffiffi
s

p ¼ 4.2263 and 4.2580 GeV.
Figures 5, 6, 7, and 8 show the PWA fit results of the

other 16 energy points and the corresponding χ2=ndf are
listed in Table X. The χ2=ndf for Dalitz distributions are
calculated by the adaptive binning scheme [45].
Figures 9 and 10 show the distributions of mðπ�J=ψÞ

and mðπþπ−Þ after background deduction and efficiency
correction. In Figs. 9 and 10, the sideband events are used
as an estimation of the background events and subtracted
from events in the signal region. Figure 11 shows the
PWA fit results of the samples with

ffiffiffi
s

p ¼ 4.3768, 4.3954,
4.4156, and 4.4359 GeV, and the subprocess π�Zcð4020Þ∓
is considered.
Figure 12 shows the Argand plots of 11 energy points

with large statistics. The Argand plots are obtained by using
a complex piecewise amplitude to describe the Zcð3900Þ�
contribution, where the complex amplitude is obtained by
fitting the data and is not normalized.
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FIG. 4. The cross sections and fractions of eþe− → πþZcð3900Þ− þ c:c: → πþπ−J=ψ and f0ð980Þð→ πþπ−ÞJ=ψ given by 10,000
random initialization fits at each energy point. Figures (a) and (c) are the cross section and fraction distributions of π�Zcð3900Þ∓ þ c:c:,
respectively. Figures (b) and (d) are the cross section and fraction distributions of f0ð980ÞJ=ψ , respectively. The red marks correspond
to the solution with the minimum FCN value at each energy point. The corrections in Table II are not considered here.
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TABLE V. The fractions (in %) of π�Zcð3900Þ∓, f0ð980ÞJ=ψ , f2ð1270ÞJ=ψ , and ðπþπ−ÞS-waveJ=ψ corresponding to different FCN
values that appeared in 10,000 random initialization fits at each energy point. Some solutions with the same FCN but with less than
100 cumulative times are not listed. The “Nt” is the cumulative times. The ðπþπ−ÞS-waveJ=ψ is the whole of f0ð500ÞJ=ψ , f0ð980ÞJ=ψ ,
and f0ð1370ÞJ=ψ . The π�Zcð3900Þ∓, f0ð980ÞJ=ψ , and f2ð1270ÞJ=ψ stand for eþe− → πþZcð3900Þ− þ c:c: → πþπ−J=ψ,
f0ð980Þð→ πþπ−ÞJ=ψ , and f2ð1270Þð→ πþπ−ÞJ=ψ , respectively.ffiffiffi
s

p
(GeV) FCN Nt π�Zcð3900Þ∓ f0ð980ÞJ=ψ f2ð1270ÞJ=ψ ðπþπ−ÞS-waveJ=ψ

4.1271 −2335.3 5947 12.1� 4.7 53.7� 16.8 2.8� 3.0 75.1� 11.1
−2334.9 1356 12.7� 4.4 51.0� 15.2 0.5� 1.5 81.8� 11.0
−2334.8 1345 13.0� 5.3 47.4� 14.8 0.3� 1.5 81.7� 11.0
−2328.3 316 11.6� 4.5 79.4� 17.1 0.5� 1.6 82.6� 10.4
−2323.4 939 10.7� 4.5 62.4� 19.1 1.9� 2.9 86.2� 12.2

4.1567 −2242.1 10,000 17.6� 6.3 54.3� 13.5 12.3� 4.8 75.3� 11.4

4.1780 −20; 981.4 5830 36.3� 3.3 36.5� 4.9 9.2� 2.2 68.4� 4.2
−20; 975.8 1801 38.1� 3.2 28.5� 5.3 3.7� 1.6 73.5� 4.3
−20; 939.8 1152 24.8� 4.4 40.6� 11.5 9.5� 4.4 73.0� 6.9
−20; 936.3 109 22.0� 2.1 45.8� 6.1 8.2� 3.3 76.7� 4.5
−20; 907.9 476 22.5� 3.3 52.3� 6.2 3.2� 1.6 71.5� 4.5
−20; 895.2 153 28.7� 2.6 28.0� 5.2 19.4� 3.2 64.8� 4.6

4.1888 −4036.6 2704 30.0� 6.7 35.3� 10.3 4.3� 3.5 78.3� 8.9
−4036.5 596 26.9� 5.3 43.2� 8.8 1.2� 1.9 79.1� 8.5
−4034.9 552 33.7� 7.6 41.6� 9.2 0.1� 0.3 92.8� 9.6
−4034.5 3380 15.9� 4.1 41.4� 10.4 2.1� 2.0 83.0� 8.9
−4033.2 386 10.3� 3.2 48.2� 9.5 0.7� 1.2 85.0� 8.8
−4033.1 616 9.2� 2.8 49.2� 9.9 0.9� 1.6 84.8� 8.9
−4025.8 1588 25.7� 9.7 38.4� 10.1 6.0� 4.4 78.3� 8.9

4.1989 −6497.0 5005 22.4� 3.6 34.2� 8.4 0.2� 0.9 71.3� 6.5
−6495.1 4962 44.5� 5.6 32.0� 7.1 1.5� 1.4 69.3� 6.6

4.2091 −12; 580.5 3283 16.4� 2.3 42.0� 8.6 0.7� 0.9 81.9� 5.2
−12; 580.4 4862 16.2� 2.4 52.9� 12.1 0.5� 0.8 81.2� 5.0
−12; 578.0 1142 13.4� 2.1 55.6� 8.3 0.4� 0.6 79.2� 5.0
−12; 575.9 662 13.2� 2.1 49.2� 7.7 1.1� 1.0 80.6� 5.1

4.2187 −20; 265.7 6780 16.0� 2.3 30.3� 4.0 1.5� 1.3 75.9� 4.0
−20; 261.2 2880 20.2� 2.2 30.8� 3.6 0.5� 0.5 76.9� 4.0
−20; 254.5 306 13.8� 1.8 33.9� 4.1 0.6� 0.8 76.4� 4.1

4.2263 −54; 577.5 5841 12.8� 1.1 35.3� 3.1 2.2� 0.9 78.9� 2.7
−54; 551.9 3200 15.7� 1.2 29.2� 2.5 0.5� 0.5 80.9� 2.7
−54; 535.6 949 14.6� 1.2 46.1� 4.9 0.6� 0.4 79.8� 2.6

4.2357 −24; 313.9 6716 12.3� 1.6 26.9� 3.5 1.4� 1.4 83.5� 4.1
−24; 311.4 1105 14.0� 1.8 27.1� 3.7 2.2� 1.6 83.5� 4.2
−24; 279.7 2154 26.7� 3.0 25.7� 3.2 0.4� 0.7 90.9� 4.2

4.2438 −24; 622.5 1982 7.3� 1.2 33.2� 7.7 0.9� 1.1 90.4� 4.1
−24; 621.5 3773 7.3� 1.3 18.9� 2.5 0.2� 0.4 91.9� 4.1
−24; 614.3 383 8.6� 1.3 18.6� 2.3 0.5� 0.6 92.2� 4.0
−24; 612.1 3840 8.5� 1.3 34.1� 9.2 0.4� 0.5 91.7� 4.0
−24; 575.6 3840 6.7� 1.2 72.6� 7.2 0.3� 0.4 91.2� 4.1
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TABLE VI. The fractions (in %) of π�Zcð3900Þ∓, f0ð980ÞJ=ψ , f2ð1270ÞJ=ψ , and ðπþπ−ÞS-waveJ=ψ corresponding to different FCN
values that appeared in 10,000 random initialization fits at each energy point. Some solutions with the same FCN but with less than
100 cumulative times are not listed. The “Nt” is the cumulative times. The ðπþπ−ÞS-waveJ=ψ is the whole of f0ð500ÞJ=ψ , f0ð980ÞJ=ψ ,
and f0ð1370ÞJ=ψ . The π�Zcð3900Þ∓, f0ð980ÞJ=ψ , and f2ð1270ÞJ=ψ stand for eþe− → πþZcð3900Þ− þ c:c: → πþπ−J=ψ,
f0ð980Þð→ πþπ−ÞJ=ψ , and f2ð1270Þð→ πþπ−ÞJ=ψ , respectively.ffiffiffi
s

p
(GeV) FCN Nt π�Zcð3900Þ∓ f0ð980ÞJ=ψ f2ð1270ÞJ=ψ ðπþπ−ÞS-waveJ=ψ

4.2580 −28; 755.7 7958 8.3� 1.2 25.2� 4.7 6.8� 2.6 83.6� 4.6
−28; 698.2 1188 8.3� 1.1 68.3� 7.4 0.5� 0.7 88.9� 3.7
−28; 693.6 476 9.9� 1.4 91.8� 15.2 1.8� 1.2 87.2� 3.9
−28; 684.9 366 10.9� 1.4 98.4� 9.0 2.1� 1.2 86.4� 3.8

4.2667 −16; 248.2 3872 7.1� 1.5 8.8� 2.4 0.1� 0.2 94.2� 4.9
−16; 234.3 2261 7.0� 1.4 44.3� 6.0 1.1� 1.3 91.8� 4.9
−16; 223.7 1941 14.0� 2.6 38.4� 5.7 1.7� 1.9 95.4� 5.3
−16; 203.5 279 14.5� 2.3 42.6� 6.8 3.1� 2.5 93.0� 5.4
−16; 201.6 1531 9.9� 1.9 41.3� 7.0 14.6� 4.1 77.9� 6.1

4.2776 −4179.6 1425 13.7� 4.2 28.2� 9.6 12.2� 6.9 85.3� 10.8
−4177.9 140 12.7� 3.9 30.9� 9.7 8.6� 5.3 89.4� 10.5
−4177.6 1372 13.3� 4.1 30.1� 9.3 8.5� 5.9 88.7� 10.2
−4174.4 113 6.7� 2.9 4.2� 2.3 0.1� 0.4 93.0� 8.4
−4173.5 323 6.3� 2.3 5.6� 5.0 1.3� 2.6 92.4� 8.6
−4170.3 120 11.7� 3.8 33.3� 10.1 3.9� 3.8 86.2� 9.1
−4164.4 5221 14.8� 3.7 92.8� 13.1 4.9� 3.4 85.0� 8.2
−4162.4 270 15.2� 3.8 93.1� 13.3 4.0� 3.0 88.0� 8.1
−4158.0 186 11.8� 3.5 101.0� 15.2 1.9� 2.3 89.3� 8.1

4.2866 −14; 157.2 5614 9.6� 1.8 6.4� 1.7 3.0� 1.7 89.9� 5.3
−14; 150.9 1245 7.9� 1.7 9.2� 2.5 7.5� 3.5 84.6� 6.2
−14; 148.3 3120 7.0� 1.4 8.4� 2.1 5.7� 3.0 88.0� 5.8

4.3115 −11; 081.1 6636 8.4� 1.9 5.6� 2.5 9.5� 4.7 83.8� 7.9
−11; 077.7 1843 6.2� 1.5 4.0� 1.8 4.6� 2.8 87.8� 6.3
−11; 061.5 576 22.1� 4.0 6.0� 3.0 9.1� 3.7 90.9� 7.5
−11; 038.1 400 13.1� 4.0 7.4� 3.1 36.0� 7.5 55.6� 12.8

4.3370 −9396.1 6303 12.1� 2.7 2.7� 2.2 8.7� 5.5 88.2� 8.7
−9391.2 946 10.3� 2.2 1.3� 1.2 1.5� 1.5 91.9� 6.5
−9390.3 736 24.8� 4.2 0.9� 1.1 0.8� 1.2 96.5� 6.5
−9368.0 206 13.7� 2.5 22.9� 8.9 2.0� 2.3 89.1� 6.6
−9352.6 150 23.1� 3.8 58.0� 8.3 1.0� 1.3 94.8� 6.2
−9348.3 1635 7.5� 1.9 1.5� 1.9 5.6� 4.1 89.8� 7.2

4.3583 −6633.9 1661 9.2� 2.3 2.1� 2.0 1.7� 1.4 91.9� 7.1
−6629.1 3826 10.8� 2.6 36.0� 8.2 1.9� 1.5 92.7� 7.3
−6627.9 206 8.3� 2.4 1.7� 1.7 1.0� 1.0 89.5� 7.2
−6626.8 213 11.1� 3.4 4.5� 3.7 8.7� 6.0 87.0� 8.6
−6625.6 393 12.5� 3.4 38.6� 7.6 3.1� 2.4 92.8� 7.5
−6611.8 233 8.5� 2.5 18.4� 9.5 1.7� 1.3 90.6� 6.9
−6611.0 113 10.6� 3.2 42.1� 8.9 2.2� 1.6 92.3� 7.1
−6608.6 3107 7.0� 2.4 44.4� 9.4 2.0� 1.5 93.1� 7.2
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TABLE VII. The fit fractions (in %) of the subprocesses in the PWA for different energy points, calculated by using the Breit-Wigner
and K-matrix methods to parametrize the ðπþπ−ÞS-wave. The ðπþπ−ÞS-waveJ=ψ is the whole of f0ð500ÞJ=ψ , f0ð980ÞJ=ψ , and
f0ð1370ÞJ=ψ . The π�Zcð3900Þ∓, f0ð980ÞJ=ψ , and f2ð1270ÞJ=ψ stand for eþe− → πþZcð3900Þ− þ c:c: → πþπ−J=ψ,
f0ð980Þð→ πþπ−ÞJ=ψ , and f2ð1270Þð→ πþπ−ÞJ=ψ , respectively. The first uncertainty is statistical, and the second one systematic.

Breit-Wigner K-matrixffiffiffi
s

p
(GeV) π�Zcð3900Þ∓ f0ð980ÞJ=ψ f2ð1270ÞJ=ψ ðπþπ−ÞS-waveJ=ψ π�Zcð3900Þ∓ f2ð1270ÞJ=ψ ðπþπ−ÞS-waveJ=ψ

4.1271 12.4� 4.7� 2.4 53.4� 16.7� 19.5 2.7� 3.0� 2.0 75.1� 11.1� 8.5 9.9� 3.6� 2.2 2.9� 3.4� 0.1 73.8� 7.0� 1.3
4.1567 17.9� 4.7� 2.5 54.0� 13.7� 11.9 12.2� 4.5� 2.8 75.3� 11.4� 3.9 15.5� 5.4� 2.1 10.4� 5.1� 1.9 76.5� 13.9� 1.2
4.1780 36.6� 3.3� 8.2 36.3� 4.8� 17.0 9.0� 2.1� 11.4 68.4� 4.2� 15.3 27.4� 4.1� 9.0 1.2� 1.0� 8.0 82.7� 11.4� 14.3
4.1888 30.2� 6.9� 5.1 35.0� 10.3� 9.9 4.1� 3.7� 3.7 78.3� 8.9� 4.4 30.5� 5.9� 0.5 3.3� 3.2� 1.0 84.9� 4.6� 6.6
4.1989 22.6� 3.6� 3.6 33.9� 8.4� 12.4 0.1� 0.9� 1.4 71.3� 6.5� 9.8 24.6� 4.6� 2.2 1.9� 1.4� 1.6 75.9� 7.8� 4.6
4.2091 13.6� 2.1� 2.8 55.4� 8.3� 30.0 0.3� 0.6� 0.7 81.9� 5.0� 5.0 11.9� 2.2� 1.5 0.3� 0.4� 0.2 80.0� 5.6� 1.9
4.2187 16.2� 2.1� 2.6 30.0� 4.0� 7.9 1.4� 1.2� 1.2 75.9� 4.0� 2.9 12.6� 1.8� 3.4 0.3� 0.4� 1.2 79.6� 7.4� 3.7
4.2263 13.0� 1.1� 2.2 35.0� 3.1� 11.6 2.1� 0.9� 0.9 78.8� 2.7� 2.8 10.6� 1.1� 2.2 1.5� 1.1� 0.7 82.5� 4.7� 3.6
4.2357 12.5� 1.6� 2.4 26.6� 3.5� 10.9 1.3� 1.4� 0.6 83.5� 4.1� 1.5 10.0� 1.4� 2.3 0.6� 0.9� 0.9 85.0� 7.4� 1.5
4.2438 7.5� 1.2� 2.4 32.9� 7.7� 15.6 0.8� 1.1� 0.6 90.4� 4.1� 2.1 5.3� 1.1� 2.0 1.3� 2.0� 0.4 87.6� 2.8� 2.8
4.2580 8.6� 1.2� 1.7 24.9� 4.7� 14.6 6.6� 2.6� 3.7 83.6� 4.5� 4.2 9.0� 1.2� 0.7 2.8� 1.7� 4.0 82.8� 3.1� 0.8
4.2667 7.3� 1.5� 1.8 8.5� 2.5� 6.5 0.1� 0.2� 0.4 94.2� 4.8� 1.4 8.6� 1.3� 1.5 1.8� 0.7� 1.7 89.3� 8.5� 4.9
4.2776 13.9� 4.2� 2.2 27.9� 9.6� 10.9 12.1� 6.9� 5.9 85.3� 10.8� 7.6 14.1� 6.1� 0.4 5.9� 4.2� 6.2 85.7� 45.2� 0.5
4.2866 9.9� 1.8� 2.6 6.1� 1.7� 6.3 2.9� 1.7� 1.6 89.9� 5.3� 1.4 7.8� 1.9� 1.9 6.3� 5.0� 3.3 85.1� 14.7� 4.8
4.3115 8.6� 1.9� 2.6 5.3� 2.5� 4.3 9.3� 4.8� 5.8 83.8� 7.9� 4.5 10.8� 2.2� 2.4 1.4� 1.5� 8.1 87.2� 9.2� 3.4
4.3370 12.3� 2.7� 3.0 2.4� 2.2� 4.5 8.6� 5.4� 7.9 88.2� 8.6� 4.8 12.9� 2.6� 0.8 1.6� 1.7� 7.1 92.2� 6.2� 4.1
4.3583 9.4� 2.3� 1.8 1.8� 2.0� 4.3 1.6� 1.4� 0.9 91.9� 7.1� 1.6 15.1� 3.4� 6.0 1.6� 1.6� 0.1 95.5� 9.8� 3.6

TABLE VIII. The cross sections (in pb) of the subprocesses in the PWA for different energy points by using the Breit-Wigner and K-
matrix methods to parametrize the ðπþπ−ÞS-wave. The ðπþπ−ÞS-waveJ=ψ is the whole of f0ð500ÞJ=ψ , f0ð980ÞJ=ψ , and f0ð1370ÞJ=ψ .
The π�Zcð3900Þ∓, f0ð980ÞJ=ψ , and f2ð1270ÞJ=ψ stand for eþe− → πþZcð3900Þ− þ c:c: → πþπ−J=ψ, ðf0ð980Þ → πþπ−ÞJ=ψ , and
ðf2ð1270Þ → πþπ−ÞJ=ψ , respectively. The L (pb−1) is the integrated luminosity. The first uncertainty is statistical, and the second one
systematic. The uncertainty of L is dominated by systematic uncertainty.

Breit-Wigner K-matrixffiffiffi
s

p
(GeV) L (pb−1) π�Zcð3900Þ∓ f0ð980ÞJ=ψ f2ð1270ÞJ=ψ ðπþπ−ÞS-waveJ=ψ π�Zcð3900Þ∓ f2ð1270ÞJ=ψ ðπþπ−ÞS-waveJ=ψ

4.1271 390.0� 2.6 1.5� 0.6� 0.3 6.4� 2.0� 2.4 0.3� 0.4� 0.2 9.0� 1.3� 1.0 1.2� 0.4� 0.3 0.3� 0.4� 0.0 8.9� 0.8� 0.2
4.1567 409.9� 2.7 2.1� 0.6� 0.3 6.4� 1.6� 1.5 1.4� 0.5� 0.3 8.9� 1.3� 0.5 1.8� 0.6� 0.3 1.2� 0.6� 0.2 9.1� 1.6� 0.1
4.1780 3194.5� 31.9 4.8� 0.4� 1.1 4.8� 0.6� 2.3 1.2� 0.3� 1.5 9.0� 0.6� 2.0 3.6� 0.5� 1.2 0.2� 0.1� 1.0 10.9� 1.5� 1.9
4.1888 570.1� 2.2 5.0� 1.2� 0.9 5.8� 1.7� 1.7 0.7� 0.6� 0.6 13.0� 1.5� 0.7 5.1� 1.0� 0.1 0.5� 0.5� 0.2 14.1� 0.8� 1.1
4.1989 524.6� 2.1 6.5� 1.0� 1.1 9.7� 2.4� 3.6 0.0� 0.2� 0.4 20.4� 1.9� 2.8 7.0� 1.3� 0.6 0.5� 0.4� 0.5 21.7� 2.2� 1.3
4.2091 572.1� 1.8 6.3� 1.0� 1.3 25.4� 3.8� 13.8 0.1� 0.3� 0.3 37.6� 2.3� 2.3 5.5� 1.0� 0.7 0.1� 0.2� 0.1 36.7� 2.6� 0.9
4.2187 569.2� 1.8 11.5� 1.5� 1.9 21.3� 2.9� 5.7 1.0� 0.9� 0.9 53.7� 2.8� 2.0 8.9� 1.3� 2.4 0.2� 0.3� 0.9 56.4� 5.2� 2.6
4.2263 1100.9� 7.0 11.6� 1.0� 2.0 31.3� 2.8� 10.4 1.9� 0.8� 0.8 70.4� 2.4� 2.5 9.4� 1.0� 2.0 1.4� 1.0� 0.6 73.6� 4.2� 3.2
4.2357 530.6� 2.4 10.1� 1.3� 1.9 21.4� 2.8� 8.8 1.0� 1.1� 0.5 67.2� 3.3� 1.2 8.1� 1.1� 1.9 0.5� 0.7� 0.7 68.4� 6.0� 1.2
4.2438 594.0� 2.7 5.6� 0.9� 1.8 24.6� 5.7� 11.6 0.6� 0.8� 0.5 67.5� 3.1� 1.5 4.0� 0.8� 1.5 0.9� 1.5� 0.3 65.4� 2.1� 2.1
4.2580 828.4� 5.5 5.2� 0.7� 1.0 15.1� 2.9� 8.9 4.0� 1.6� 2.2 50.6� 2.8� 2.6 5.5� 0.7� 0.4 1.7� 1.0� 2.4 50.1� 1.9� 0.5
4.2667 529.7� 3.1 4.1� 0.8� 1.0 4.7� 1.4� 3.7 0.1� 0.1� 0.2 52.5� 2.7� 0.8 4.8� 0.7� 0.8 1.0� 0.4� 0.9 49.8� 4.8� 2.8
4.2776 175.7� 1.0 7.4� 2.2� 1.3 14.9� 5.1� 5.9 6.4� 3.7� 3.2 45.5� 5.8� 4.1 7.5� 3.2� 0.2 3.2� 2.2� 3.3 45.8� 24.1� 0.2
4.2866 498.5� 3.3 5.3� 1.0� 1.4 3.3� 0.9� 3.4 1.5� 0.9� 0.9 48.0� 2.8� 0.8 4.1� 1.0� 1.0 3.4� 2.7� 1.7 45.5� 7.8� 2.5
4.3115 499.2� 3.3 3.3� 0.7� 1.0 2.0� 1.0� 1.7 3.6� 1.9� 2.2 32.3� 3.0� 1.7 4.2� 0.9� 0.9 0.5� 0.6� 3.1 33.6� 3.5� 1.3
4.3370 511.5� 3.4 4.3� 0.9� 1.1 0.9� 0.8� 1.6 3.0� 1.9� 2.8 30.8� 3.0� 1.7 4.5� 0.9� 0.3 0.6� 0.6� 2.5 32.3� 2.2� 1.4
4.3583 543.9� 3.6 2.4� 0.6� 0.5 0.5� 0.5� 1.1 0.4� 0.4� 0.2 23.6� 1.8� 0.4 3.9� 0.9� 1.5 0.4� 0.4� 0.0 24.6� 2.5� 0.9
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TABLE IX. The interference magnitude between each subprocess at
ffiffiffi
s

p ¼ 4.2263 and 4.2580 GeV. The Zcð3900Þ�, f0ð500Þ,
f0ð980Þ, f0ð1370Þ, and f2ð1270Þ represent π�Zcð3900Þ∓, f0ð500ÞJ=ψf0ð980ÞJ=ψ , f0ð1370ÞJ=ψ , and f2ð1270ÞJ=ψ subprocesses,
respectively. The corrections in Table II are not considered here. (In %.).

4.2263 GeV Zcð3900Þ� f0ð500Þ f0ð980Þ f0ð1370Þ f2ð1270Þ
Zcð3900Þ� 12.8� 1.1 −6.9� 3.8 −6.5� 4.4 18.3� 8.2 1.1� 2.2
f0ð500Þ 24.1� 2.5 −6.4� 5.8 −62.1� 6.8 0.1� 3.7
f0ð980Þ 35.3� 3.1 −14.2� 7.8 0.1� 4.8
f0ð1370Þ 102.1� 5.4 0.1� 7.6
f2ð1270Þ 2.3� 0.9

4.2580 GeV Zcð3900Þ� f0ð500Þ f0ð980Þ f0ð1370Þ f2ð1270Þ
Zcð3900Þ� 8.3� 1.2 −7.0� 5.1 −4.6� 6.6 11.6� 12.8 1.4� 4.4
f0ð500Þ 29.9� 3.5 −7.6� 9.1 −67.9� 11.0 0.1� 6.0
f0ð980Þ 25.2� 4.8 −1.65� 12.5 0.1� 8.2
f0ð1370Þ 105.8� 8.8 0.1� 12.2
f2ð1270Þ 6.8� 2.6

TABLE X. The χ2=ndf for mðπ�J=ψÞ, mðπþπ−Þ, and the Dalitz distribution of m2ðπ�J=ψÞ vs m2ðπþπ−Þ in the fit.ffiffiffi
s

p
(GeV) mðπ�J=ψÞ mðπþπ−Þ m2ðπ�J=ψÞ vs m2ðπþπ−Þ

4.1271 1.05 1.05 1.16
4.1567 1.29 0.82 0.82
4.1780 1.48 1.24 1.71
4.1888 0.86 1.05 1.09
4.1989 1.47 1.47 1.42
4.2091 1.05 1.20 1.46
4.2187 1.48 1.43 1.21
4.2263 1.72 1.77 1.47
4.2357 0.87 0.69 1.03
4.2438 1.71 1.25 1.23
4.2580 1.05 1.25 1.20
4.2667 1.60 1.47 1.15
4.2776 0.77 1.03 1.02
4.2866 1.75 1.56 1.18
4.3115 1.13 0.80 1.39
4.3368 1.49 0.98 1.75
4.3583 1.21 0.96 1.38

M. ABLIKIM et al. PHYS. REV. D 112, 092013 (2025)

092013-14



FIG. 5. The PWA fit results of
ffiffiffi
s

p ¼ 4.1271 (1st row), 4.1567 (2nd row), 4.1888 (3rd row), and 4.1989 (4th row) GeV samples. The
plots show the distributions of mðπ�J=ψÞ (1st column), mðπþπ−Þ (2nd column), and Dalitz plots from data (3rd column) and the fit
result (4th column). The χ2=ndf for each term are listed in Table X.
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FIG. 6. The PWA fit results of
ffiffiffi
s

p ¼ 4.2091 (1st row), 4.2187 (2nd row), 4.2263 (3rd row), and 4.2357 (4th row) GeV samples. The
plots show the distributions of mðπ�J=ψÞ (1st column), mðπþπ−Þ (2nd column), and Dalitz plots from data (3rd column) and the fit
result (4th column). The χ2=ndf for each term are listed in Table X.
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FIG. 7. The PWA fit results of
ffiffiffi
s

p ¼ 4.2438 (1st row), 4.2580 (2nd row), 4.2667 (3rd row), and 4.2776 (4th row) GeV samples. The
plots show the distributions of mðπ�J=ψÞ (1st column), mðπþπ−Þ (2nd column), and Dalitz plots from data (3rd column) and the fit
result (4th column). The χ2=ndf for each term are listed in Table X.
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FIG. 8. The PWA fit results of
ffiffiffi
s

p ¼ 4.2866 (1st row), 4.3115 (2nd row), 4.3370 (3rd row), and 4.3583 (4th row) GeV samples. The
plots show the distributions of mðπ�J=ψÞ (1st column), mðπþπ−Þ (2nd column), and Dalitz plots from data (3rd column) and the fit
result (4th column). The χ2=ndf for each term are listed in Table X.
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FIG. 9. Themðπ�J=ψÞ distribution after the efficiency correction for the other 16 energy points except the ffiffiffi
s

p ¼ 4.1780 GeV sample.
The sideband events are used as an estimate of the background events and subtracted from events in the signal region.
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FIG. 10. Themðπþπ−Þ distribution after the efficiency correction for the other 16 energy points except the ffiffiffi
s

p ¼ 4.1780 GeV sample.
The sideband events are used as an estimate of the background events and subtracted from events in the signal region.
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FIG. 11. The PWA fit results with the samples at
ffiffiffi
s

p ¼ 4.3768 (1st row), 4.3954 (2nd row), 4.4156 (3rd row), and 4.4359 (4th row)
GeV. The plots show the distributions of mðπ�J=ψÞ (1st column), mðπþπ−Þ (2nd column), and Dalitz plots from data (3rd column) and
the fit result (4th column). In addition to π�Zcð3900Þ∓, f0ð500ÞJ=ψf0ð980ÞJ=ψ , f0ð1370ÞJ=ψ , and f2ð1270ÞJ=ψ , the subprocess also
includes π�Zcð4020Þ∓. The mðπ�J=ψÞ is not well fitted.
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FIG. 12. The Argand diagram with the samples at
ffiffiffi
s

p ¼ 4.1780, 4.2091, 4.2187, 4.2263, 4.2357, 4.2438, 4.2580, 4.2667, 4.2866,
4.3115, and 4.3370 GeV. According to the distribution of mðπ�J=ψÞ, it is divided into nine intervals: (–, 3.780), (3.780, 3.845), (3.845,
3.865), (3.865, 3.880), (3.880, 3.895), (3.895, 3.910), (3.910, 3.930), (3.930, 3.955), and ð3.955;−Þ GeV=c2. The two bins on the edges
use the 0th and 7th pairs of parameters, and the other bins are interpolated using the neighboring parameters according to the mass of
mðπ�J=ψÞ. The connected line indicates the mðπ�J=ψÞ increases counterclockwise, which is expected for resonance behavior.
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