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Inspired by the BESIII observation of exotic hadron Gð3900Þ in the eþe− → DD̄ process [M. Ablikim
et al. (BESIII Collaboration), Phys. Rev. Lett. 133, 081901 (2024)], we use the parton and hadron cascade
model PACIAE to simulate the productions of charmonium-like exotic hadrons, including Xð3872Þ,
Zcð3900Þ0, and Gð3900Þ in the eþe− annihilations at

ffiffiffi
s

p ¼ 4.95 GeV. The charmonium-like candidates
are recombined by the dynamically constrained phase-space coalescence model using component mesons
DD̄ [for Gð3900Þ] or DD̄�=D̄D� [for Xð3872Þ, Zcð3900Þ0, and Gð3900Þ] in the PACIAE simulated final
hadronic state. We then calculate, for the first time, the charmonium-like candidate’s orbital angular
momentum quantum number in its rest frame and perform the spectral classification for each of the above
candidates. For Gð3900Þ, as its JPC is 1−−, it is identified as the P-wave DD̄ or DD̄�=D̄D� state.
Meanwhile, for Xð3872Þ and Zcð3900Þ0, as their JPCs are, respectively, 1þþ and 1þ−, they are identified as
the S-wave DD̄�=D̄D� candidates. It is observed that the yield of the P-wave Gð3900Þ composed of
DD̄�=D̄D� is significantly larger than that composed of DD̄. Moreover, in the DD̄�=D̄D� channel, the
yield of the P-wave Gð3900Þ is around three times as large as the yield of the S-wave Zcð3900Þ0, and it is
around two orders of magnitude as large as the yield of the S-wave Xð3872Þ. Finally, significant
discrepancies are observed in the transverse momentum spectra and the rapidity distributions among the
Xð3872Þ, Zcð3900Þ0, and Gð3900Þ states. These discrepancies are proposed as valuable criteria for
identifying the different charmonium-like exotic hadrons from each other.

DOI: 10.1103/1gtz-xkgh

I. INTRODUCTION

The exotic hadrons (unusual hadrons) containing more
than three quarks/antiquarks are allowed and expected
by the quark model and the quantum chromodynamics
(QCD) [1,2]. The first exotic hadron Xð3872Þwas observed
in eþe− collisions by the Belle Collaboration in 2003 [3].
Since then, more and more experimental measurements
and theoretical explanations about the exotic hadrons have
been published. There are experimental studies from the

BABAR [4], the Belle [5–7], the BESIII [8–11], and the
LHCb [12] Collaborations. The theoretical methods
include the lattice QCD (LQCD) [13–17], the QCD sum
rule [18–20], the Schrödinger equation Gaussian expan-
sion method [21], the quasi three-body unitary model [22],
and our phenomenological model, the Monte Carlo sim-
ulation method [23]. We refer to the review papers in
Refs. [24–29].
Our phenomenological model Monte Carlo simu-

lation method is composed of the parton and hadron
cascade model PACIAE [30,31] and the quantum statistical
mechanics based on the dynamically constrained phase-
space coalescence model (DCPC) [32], i.e., PACIAEþ
DCPC. It has been successfully employed in describing the
formations of exotic hadrons in the eþe− annihilations
at BESIII energies and in the proton-proton (pp) colli-
sions at LHC energies [23,33–36]. Among our method,
the model of the LQCD [13–17], the QCD sum rule
[18–20], and the Schrödinger equation Gaussian expansion
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method [21], etc., each has its advantages and disadvan-
tages. They are mutually nonexclusive and even indispen-
sable mutually. All of them should be studied together with
the experiments to further reveal the nature of the exotic
hadrons.
After the BABAR and Belle Collaborations observed a

peak around 3.9 GeV in eþe− → DD̄=DD̄� and interpreted
it as a Gð3900Þ candidate [4,6], the BESIII Collabora-
tion has also recently reported its observation of the
Gð3900Þ peak in the eþe− → D0D̄0=DþD− processes [11].
Meanwhile, its structure has been identified as the P-wave
DD̄�=D̄D� resonance in Ref. [37]. The Belle Collaboration
had measured the mass and the decay width of Xð3872Þ in
the decay channel of Xð3872Þ → D�0D̄0 [5]. The quantum
numbers JPC of Xð3872Þ was determined as 1þþ by the
LHCb Collaboration [38]. The Zcð3900Þ0 was first
observed by the BESIII Collaboration in the decay channel
of Zcð3900Þ0 → π0J=ψ [9]. Later, its JPC was determined
as 1þ− by this collaboration [37,39].
In this paper, we use the PACIAE model to simulate the

productions of the charmonium-like exotic hadrons, includ-
ing Xð3872Þ, Zcð3900Þ0, and Gð3900Þ in the eþe− anni-
hilations at the BESIII upper energy of

ffiffiffi
s

p ¼ 4.95 GeV.
The charmonium-like candidate is then recombined by the
DCPC model using constituent mesons of DD̄ or
DD̄�=D̄D� in the PACIAE model’s simulated final had-
ronic state. Here, DD̄ refers to D0D̄0 or DþD−, while
DD̄�=D̄D� refers toD0D̄�0=D̄0D�0 orDþD�−=D−D�þ. For
Gð3900Þ, its component mesons could be DD̄ or
DD̄�=D̄D�. However, for Xð3872Þ and Zcð3900Þ0, their
component mesons could be only the DD̄�=D̄D�, as they
are not observed experimentally in the DD̄ final state
[3,5,9,10,39]. We then calculate the charmonium-like
candidate’s orbital angular momentum quantum number
in its rest frame for the first time. The spectral classification
is performed for each of the above charmonium-like
candidates according to the spectroscopic notation of
2Sþ1LJ [40], where S, L, and J are, respectively, the
spin, the orbital angular momentum, and the total
angular momentum (physical spin) quantum numbers of
the charmonium-like candidates. The wave shapes of
S; P;D;… are just corresponding to the L ¼ 0; 1; 2;…,
respectively.
For Gð3900Þ, as its JPC is 1−− [37], it is identified as the

P-wave DD̄ or DD̄�=D̄D� state. Moreover, for Xð3872Þ
and Zcð3900Þ0, as their JPCs are, respectively, 1þþ and
1þ− [37–39], they are identified as the S-wave DD̄�=D̄D�
state. We will compare the yields, the transverse momen-
tum spectra, and the rapidity distributions among the
P-wave DD̄ or DD̄�=D̄D� state Gð3900Þ and the S-wave
DD̄�=D̄D� states Xð3872Þ and Zcð3900Þ0. These discrep-
ancies will provide valuable criteria for identifying
the different charmonium-like exotic hadrons from each
other.

II. MODEL

In the PACIAE model, the simulation of eþe− annihi-
lation is first executed by PYTHIA6/PYTHIA8 [41,42] with
presetting of temporarily turning off string fragmentation
and with postsetting of breaking up diquark/antidiquark
randomly. The partonic initial state is available after partons
are randomly assigned on the surface of the sphere with
radius of 1 fm. Then, this partonic initial state proceeds
2 → 2 partonic rescattering. Here, the lowest order pertur-
bative quantum chromodynamics (pQCD) cross section
is introduced for the partonic rescattering processes. For
the cases involving heavy quarks, such as qc → qc and
gc → gc, the effect of the heavy quark mass has been
considered in the cross section calculation [43]. The final
partonic state is reached after the partonic rescattering.
Third, the final partonic state is hadronized by the Lund
string fragmentation regime and/or the Monte Carlo coa-
lescence model. It results an intermediately final hadronic
state. Finally, this intermediate final hadronic state goes
through the hadronic rescattering and the kinetic freeze-out
happens, resulting in a final hadronic state (FHS). Here, the
considered 2 → 2 hadronic rescattering processes are taken
from Ref. [44] with an empirical cross section [30].
The DCPC model is based on the quantum statistical

mechanics [45,46]. In this model, the yield of theN-particle
cluster reads

YN ¼
Z

� � �
Z
Eα≤E≤Eβ

δ12���N
dx1dp1 � � �dxNdpN

h3N
; ð1Þ

where the Eα and Eβ are the cluster’s lower and upper
energy thresholds. The xi and pi are, respectively, the ith
particle three-coordinate and three-momentum in the
center-of-mass system (cms) of the eþe− collision. It is
assumed that if the cluster exists naturally, certain dynami-
cal constraints (the component constraint, the coordinate
constraint, and the momentum constraint) should be
satisfied.
Taking a charmonium-like candidate (i.e., the cluster

mentioned above) composed of D0 and D̄�0 (i.e., the
component hadrons mentioned above) as an example,
the dynamical constraint is then

δ12 ¼

8><
>:

1; if 1≡D0; 2≡ D̄�0; Ri ≤ R0; and

m0 − Δm ≤ minv ≤ m0 þ Δm
0; otherwise

; ð2Þ

where m0 refers to the mass of the charmonium-like
candidate, Δm is the mass uncertainty (a free parameter),
which is estimated as the half decay width of the charmo-
nium-like candidate. Table I lists m0 and Δm for the
charmonium-like exotic hadrons Xð3872Þ, Zcð3900Þ0,
and Gð3900Þ [5,11,39]. R0 and Ri (i ¼ 1, 2) are, respec-
tively, the radius of the charmonium-like cluster (a free

JIAN CAO et al. PHYS. REV. D 112, 014033 (2025)

014033-2



parameter) and the position vector length of the component
meson i in the rest frame of the cluster. In this frame, the
three-coordinate of the constituent meson (D0 and D̄�0) is
denoted as x�i . It is obtained by first Lorentz transforming xi
to the cms of the constituent mesons and then propagating
the earlier freeze-out component meson freely to the freeze-
out time of the later component meson [47,48]. R0 is
assumed to be in the range of 1 fm < R0 < 10 fm as the
relative distances between two component mesons should
be larger than the sum of the radius of two component
mesons and less than the interaction range of 20 fm [49,50].
The invariant mass (minv) reads

minv ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi X2

i¼1

Ei

!
2

−

 X2
i¼1

pi

!
2

vuut ; ð3Þ

where Ei and pi (i ¼ 1, 2) are the component meson’s
(D0 and D̄�0) energy and three-momentum in the cms of the
eþe− collisions, respectively.
This PACIAEþ DCPC model has been successfully

applied to calculate the yield of the exotic states, such as the
Xð3872Þ [23,33,34], the Z�

c ð3900Þ [51], the Pcð4312Þ,
the Pcð4440Þ, the Pcð4457Þ [35], the Ω0

c [52], and the
Xð2370Þ [36] based on the PACIAE simulated patonic or
hadronic final states.
To generate the charmonium-like candidate composed of

DD̄ for instance, a component meson list consists of Dþ,
D−, D0, and D̄0 taken from the PACIAE model simulated
FHS should be first constructed. Then, a two-layer cycle
over the component mesons in the list is then implemented.
Each combination in the cycle, if it is DþD− or D0D̄0 and
satisfies the corresponding constraints in Eq. (2), counts
as a charmonium-like candidate. The meson list is then
updated by removing the used meson. A new two-layer
cycle is executed on the updated list. Repeat these steps
until the list is empty or the rest in the list is unable to
generate a charmonium-like candidate. The production of
the charmonium-like candidate composed of DD̄�=D̄D� is
done in a similar way.
In the charmonium-like candidate rest frame, its orbital

angular momentum (OAM) l� is the sum over the OAMs of
its constituent mesons. This is expressed as

l� ¼ x�1 × p�1 þ x�2 × p�2; ð4Þ
where p�i (i ¼ 1, 2) is the three-momentum of the con-
stituent meson. It is obtained by Lorentz transforming pi to

the cms of the constituent mesons (i.e., the charmonium-
like candidate rest frame). According to quantum mechan-
ics, the OAM should be quantized by

l�2 ¼ LðLþ 1Þℏ2; ð5Þ
where ℏ is the reduced Planck constant, and L is the orbital
angular momentum quantum number of the charmonium-
like candidate. As L should be an integer, the solution of
Eq. (5) reads

L ¼ round

�
−1þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4l�2=ℏ2

p
2

�
; ð6Þ

where the function round(X) returns X’s nearest integer.
Such a quantization rule is denoted as a quantum axiom
in Ref. [53].
For the charmonium-like candidate composed ofDD̄, its

parity is P ¼ PD � PD̄ � ð−1ÞL ¼ ð−1ÞL, and its C-parity is
C ¼ ð−1ÞLþS, where S is the total spin ofD and D̄ [40]. For
the charmonium-like candidate composed of DD̄�=D̄D�,
its parity is P ¼ PDðD̄Þ � PD̄�ðD�Þð−1ÞL ¼ ð−1ÞL. Since
DD̄� is not an eigenstate of the charge conjugate operator
C, the C-parity is defined for the symmetric/antisymmetric
combination ðDD̄� � D̄D�Þ= ffiffiffi

2
p

. For the symmetric (anti-
symmetric) combination, itsC-parity is−1ðþ1Þ [37]. Having
the spin S and the orbital angular momentum quantum
number L, we are able to determine the charmonium-like
state’s quantum number JPC, where J ¼ jL − Sj;…; Lþ S.
For the general exotic hadron, its quantum number JPC has to
be known by the five-dimensional angular correlation and/or
the cross section angular distribution analysis [54,55].

III. RESULTS AND DISCUSSIONS

The PACIAE 4.0 model [31] is used to simulate the eþe−

collisions at
ffiffiffi
s

p ¼ 4.95 GeV. A total of 500 million eþe−
collision events are generated with the default model
parameters. Then, the charmonium-like candidates are
recombined by the DCPC model with component mesons
of DD̄ or DD̄�=D̄D� in the PACAIE simulated FHS.
According to the method in the end of the “Model” section,
the JPCs for the charmonium-like S-, P-, and D-wave
candidates composed of DD̄ are, respectively, 0þþ, 1−−,
and 2þþ. Moreover, the JPCs for the S-, P-, and D-wave
charmonium-like candidates composed of DD̄�=D̄D� are,
respectively, 1þ�, ð0; 1; 2Þ−�, and ð1; 2; 3Þþ�. For
Gð3900Þ, as its JPC is 1−− [37], it is identified as the P-
waveDD̄ orDD̄�=D̄D� state. Meanwhile, for Xð3872Þ and
Zcð3900Þ0, as their JPCs are, respectively, 1þþ and 1þ−

[37–39], they are identified as the S-wave DD̄�=D̄D� state.
The event averaged yields of the P-wave DD̄ and
DD̄�=D̄D� state Gð3900Þ, as well as the S-wave
DD̄�=D̄D� states Xð3872Þ and Zcð3900Þ0, are tabulated
in Table II. It is observed that the yield of the P-wave

TABLE I. m0 and Δm for the charmonium-like exotic hadrons
Xð3872Þ, Zcð3900Þ0, and Gð3900Þ.

Xð3872Þ Zcð3900Þ0 Gð3900Þ
m0 (MeV=c2) 3872.9 3893.0 3872.5
Δm (MeV=c2) 1.95 22.1 89.85
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Gð3900Þ composed of DD̄�=D̄D� is significantly larger
than that composed of DD̄. Moreover, in the DD̄�=D̄D�
channel, the yield of the P-wave Gð3900Þ is around three
times as large as the yield of the S-wave Zcð3900Þ0, and it is
around two orders of magnitude as large as the yield of the
S-wave Xð3872Þ.
We have also investigated the effect of varying the

coalescence radius R0 on the yield of the charmonium-
like candidates. With increasing R0 from 1 to 10 fm, the
yields of the charmonium-like candidates first increase and
then saturate at R0 ≈ 2.5 fm. Moreover, in order to study
the impact of different methods for extracting the value of L
for the charmonium-like candidates, another function
“trunc(X)” is utilized in Eq. (6). It truncates the number
X to an integer by removing the fractional part of X. With
the change of the method from “round(X)” to “trunc(X),”
the yields of the P-wave DD̄ or DD̄�=D̄D� state Gð3900Þ
and the S-wave DD̄�=D̄D� state Zcð3900Þ0 will change.
However, the yield of the S-waveDD̄�=D̄D� state Xð3872Þ
remains the same. Meanwhile, the hierarchy for the yields
of the charmonium-like exotic hadrons composed of

DD̄�=D̄D� does not change, i.e., yieldðGð3900ÞÞ >
yieldðZcð3900Þ0Þ > yieldðXð3872ÞÞ.
The upper panels in Figs. 1 and 2 show, respectively, the

simulated y and pT single-differential distributions for the
P-wave DD̄ (solid triangles up) and DD̄�=D̄D� (empty
triangles up) state Gð3900Þ, as well as the S-wave
DD̄�=D̄D� states Xð3872Þ (empty circles) and Zcð3900Þ0
(empty triangles down) in eþe− collisions at

ffiffiffi
s

p ¼
4.95 GeV. In the upper panels of Fig. 1, there is a peak
in both the first bin of ½−0.25;−0.2� and the last bin of [0.2,
0.25]. Moreover, in the upper panels of Fig. 2, there is a
peak in the first pT bin of 0–0.1 GeV=c. This is because
among our simulated final state events of eþe− annihila-
tions, aimed on the DD̄ production for instance, there are
not only two-hadron events of Dþ D̄ but also more than
two-hadron events of Dþ D̄þ πþ þ π−. In the former
events, the transverse momentum of D is just opposite to
that of D̄ leading to the zero transverse momentum of the
charmonium-like candidate if the final state photons are
neglected, which is responsible for the peaks mentioned in
the above rapidity and transverse momentum distributions.
The latter events are responsible for the rest of the pT
distribution. So far, there is no experimental results of the
Xð3872Þ, Zcð3900Þ0, andGð3900Þ productions in the eþ þ
e− → πþ þ π− þDþ D̄ and eþ þ e− → πþ þ π− þDþ
D̄� [56]. Thus, our results could serve as a prediction of
these exotic hadron productions in the eþe− annihilation
processes with four-hadron final states containing a pair of
charmed mesons.
In both y and pT single-differential distributions,

obvious discrepancies are observed among the P-wave

TABLE II. The PACIAE þ DCPC model simulated event
averaged yield of the P-wave DD̄ and DD̄�=D̄D� state
Gð3900Þ, as well as the S-wave DD̄�=D̄D� states Xð3872Þ
and Zcð3900Þ0 in eþe− collisions at

ffiffiffi
s

p ¼ 4.95 GeV.

P-wave P-wave S-wave S-wave
DD̄ DD̄�=D̄D� DD̄�=D̄D� DD̄�=D̄D�

Gð3900Þ Gð3900Þ Xð3872Þ Zcð3900Þ0
Yield 3.87 × 10−4 6.08 × 10−4 5.81 × 10−6 1.97 × 10−4

FIG. 1. Upper panels: the simulated y single-differential distributions of the P-wave DD̄ (solid triangles up) and DD̄�=D̄D� (empty
triangles up) state Gð3900Þ, as well as the S-wave DD̄�=D̄D� states Xð3872Þ (empty circles) and Zcð3900Þ0 (empty triangles down) in
eþe− collisions at

ffiffiffi
s

p ¼ 4.95 GeV. Lower panels: the ratio between two distributions denoted by the legend.
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DD̄ or DD̄�=D̄D� state Gð3900Þ and the S-wave
DD̄�=D̄D� states Xð3872Þ and Zcð3900Þ0. Since the mass
of Gð3900Þ, Xð3872Þ, and Zcð3900Þ0 are very close, it is
not easy to distinguish them experimentally from the
DD̄�=D̄D� channel. These discrepancies could serve as
effective criteria to identify the different charmonium-
like exotic hadrons from each other. We strongly suggest
the experimental measurement of the y and pT single-
differential distributions of the charmonium-like candidates
in the eþe− annihilations at the BESIII energies and
comparing them with our simulated results.

ACKNOWLEDGMENTS

We would like to thank Shi-Lin Zhu, Xiong-Fei Wang,
and Lu Meng for the fruitful discussions. We would also
like to thank the anonymous reviewers, whose comments
and suggestions were valuable for improving the quality of
this paper. This work is supported by the National Natural
Science Foundation of China under Grants No. 11447024,

11505108, and 12375135 and by the 111 project of the
foreign expert bureau of China. Y. L. Y. acknowledges the
financial support from the Key Laboratory of Quark and
Lepton Physics in Central China Normal University under
Grant No. QLPL201805 and the Continuous Basic
Scientific Research Project (No. WDJC-2019-13).
W. C. Z. is supported by the Natural Science Basic
Research Plan in Shaanxi Province of China (No. 2023-
JCYB-012). H. Z. acknowledges the financial support from
the Key Laboratory of Quark and Lepton Physics in Central
China Normal University under Grant No. QLPL2024P01.

DATA AVAILABILITY

The data that support the findings of this article are not
publicly available upon publication because it is not
technically feasible and/or the cost of preparing, depositing,
and hosting the data would be prohibitive within the terms
of this research project. The data are available from the
authors upon reasonable request.

[1] M. Gell-Mann, A schematic model of baryons and mesons,
Phys. Lett. B 8, 214 (1964).

[2] R. J. Jaffe, Multi-quark hadrons. 1. The phenomenology of
(2 quark 2 anti-quark) mesons, Phys. Rev. D 15, 267 (1977).

[3] S.-K. Choi et al. (Belle Collaboration), Observation of a narrow
charmoniumlike state in exclusive B� → K�πþπ−J=ψ ,
Phys. Rev. Lett. 91, 262001 (2003).

[4] B. Aubert et al. (BABAR Collaboration), Study of the
exclusive initial-state-radiation production of the DD̄ sys-
tem, Phys. Rev. D 76, 111105 (2007).

[5] T. Aushev et al. (Belle Collaboration), Study of the B →
Xð3872Þð→ D�0D̄0ÞK decay,Phys.Rev.D81, 031103 (2010).

[6] G. Pakhlova et al. (Belle Collaboration), Measurement
of the near-threshold eþe− → DD̄ cross section

FIG. 2. Upper panels: the simulated pT single-differential distributions of the P-wave DD̄ (solid triangles up) and DD̄�=D̄D� (empty
triangles up) state Gð3900Þ, as well as the S-wave DD̄�=D̄D� states Xð3872Þ (empty circles) and Zcð3900Þ0 (empty triangles down) in
eþe− collisions at

ffiffiffi
s

p ¼ 4.95 GeV. Lower panels: the ratio between the two distributions denoted by the legend.

CHARMONIUM-LIKE EXOTIC HADRON PRODUCTIONS IN … PHYS. REV. D 112, 014033 (2025)

014033-5

https://doi.org/10.1016/S0031-9163(64)92001-3
https://doi.org/10.1103/PhysRevD.15.267
https://doi.org/10.1103/PhysRevLett.91.262001
https://doi.org/10.1103/PhysRevD.76.111105
https://doi.org/10.1103/PhysRevD.81.031103


using initial-state radiation, Phys. Rev. D 77, 011103
(2008).

[7] Z. Q. Liu et al. (Belle Collaboration), Study of eþe− →
πþπ−J=ψ and observation of a charged charmoniumlike
state at Belle, Phys. Rev. Lett. 110, 252002 (2013).

[8] M. Ablikim et al. (BESIII Collaboration), Observation of a
charged charmoniumlike structure in eþe− → πþπ−J=ψ atffiffiffi
s

p ¼ 4.26GeV, Phys. Rev. Lett. 110, 252001 (2013).
[9] M. Ablikim et al. (BESIII Collaboration), Observation of

Zcð3900Þ0 in eþe− → π0π0J=ψ , Phys. Rev. Lett. 115,
112003 (2015).

[10] M. Ablikim et al. (BESIII Collaboration), Coupled-channel
analysis of the χc1ð3872Þ line shape with BESIII data, Phys.
Rev. Lett. 132, 151903 (2024).

[11] M. Ablikim et al. (BESIII Collaboration), Precise meas-
urement of Born cross sections for eþe− → DD̄ atffiffiffi
s

p ¼ 3.804.95GeV, Phys. Rev. Lett. 133, 081901 (2024).
[12] R. Aaij et al. (LHCb Collaboration), Probing the nature of

the χc1ð3872Þ state using radiative decays, J. High Energy
Phys. 11 (2024) 121.

[13] Y. Chen et al., Glueball spectrum and matrix elements on
anisotropic lattices, Phys. Rev. D 73, 014516 (2006).

[14] V. Mathieu, N. Kochelev, and V. Vento, The physics of
glueballs, Int. J. Mod. Phys. E 18, 1 (2009).

[15] L.-C. Gui, J.-M. Dong, Y. Chen, and Y.-B. Yang, Study of
the pseudoscalar glueball in J=ψ radiative decays, Phys.
Rev. D 100, 054511 (2019).

[16] Y.-B. Yang et al., Lattice study on ηc2 and Xð3872Þ, Phys.
Rev. D 87, 014501 (2013).

[17] M. Padmanath and C. B. Lang, Xð3872Þ and Yð4140Þ using
diquark-antidiquark operators with lattice QCD, Phys. Rev.
D 92, 034501 (2015).

[18] H.-X. Chen, W. Chen, and S.-L. Zhu, Two- and three-
gluon glueballs of C ¼ þ, Phys. Rev. D 104, 094050
(2021).

[19] H. Mutuk, Y. Sarac, H. Gumus, and A. Ozpineci, Xð3872Þ
and its heavy quark spin symmetry partners in QCD sum
rules, Eur. Phys. J. C 78, 904 (2018).

[20] Z.-G. Wang, Decipher the width of the Xð3872Þ via the
QCD sum rules, Phys. Rev. D 109, 014017 (2024).

[21] W.-L. Wu, Y.-K. Chen, L. Meng, and S.-L. Zhu, Benchmark
calculations of fully heavy compact and molecular tetra-
quark states, Phys. Rev. D 109, 054034 (2024).

[22] S. X. Nakamura, X.-H. Li, H.-P. Peng, Z.-T. Sun, and X.-R.
Zhou, Global coupled-channel analysis of eþe− → cc̄
processes in

ffiffiffi
s

p ¼ 3.754.7GeV, arXiv:2312.17658.
[23] Z.-L. She, A.-K. Lei, Y.-L. Yan, D.-M. Zhou, W.-C. Zhang,

H. Zheng, L. Zheng, Y.-L. Xie, G. Chen, and B.-H. Sa,
Identifying an Xð3872Þ tetraquark state versus a molecular
state by formation time, velocity, and temperature in
relativistic nuclear collisions, Phys. Rev. C 110, 014910
(2024).

[24] H.-X. Chen, W. Chen, X. Liu, and S.-L. Zhu, The hidden-
charm pentaquark and tetraquark states, Phys. Rep. 639, 1
(2016).

[25] A. Esposito, A. Pilloni, and A. Polosa, Multiquark reso-
nances, Phys. Rep. 668, 1 (2017).

[26] F.-K. Guo, C. Hanhart, U.-G. Meißner, Q. Wang, Q. Zhao,
and B.-S. Zou, Hadronic molecules, Rev. Mod. Phys. 90,
015004 (2018).

[27] S. L. Olsen, T. Skwarnicki, and D. Zieminska, Nonstandard
heavy mesons and baryons: Experimental evidence, Rev.
Mod. Phys. 90, 015003 (2018).

[28] N. Brambilla, S. Eidelman, C. Hanhart, A. Nefediev, C.-P.
Shen, C. E. Thomas, A. Vairo, and C.-Z. Yuan, The XYZ
states: Experimental and theoretical status and perspectives,
Phys. Rep. 873, 1 (2020).

[29] H.-X. Chen, W. Chen, X. Liu, Y.-R. Liu, and S.-L. Zhu, An
updated review of the new hadron states, Rep. Prog. Phys.
86, 026201 (2023).

[30] A.-K. Lei, Y.-L. Yan, D.-M. Zhou, Z.-L. She, L. Zheng,
G.-C. Yong, X.-M. Li, G. Chen, X. Cai, and B.-H. Sa,
Introduction to the parton and hadron cascade model
PACIAE 3.0, Phys. Rev. C 108, 064909 (2023).

[31] A.-K Lei, Z.-L. She, Y.-L. Yan, D.-M. Zhou, L. Zheng,
W.-C. Zhang, H. Zheng, L. V. Bravina, E. E. Zabrodin,
and B.-H. Sa, A brief introduction to PACIAE 4.0, Comput.
Phys. Commun. 310, 109520 (2025).

[32] Y.-L. Yan, G. Chen, X.-M. Li, D.-M. Zhou, M.-J. Wang,
S.-Y. Hu, L. Ye, and B.-H. Sa, Predictions for the production
of light nuclei in pp collisions at

ffiffiffi
s

p ¼ 7 and 14TeV, Phys.
Rev. C 85, 024907 (2012).

[33] C.-T. Wu, Z.-L. She, X.-Y. Peng, X.-L. Kang, H.-G. Xu,
D.-M. Zhou, G. Chen, and B.-H. Sa, Study on the structure
of exotic states χc1ð3872Þ via beauty-hadron decays in pp
collisions at

ffiffiffi
s

p ¼ 8TeV, Phys. Rev. D 107, 114022
(2023).

[34] H.-G. Xu, Z.-L. She, D.-M. Zhou, L. Zheng, X.-L. Kang, G.
Cheng, and B.-H. Sa, Investigation of exotic state Xð3872Þ
in pp collisions at

ffiffiffi
s

p ¼ 7, 13TeV, Eur. Phys. J. C 81, 784
(2021).

[35] C.-H. Chen, Y.-L. Xie, H.-G. Xu, Z. Zhanga, D.-M. Zhou,
Z.-L. She, and G. Chen, Exotic states Pcð4312Þ, Pcð4440Þ,
and Pcð4457Þ in pp collisions at

ffiffiffi
s

p ¼ 7, 1 3TeV, Phys.
Rev. D 105, 054013 (2022).

[36] J. Cao, Z.-L. She, J.-P. Zhang, J.-H. Shi, Z.-Y. Qin, W.-C.
Zhang, H. Zheng, A.-K. Lei, D.-M. Zhou, Y.-L. Yan, and
B.-H. Sa, Xð2370Þ glueball-like particle productions in
eþe− collisions at the BESIII energy and in pp collisions
at the LHC energy with the PACIAE model, Phys. Rev. D
110, 054046 (2024).

[37] Z.-Y. Lin, J.-Z. Wang, J.-B. Cheng, L. Meng, and S.-L. Zhu,
Identification of the Gð3900Þ Structure as the P-wave
DD̄�=D̄D� resonance, Phys. Rev. Lett. 133, 241903 (2024).

[38] R. Aaij et al. (LHCb Collaboration), Determination of the
Xð3872Þ meson quantum numbers, Phys. Rev. Lett. 110,
222001 (2013).

[39] M. Ablikim et al. (BESIII Collaboration), Study of the
process eþe− → π0π0J=ψ and neutral charmoniumlike state
Zcð3900Þ0, Phys. Rev. D 102, 012009 (2020).

[40] B. R. Martin and G. Shaw, Particle Physics, 3rd ed. (John
Wiley and Sons Ltd, West Sussex, 2008).

[41] T. Sjöstrand, S. Mrenna, and P. Z. Skands, PYTHIA 6.4
physics and manual, J. High Energy Phys. 05 (2006) 026.

[42] C. Bierlich et al., A comprehensive guide to the physics and
usage of PYTHIA 8.3, SciPost Phys. Codebases 2022, 8
(2022).

[43] B. L. Combridge, Associated production of heavy flavour
states in pp and p̄p interactions: Some QCD estimates, Nucl.
Phys. B151, 429 (1979).

JIAN CAO et al. PHYS. REV. D 112, 014033 (2025)

014033-6

https://doi.org/10.1103/PhysRevD.77.011103
https://doi.org/10.1103/PhysRevD.77.011103
https://doi.org/10.1103/PhysRevLett.110.252002
https://doi.org/10.1103/PhysRevLett.110.252001
https://doi.org/10.1103/PhysRevLett.115.112003
https://doi.org/10.1103/PhysRevLett.115.112003
https://doi.org/10.1103/PhysRevLett.132.151903
https://doi.org/10.1103/PhysRevLett.132.151903
https://doi.org/10.1103/PhysRevLett.133.081901
https://doi.org/10.1007/JHEP11(2024)121
https://doi.org/10.1007/JHEP11(2024)121
https://doi.org/10.1103/PhysRevD.73.014516
https://doi.org/10.1142/S0218301309012124
https://doi.org/10.1103/PhysRevD.100.054511
https://doi.org/10.1103/PhysRevD.100.054511
https://doi.org/10.1103/PhysRevD.87.014501
https://doi.org/10.1103/PhysRevD.87.014501
https://doi.org/10.1103/PhysRevD.92.034501
https://doi.org/10.1103/PhysRevD.92.034501
https://doi.org/10.1103/PhysRevD.104.094050
https://doi.org/10.1103/PhysRevD.104.094050
https://doi.org/10.1140/epjc/s10052-018-6382-z
https://doi.org/10.1103/PhysRevD.109.014017
https://doi.org/10.1103/PhysRevD.109.054034
https://arXiv.org/abs/2312.17658
https://doi.org/10.1103/PhysRevC.110.014910
https://doi.org/10.1103/PhysRevC.110.014910
https://doi.org/10.1016/j.physrep.2016.05.004
https://doi.org/10.1016/j.physrep.2016.05.004
https://doi.org/10.1016/j.physrep.2016.11.002
https://doi.org/10.1103/RevModPhys.90.015004
https://doi.org/10.1103/RevModPhys.90.015004
https://doi.org/10.1103/RevModPhys.90.015003
https://doi.org/10.1103/RevModPhys.90.015003
https://doi.org/10.1016/j.physrep.2020.05.001
https://doi.org/10.1088/1361-6633/aca3b6
https://doi.org/10.1088/1361-6633/aca3b6
https://doi.org/10.1103/PhysRevC.108.064909
https://doi.org/10.1016/j.cpc.2025.109520
https://doi.org/10.1016/j.cpc.2025.109520
https://doi.org/10.1103/PhysRevC.85.024907
https://doi.org/10.1103/PhysRevC.85.024907
https://doi.org/10.1103/PhysRevD.107.114022
https://doi.org/10.1103/PhysRevD.107.114022
https://doi.org/10.1140/epjc/s10052-021-09573-z
https://doi.org/10.1140/epjc/s10052-021-09573-z
https://doi.org/10.1103/PhysRevD.105.054013
https://doi.org/10.1103/PhysRevD.105.054013
https://doi.org/10.1103/PhysRevD.110.054046
https://doi.org/10.1103/PhysRevD.110.054046
https://doi.org/10.1103/PhysRevLett.133.241903
https://doi.org/10.1103/PhysRevLett.110.222001
https://doi.org/10.1103/PhysRevLett.110.222001
https://doi.org/10.1103/PhysRevD.102.012009
https://doi.org/10.1088/1126-6708/2006/05/026
https://doi.org/10.21468/SciPostPhysCodeb.8
https://doi.org/10.21468/SciPostPhysCodeb.8
https://doi.org/10.1016/0550-3213(79)90449-8
https://doi.org/10.1016/0550-3213(79)90449-8


[44] A. Baldini et al., Total Cross Section for Reactions of High
Energy Particles (Spring-Veslay, Berlin, 1988).

[45] R. Kubo, Statistical Mechanics (North-Holland Publishing
Company, Amsterdam, 1965).

[46] K. Stowe, An Introduction to Thermodynamics and Stat-
istical Mechanics (Cambridge University, Cambridge,
England, 2007).

[47] L. Zhu, C. M Ko, and X. Yin, Light (anti-)nuclei production
and flow in relativistic heavy-ion collisions, Phys. Rev. C 92,
064911 (2015).

[48] L. Zhu, H. Zheng, C. M. Ko, and Y. Sun, Light nuclei
production in Pb+Pb collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 2.76TeV, Eur.
Phys. J. A 54, 175 (2018).

[49] B. Chen, L. Jiang, X.-H. Liu, Y. Liu, and J. Zhao, Xð3872Þ
production in relativistic heavy-ion collisions, Phys. Rev. C
105, 054901 (2022).

[50] B. Grinstein, L. Maiani, and A. D. Polosa, Radiative decays
of Xð3872Þ discriminate between the molecular and com-
pact interpretations, Phys. Rev. D 109, 074009 (2024).

[51] Z. Zhang, L. Zheng, G. Chen, H.-G. Xu, D.-M. Zhou, Y.-L.
Yan, and B.-H. Sa, The study of Z�

c ð3900Þ exotic state
decaying to J=ψπ� in pp collisions at

ffiffiffi
s

p ¼ 1.96, 7, and
13TeV, Eur. Phys. J. C 81, 198 (2021).

[52] H.-G. Xu, G. Chen, Y.-L. Yan, D.-M. Zhou, L. Zheng, Y.-L.
Xie, Z.-L. She, and B.-H. Sa, Investigation of Ω0

c states
decaying to Ξþ

c K− in pp collisions at
ffiffiffi
s

p ¼ 7, 13TeV,
Phys. Rev. C 102, 054319 (2020).

[53] A. Suprano et al., Orbital angular momentum based intra-
and inter- particle entangled states generated via a quantum
dot source, arXiv:2211.05160.

[54] R.-G. Ping, J. G. Messchendorp, and C.-Z. Yuan, Helicity
amplitude analysis of Zcð3900Þ� in eþe− → πþπ−J=ψ ,
Chin. Phys. Lett. 33, 061401 (2016).

[55] R. Aaij et al. (LHCb Collaboration), Quantum numbers of
the Xð3872Þ state and orbital angular momentum in its
ρ0J=ψ decay, Phys. Rev. D 92, 011102(R) (2015).

[56] X.-F. Wang, X. Liu, and Y.-N. Gao, Hadron production in
open-charm meson pair at eþe− collider, arXiv:2502.15117.

CHARMONIUM-LIKE EXOTIC HADRON PRODUCTIONS IN … PHYS. REV. D 112, 014033 (2025)

014033-7

https://doi.org/10.1103/PhysRevC.92.064911
https://doi.org/10.1103/PhysRevC.92.064911
https://doi.org/10.1140/epja/i2018-12610-7
https://doi.org/10.1140/epja/i2018-12610-7
https://doi.org/10.1103/PhysRevC.105.054901
https://doi.org/10.1103/PhysRevC.105.054901
https://doi.org/10.1103/PhysRevD.109.074009
https://doi.org/10.1140/epjc/s10052-021-08983-3
https://doi.org/10.1103/PhysRevC.102.054319
https://arXiv.org/abs/2211.05160
https://doi.org/10.1088/0256-307X/33/6/061401
https://doi.org/10.1103/PhysRevD.92.011102
https://arXiv.org/abs/2502.15117

	Charmonium-like exotic hadron productions in e+e- collisions at the BESIII energy with the PACIAE model
	I. INTRODUCTION
	II. MODEL
	III. RESULTS AND DISCUSSIONS
	ACKNOWLEDGMENTS
	DATA AVAILABILITY
	References


