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The molecular assignments to the three Pc states and the similar production mechanism between the
Λb → Pc þ K and B → XYZ þ K convince us the B decaying to a charmonium state plus light mesons
could be the appropriate production process to search for the charmoniumlike molecular tetraquarks. In this
work, we systematically study the interactions between a charmed (charmed-strange) meson and an

anticharmed (anticharm-strange) meson, which include the Dð�ÞD̄ð�Þ, D̄ð�ÞD̄1, Dð�ÞD̄�
2, D

ð�Þ
s D̄ð�Þ

s , Dð�Þ
s D̄�

s0,

Dð�Þ
s D̄0

s1, D
ð�Þ
s D̄s1, D

ð�Þ
s D̄�

s2 systems. After adopting the one-boson-exchange effective potentials, our
numerical results indicate that, on one hand, there can exist a serial of isoscalar charmoniumlike DD̄ and
DsD̄s molecular states, on the other hand, we can fully exclude the charged charmoniumlike states as the
isovector charmoniumlike molecules. Meanwhile, we discuss the two-body hidden-charm decay channels
for the obtained DD̄ and DsD̄s molecules, especially the D�D̄� molecular tetraquarks. By analyzing the
experimental data collected from the B → XYZ þ K and the mass spectrum and two-body hidden-charm
decay channels for the obtainedDD̄ andDsD̄s molecules, we find several possible hints of the existence of
the charmoniumlike molecular tetraquarks, i.e., a peculiar characteristic mass spectrum of the isoscalar
D�D̄� molecular systems can be applied to identify the charmoniumlike molecule. We look forward to the
future experiments like the LHCb, Belle II, and BESIII Collaborations can test our results with more
precise experimental data.

DOI: 10.1103/PhysRevD.104.094010

I. INTRODUCTION

In 2015, the LHCb Collaboration analyzed the Λb →
J=ψpK decay and reported two Pc structures (Pcð4380Þ
and Pcð4450Þ) existing in the J=ψp invariant mass
spectrum [1]. After four years, the LHCb revised Λb →
J=ψpK process with higher precision data and found that

former Pcð4450Þ contains two substructures Pcð4440Þ and
Pcð4457Þ [2]. Besides, a new enhancement structure
Pcð4312Þ was announced [2]. In fact, this updated result
of Pc states provides a direct evidence to support the
existence of the hidden-charm molecular pentaquark
states [3–9].
In Fig. 1, we present the quark level description of the

Λb → PcK, which is a typical hadronic weak decay. If
replacing ud quarks of the Λb by an antiquark q̄, we may
get the B → XYZ þ K process, where XYZ denote the
charmoniumlike structures. Obviously, due to the similar
production mechanism between the Λb → PcK and B →
XYZ þ K (see Fig. 1), we naturally conjecture that the B →
XYZ þ K should be the ideal processes to produce the
hidden-charm molecular tetraquark states, especially with
establishing the hidden-charm molecular tetraquark states.
As is well known, the Xð3872Þ is a typical example of
hidden-charm molecular tetraquark state, which was found
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in the B� → J=ψπþπ−K� process by the Belle collabora-
tion in 2003 [10]. The Xð3872Þ was suggested to be an
isoscalar DD̄� molecular state with JPC ¼ 1þþ [11–17].
In fact, the road of identifying the hidden-charm

molecular tetraquark states is getting confusing [18–24].
In 2004, the Belle Collaboration reported the observation of
the charmoniumlike state Yð3940Þ in the J=ψω invariant
mass spectrum of the B → J=ψωK [25]. In 2009, the CDF
Collaboration observed another charmoniumlike state
Yð4140Þ in the J=ψϕ invariant mass spectrum of the B →
J=ψϕK [26]. In Ref. [27], Liu and Zhu noticed the
similarity between the Yð3940Þ and Yð4140Þ, and proposed
S − wave D�D̄� and D�

sD̄�
s molecular states assignment to

the Yð3940Þ and Yð4140Þ, respectively, where the JPC

quantum numbers for the Yð3940Þ and Yð4140Þ should be
either 0þþ or 2þþ due to a simple selection rules from the
parity and angular momentum conservation [27]. In the
subsequent experiments, the LHCb analyzed the B →
J=ψϕK process, where the Yð4140Þ was confirmed and
other three new structures Xð4274Þ, Xð4500Þ and Xð4700Þ
were discovered in the J=ψϕ invariant mass spectrum [28].
However, the LHCb announced that the preferred JPC

quantum number of the Yð4140Þ is 1þþ [29], which obvi-
ously cannot support the molecular assignment to the
Yð4140Þ suggested in Ref. [27]. If checking the experi-
mental and theoretical research status of the Zð4430Þ,
which was reported by the Belle in the B → ψð3686ÞπK
[30], the same situation again happens. Since the Zð4430Þ
is near the threshold of D�D̄ð0Þ

1 channel, the authors of
Refs. [31,32] suggested that the Zð4430Þ can be the good
candidate of the S − wave D1D̄� molecular state1 with
JP ¼ 0−; 1−; 2− by the one-boson-exchange (OBE) model
calculation. However, the Belle [33] and LHCb [34] rean-
alyzed the B → ψð3686ÞπK and indicated that the Zð4430Þ
has quantum number JP ¼ 1þ, which is contradict with the
S − wave D1D̄� molecular state assignment [31,32].
Although there were a dozen of charmoniumlike struc-

tures reported by experiments in the B meson decays [22],
unfortunately we have not definitely identify one hidden-
charm molecular tetraquark state until now [18–24]. It is

big challenge to assign the molecular state explanations to
the charmoniumlike structures from the B → XYZ þ K
processes.
If we still believe the similar production mechanism

between the Λb → PcK and B → XYZ þ K (see Fig. 1),
we have reason to believe the existence of the hidden-
charm molecular tetraquark state in the B → XYZ þ K
processes. Facing this situation mentioned above, we
should try to find possible solutions existing in the reported
experimental data of the B → XYZ þ K. In fact, the lesson
of observation of the Pc states in 2015 [1] and 2019 [2] may
inspire us. In 2015, the LHCb measured the JP quantum
numbers of the Pcð4380Þ and Pcð4450Þ, gave that their
preferred JP quantum numbers are of opposite parity [1],
which is a challenge to the hadronic molecular assignment
[9]. This situation was dramatically changed with further
LHCb experiment in 2019, where the Pcð4450Þ is com-
posed of two substructures Pcð4440Þ and Pcð4457Þ [2],
which means that the measurement of spin-parity quantum
number of the observed Pcð4450Þ can be ignored [1]. To
some extent, this fact reflects the importance of higher
precision to the study of hadron spectroscopy.
With the running of the Belle II [35] and the accumu-

lation of Run II and Run III data at the LHCb [36],
obviously investigation of the charmoniumlike XYZ states
must enter a new era. Thus, we should systematically
reexamine the correlation of the hidden-charm molecular
states and the charmoniumlike structures existing in the
B → XYZ þ K processes [18–24], where the constraint
from JPC quantum numbers and so-called resonance
parameters of depicting these observed charmoniumlike
XYZ structures should be more cautious in the interpreta-
tion of these resonances as the molecular states.
Along this line, we systematically restudy the S − wave

interactions between a charmed (charmed-strange) meson
and an anticharmed (anticharmed-strange) meson in the
framework of the OBE model in this work [18,21]. In
concrete calculations, both the S −D wave mixing effect
and the coupled channel effect are taken into account.
Additionally, we discuss the two-body hidden-charm decay
channels for the obtained DD̄ and DsD̄s molecules,
especially theD�D̄� molecular tetraquarks. Based on above
discussion, we find a series of possible hints of the hidden-
charm molecular tetraquarks existing in the released
experimental data of the B meson decays, which will be
a main task of the present work.
The remainder of this paper is organized as follows. In

Sec. II, a comparison of the relevant experimental data and
the corresponding thresholds will be given. In Sec. III, the
mass spectrum and the two-body hidden-charm decay
channels of these discussed hidden-charm molecular tetra-
quark systems will be given, and a series of possible hints
of the hidden-charm molecular tetraquarks existing in the
reported experimental data of the B meson decays will be
presented. Finally, a brief summary will be given in Sec. IV.

FIG. 1. The production mechanisms of the Pc states from the
Λb baryon decays and the XYZ states from the B meson decays.

1To be convenient, we use the shorthand notationAB̄ to denote
the AB̄ þ c:c: system in the following parts, where the notations
A and B represent two different charmed (charmed-strange)
mesons, respectively.
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II. A COMPARISON OF THE EXPERIMENTAL
DATA AND THE CORRESPONDING

THRESHOLDS

In this work, the main task is to find possible hints
of the hidden-charm molecular tetraquarks existing in the
reported experimental data of the B → XYZ þ K [22], and
the hidden-charm molecular tetraquarks are composed of a
charmed (charmed-strange) meson and an anticharmed
(anticharmed-strange) meson. Thus, we need to make
comparison of the involved experimental data and the
corresponding thresholds of charmed meson pairs or
charmed-strange meson pairs.
Usually, the S-wave and P-wave charmed mesons can

be grouped into three doublets H ¼ ½Dð0−Þ; D�ð1−Þ�,
S ¼ ½D�

0ð0þÞ; D0
1ð1þÞ�, and T ¼ ½D1ð1þÞ; D�

2ð2þÞ� accord-
ing to the heavy quark spin symmetry [37]. Similarly, there
also exist three doublets for the S − wave and P-wave
charmed-strange mesons, i.e., H¼½Ds;D�

s �, S¼½D�
s0;D

0
s1�,

and T ¼ ½Ds1; D�
s2� [37]. In Table I, we list these thresholds

of charmed meson pairs or charmed-strange meson pairs
[38], which are distributed over a very wide energy range
3.7–5.2 GeV. However, if only considering the kinetics
of the B → XYZ þ K decays, the maximum mass of
the involved XYZ structures should be MðXYZÞmax ¼
MðBÞ −MðKÞ ¼ 4783 MeV, which makes us select these
thresholds with mass lower than 4783 MeV when making
further analysis. Additionally, the charmed mesons in S −
doublet have broad widths around several hundred MeV
[38], which may be a obstacle for the formation of the
hadronic molecular states [39,40]. Different from the
charmed mesons in S − doublet, these charmed mesons
in the H-doublet and T-doublet have narrow widths [38],
which can be regarded as the suitable components to form
the hadronic molecular states [32,39,40]. Just considering
the above fact, we consider the cases of HH̄ and HT̄ for
charmed meson pairs and the cases ofHH̄,HS̄, andHT̄ for

charmed-strange meson pairs when performing a compari-
son of these thresholds with the released experimental data.
At present, the experimental information of the B →

XYZ þ K are very abundant [18–24]. Here, the XYZ data
are from the J=ψππ invariant mass spectrum of the
B → J=ψππK [10], the J=ψω invariant mass spectrum
of the B → J=ψωK [25,41,42], the J=ψη invariant mass
spectrum of the B → J=ψηK [43], the J=ψϕ invariant mass
spectrum of the B → J=ψϕK [26,28,29,44–49], the ηcπ
invariant mass spectrum of the B → ηcπK [50], the J=ψπ
invariant mass spectrum of the B → J=ψπK [51–53], the
ψð3686Þπ invariant mass spectrum of the B → ψð3686ÞπK
[30,33,34,54], the χc1π invariant mass spectrum of the B →
χc1πK [55–58], and the χc2π invariant mass spectrum of the
B → χc2πK [57]. For clearly discussing the present issue,
we categorized these XYZ data into three groups:

(i) Isoscalar XYZ data without hidden-strange
quantum number are involved in the B → J=ψωK
and B → J=ψηK;

(ii) Isoscalar XYZ data with hidden-strange quantum
number are relevant to the B → J=ψϕK;

(iii) Isovector XYZ data without hidden-strange quantum
number have relation to five decay processes, i.e.,
the B → ηcπK, B → J=ψπK, B → ψð3686ÞπK,
B → χc1πK, and B → χc2πK.

In the following, we adopt this line to make comparison
of the released experimental data and the corresponding
thresholds.

A. Isoscalar XYZ data without hidden-strange
quantum number

In 2005, the Belle Collaboration analyzed the J=ψω
invariant mass spectrum of the B → J=ψωK decay, where
the charmoniumlike structure Yð3940Þwas reported, which
can be depicted by resonance parameters M ¼ ð3943�
11� 13Þ MeV and Γ ¼ ð87� 22� 26Þ MeV [25]. In
2008, the BABAR Collaboration confirmed this observation

TABLE I. The thresholds of charmed (charmed-strange) meson pairs (in unit of MeV).

Without hidden-strange quantum number

DD DD� D�D� DD�
0 DD1 DD0

1 DD�
2

3734.48 3875.80 4017.12 4191.74 4289.24 4294.24 4330.29
D�D�

0 D�D1 D�D0
1 D�D�

2 D�
0D

�
0 D�

0D1 D�
0D

0
1

4333.06 4430.56 4435.56 4471.61 4649.00 4746.50 4751.50
D�

0D
�
2 D1D1 D0

1D1 D0
1D

0
1 D1D�

2 D0
1D

�
2 D�

2D
�
2

4787.55 4844.00 4849.00 4854.00 4885.05 4890.05 4926.10

With hidden-strange quantum number

DsDs DsD�
s D�

sD�
s DsD�

s0 DsD0
s1 D�

sD�
s0 DsDs1

3936.68 4080.54 4224.40 4286.14 4427.84 4430 4503.45
DsD�

s2 D�
sD0

s1 D�
s0D

�
s0 D�

sDs1 D�
sD�

s2 D�
s0D

0
s1 D�

s0Ds1

4537.44 4571.70 4635.60 4647.31 4681.30 4777.30 4852.91
D�

s0D
�
s2 D0

s1D
0
s1 D0

s1Ds1 Ds1Ds1 D0
s1D

�
s2 Ds1D�

s2 D�
s2D

�
s2

4886.90 4919.00 4994.61 5028.60 5070.22 5104.20 5138.20
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in the same process with a lower mass, named as the
Yð3915Þ, and its mass and width were measured to be
ðM;ΓÞ ¼ ð3914.6þ3.8

−3.4 � 2.0 MeV; 34þ12
−8 � 5 MeVÞ [41].

In the subsequent BABAR experiment in 2010 [42], the
mass and width of the Yð3915Þ were measured to be
M ¼ ð3919.1þ3.8

−3.5 � 2.0Þ MeV and Γ ¼ ð31þ10
−8 � 5Þ MeV,

respectively.
If checking these data of the J=ψω invariant mass

spectrum of the B → J=ψωK from the Belle and BABAR
[25,41,42], we may find the impact of experimental
precision on reflecting the details. In the Belle data [25],
there are only four experimental points sandwiched by the
DD̄� and D�D̄� thresholds. After several years, the number
of experimental points in this energy range reach up to 12
and 14, which correspond to the BABAR data measured in
2008 [41] and 2010 [42], respectively. In Fig. 2, we collect
all reported data of the J=ψω invariant mass spectrum
from the B → J=ψωK [25,41,42]. In fact, the BABAR data
released in 2008 [41] show the possibility of existing two
structures around 3.9 GeV below theD�D̄� threshold in the
J=ψω invariant mass spectrum. Especially, the BABAR
measurement in 2010 further enforce this possibility [42].
If D� and D̄� can be bound together to form the hidden-

charm molecular tetraquarks, the JPC quantum numbers of
the S − wave isoscalar D�D̄� molecular system must be
0þþ, 1þ−, and 2þþ [27]. Under this assumption, the
behavior of mass spectrum of the S − wave isoscalar
D�D̄� molecular states can explain why two substructures
around 3.9 GeVexist in the J=ψω invariant mass spectrum
of the B → J=ψωK [25,41,42]. Thus, we strongly encour-
age our experimental colleagues to focus on the detail of the
structures around 3.9 GeV with more precise data. If these
substructures can be confirmed in future experiments
discussed above, it will provide strong evidence of existing
the hidden-charm molecular tetraquark. Later, we will
revisit a dynamics study of the S − wave isoscalar D�D̄�
system, and come back to address this point.
Besides the enhancement structures around 3.9 GeV

exist in the J=ψω invariant mass spectrum, we may find a
very broad structure around 4.3 GeV exists in the J=ψω
invariant mass spectrum of the B → J=ψωK [25,41,42],
where there exist four thresholds (DD̄1, DD̄�

2, D
�D̄1, and

D�D̄�
2) in this energy range, which inspire our interest in

exploring whether the isoscalar DD̄1, DD̄�
2, D

�D̄1, and
D�D̄�

2 molecular tetraquarks exist in nature, which will be
one of tasks in this work. Obviously, the details of such
broad structure around 4.3 GeV should be given in future
experiments with more precise data accumulation.
For the isoscalar XYZ data without hidden-strange

quantum number, we should mention the measurement
of the J=ψη invariant mass spectrum in the B → J=ψηK
decay. In 2004, the BABAR released the result of the J=ψη
invariant mass spectrum in the B → J=ψηK [43]. In Fig. 2,
we compare the BABAR data with the several thresholds of
charmed meson pairs, and may find the evidence of one

structure below D�D̄� threshold and possible enhancement
structure around 4.3 GeV which overlaps with the DD̄1,
DD̄�

2, D
�D̄1, and D�D̄�

2 thresholds. In fact, this phenome-
non again shows studying the isoscalar D�D̄�, DD̄1, DD̄�

2,

FIG. 2. The J=ψω and J=ψη invariant mass distributions in the
B → J=ψωK and B → J=ψηK, respectively, and the comparison
with the thresholds of charmed meson pairs. Here, the exper-
imental data of the J=ψω invariant mass spectrum are taken from
the Belle [25], BABAR [41], and BABAR [42], which correspond
to diagrams (a)–(c), and the experimental data of the J=ψη
invariant mass spectrum is from the BABAR measurement [43]
(see diagram (d)).
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D�D̄1, and D�D̄�
2 hadronic molecular states is an urgent

research issue, which may provide crucial information to
find the evidence of the existence of the hidden-charm
molecular tetraquark.

B. Isoscalar XYZ data with hidden-strange
quantum number

Up to now, the B → J=ψϕK decay have been analyzed
by the different experiment collaborations [26,28,29,44–49],
where we are mainly interested in the experimental data of
the J=ψϕ invariant mass spectrum from the CDF [26], CMS
[44], and LHCb [28] in the following discussion. Since the
quark components of the ϕ and J=ψ are the ss̄ and cc̄,
respectively, we present the thresholds of charmed-strange
meson pairs in Fig. 3 when making comparison with these
released experimental data.
First, we should brief introduce the experimental status

of the obtained J=ψϕ invariant mass spectrum in the
B → J=ψϕK decay [26,28,44]. As shown in Fig. 3(a),
the CDF Collaboration reported the charmoniumlike struc-
tureYð4140Þ in the J=ψϕmass spectrumof theB → J=ψϕK
decay in 2009 [26]. When depicting this enhancement
structure, the resonance parameters can be obtained, i.e.,
the mass and width of the Yð4140Þ were measured to
be M ¼ ð4143.0� 2.9� 1.2Þ MeV and Γ ¼ ð11.7þ8.3

−5.0 �
3.7Þ MeV [26], respectively. Besides the Yð4140Þ structure,
the CDF also reported another enhancement structure,
named as the Yð4274Þ, in the J=ψϕ invariant mass spectrum,
where its mass and width are ðM;ΓÞ ¼ ð4274.4þ8.4

−6.7 �
1.9 MeV; 32.3þ21.9

−15.3 � 7.6 MeVÞ [26], respectively. Later,
the CMS confirmed these two structures Yð4140Þ and
Yð4274Þ in the same decay process in 2014, where
the resonance parameters of the Yð4140Þ and Yð4274Þ
were measured to be ðM;ΓÞYð4140Þ ¼ ð4148.0� 2.4�
6.3 MeV; 28þ15

−11 � 19 MeVÞ and ðM;ΓÞYð4274Þ ¼ ð4313.8�
5.3� 7.3MeV;38þ30

−15 � 16MeVÞ [44], respectively. Sur-
prisingly, the LHCb Collaboration announced four char-
moniumlike resonances in the J=ψϕ mass spectrum of the
B → J=ψϕK decay in 2017 [28]. Here, we collect their
resonance parameters, i.e., ðM;ΓÞYð4140Þ ¼ ð4146.5�
4.5þ4.6

−2.8 MeV;83� 21þ21
−14 MeVÞ, ðM;ΓÞYð4274Þ ¼ ð4273.3�

8.3þ17.2
−3.6 MeV; 56.2� 10.9þ8.4

−11.1 MeVÞ, ðM;ΓÞXð4500Þ ¼
ð4506�11þ12

−15 MeV;92�21þ21
−20 MeVÞ, and ðM;ΓÞXð4700Þ ¼

ð4704� 10þ14
−24 MeV; 120� 31þ42

−33 MeVÞ [28].
If comparing three experimental data listed in Fig. 3, we

find that the precision of the LHCb data [28] is higher than
the CDF and CMS data [26,44], where there are 12
experimental points in the energy range sandwiched by
the DsD̄�

s and D�
sD̄�

s thresholds for the LHCb data [28],
which reflect some abundant details difference from former
CDF and CMS [26,44]. When only adopting a Breit-
Wigner formula to describe this resonance structure around
4140 MeV, the width given by the LHCb [28] becomes

wider than that from the CDF and CMS [26,44]. This
phenomenon is puzzling for us since the LHCb released
this result [28], especially the recent LHCb result of the
Yð4140Þ [49].
We notice an interesting fact that this structure around

4140 MeV reported by the CDF is below the D�
sD̄�

s
threshold [26], and Liu and Zhu proposed that the
Yð4140Þ observed by the CDF can be regarded as partner
of the Yð3940Þ due to the similarity between the Yð3940Þ
and Yð4140Þ in 2009 [27]. Thus, the D�

sD̄�
s hadronic

molecular state explanation to the Yð4140Þ was given
[27]. Along this line, there may exist S − wave D�

sD̄�
s

molecular states, which is similar to the situation of the
S − wave isoscalar D�D̄� molecular system discussed in
Sec. II A. Facing such abundant details given by the LHCb
in 2017 [28], we may conjecture that the Yð4140Þ structure
may be contain at least two substructures, which can be

FIG. 3. The measured J=ψϕ invariant mass distribution of the
B → J=ψϕK and the thresholds of charmed-strange meson pairs.
Here, the experimental data are taken from the CDF [26], CMS
[44], and LHCb [28], which correspond to diagrams (a)–(c).
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tested by future experiments based on more precise data. If
introducing this proposal, the conclusion of the spin-parity
quantum number JPC ¼ 1þþ for the Yð4140Þ given by the
LHCb seems unreliable2 [28]. Here, we need to mention
that the recent LHCb Collaboration updated the amplitude
analysis of the Bþ → J=ψϕKþ decay with higher precision
data and reported the Xð4140Þ with JPC ¼ 1þþ and
Xð4150Þ with JPC ¼ 2−þ [49], which imply the very
complicated structures around the D�

sD̄�
s threshold. In

the following, the investigation of the S − wave D�
sD̄�

s
hadronic molecular system will become a main point of this
work, which will be further discussed in the next section.
Besides the structure around 4140 MeV existing in the

J=ψϕ invariant mass spectrum, we should focus on the
Yð4274Þ [26,28,44], which is just near the DsD̄�

s0 thresh-
old. Thus, the study of the DsD̄�

s0 molecular system will
be paid attention in this work. Although the LHCb
reported Xð4500Þ and Xð4700Þ in 2017 [28], we can
find more abundant structures above 4250 MeV existing
in the J=ψϕ invariant mass spectrum if carefully check-
ing the LHCb data [28]. Indeed, the recent LHCb
Collaboration announced the observation of other new
resonance structures existing in this energy range with more
precise data, i.e., theXð4630Þwith JPC ¼ 1−þ and Xð4685Þ
with JPC ¼ 1þþ [49]. We also notice that there are abundant
thresholds of charmed-strangemeson pairs in this interesting
energy range. Thus,wewill investigate the hidden-charmand
hidden-strange molecular tetraquarks involved these thresh-
olds in this work.

C. Isovector XYZ data without hidden-strange
quantum number

In the past 18 years, the isovector XYZ data from the
B → XYZ þ K were accumulated [18–24]. In Figs. 4 and
5, we collected all relevant experimental data and make a
comparison with several typical thresholds of charmed
meson pairs. For different decay processes listed in Figs. 4
and 5, we briefly review the experimental information:
(1) The B → ψð2SÞπK decay: As a super star among

these reported charged charmoniumlike structures,
the Zþð4430Þ structure was first observed by the
Belle Collaboration in the ψð2SÞπ invariant mass
distribution of the B → ψð2SÞπK decay in 2008
[30]. Here, its mass and width were measured to be
M¼ ð4433� 4� 2ÞMeV and Γ¼ð45þ18þ30

−13−13 ÞMeV,
respectively [30]. In the following years, the
Belle Collaboration continued their studies on the
Zþð4430Þ, and the measured mass of the Zþð4430Þ

structure are M ¼ ð4443þ15
−12

þ19
−13Þ MeV [54] and

M ¼ ð4485þ22
−22

þ28
−11Þ MeV [33], respectively. After

ten years, the LHCb Collaboration confirmed the
existence of the Zþð4430Þ structure [34], and the
resonance parameters are M ¼ ð4475� 7þ15

−25Þ MeV
and Γ ¼ ð172� 13þ37

−34Þ MeV, respectively. But, the
width from the LHCb [34] is more broad than that
from the Belle [30,33,54]. Additionally, the LHCb
found a new structure Zþð4240Þ in the ψð2SÞπ
invariant mass distribution of the B → ψð2SÞπK,
which can be depicted by resonance parametersM¼
ð4239� 18þ45

−10ÞMeV and Γ¼ ð220� 47þ108
−74 ÞMeV,

respectively [34]. Comparing with the Belle data
[30,33,54], the LHCb data have smaller error bars
[34]. Since the Zþð4430Þ structure is near several
thresholds of charmed meson pair, there were ex-
tensive discussion of the hidden-charm molecular
tetraquark explanation to the Zþð4430Þ [31,32,59].
In this work, we will still dedicate this topic, which
is the study of the isovector hidden-charm molecular
tetraquark involved in this energy range.

(2) The B → ηcπK decay: In 2018, the LHCb found the
evidence of a broad charmoniumlike structure in
the ηcπ invariant mass spectrum of the B → ηcπK
decay, which was named as the Xð4100Þ with the
mass M ¼ ð4096� 20þ18

−22Þ MeV and the width Γ ¼
ð152� 58þ60

−35Þ MeV [50]. In fact, there exists event
accumulation around 4.5 GeV, where several thresh-
olds of charmed meson pairs can be found [see
Fig. 4(e)].

(3) The B → χc1πK decay: For the χc1π invariant
mass distribution in the B → χc1πK decay, two
charged charmoniumlike structures Zþð4051Þ
and Zþð4248Þ were announced by the Belle
Collaboration in the exclusive B→ χc1πK de-
cay [55], where their resonance parameters
were measured to be ðM;ΓÞZþð4051Þ ¼ ð4051�
14þ20

−41 MeV; 82þ21
−17

þ47
−22 MeVÞ and ðM;ΓÞZþð4248Þ ¼

ð4248þ44
−29

þ180
−35 MeV; 177þ54

−39
þ316
−61 MeVÞ [55], re-

spectively. However, these two charged charmo-
niumlike structures were not seen in the following
BABAR experiment [56]. In 2016, the Belle Col-
laboration carried out a new measurement of the
B → χc1πK, where the distribution of the χc1π
invariant mass spectrum was given [57]. In fact,
the line shape of the χc1π invariant mass spectrum
is complicated. Additionally, for searching for the
Xð3872Þ and Xð3915Þ decaying to the final state
χc1π in the B meson decay, the Belle measured the
χc1π invariant mass spectrum from the B meson
decay, by which they did not find the significant
signals of the Xð3872Þ and Xð3915Þ [58].

(4) The B → χc2πK decay: In 2016, the Belle Collabo-
ration provided the measured χc2π invariant mass

2For the S − wave D�
sD̄�

s molecular system, its JPC quantum
numbers are either 0þþ or 2þþ, which is due to a selection rule for
the quantum numbers [27]. However, the LHCb measurement
suggested JPC ¼ 1þþ for the Yð4140Þ [28], which results in the
difficulty to understand the Yð4140Þ under the hadronic molecu-
lar state assignment.
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FIG. 4. The measured ψð2SÞπ, ηcπ, χc1π, and χc2π invariant mass distributions in the B → XYZ þ K decays, and the comparison with
the thresholds of charmed meson pairs. Here, the experimental data of the ψð2SÞπ are taken from (a) the Belle [30], (b) the Belle [54],
(c) the Belle [33], and (d) the LHCb [34], while the experimental data of ηcπ is taken from the LHCb [50] [see diagram (e)]. In addition,
the experimental data of χc1π are taken from (f) the Belle [55], (g) the BABAR [56], (h) the Belle [57], and (i) the Belle [58], while the
experimental result of the χc2π invariant mass spectrum is given by the Belle [57] [see diagram (j)].
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spectrum with low precision [57]. Here, the com-
parison of data and thresholds is shown.

(5) The B → J=ψπK decay: As shown in Fig. 5(a)
and 5(b), the Belle3 Collaboration presented the
results of an amplitude analysis of the B → J=ψπK
decay in 2014, and reported a very broad charged
charmoniumlike structure Zcð4200Þþ, where its
mass and width were measured to be ðM;ΓÞ ¼
ð4196þ31

−29
þ17
−13 MeV; 370þ70

−70
þ70
−132 MeVÞ [51], respec-

tively. We may find such broad structure overlaps
with many thresholds (see Fig. 5(a) and 5(b) for
more details). The correlation of this broad structure
with the corresponding isovector hidden-charm
molecular tetraquarks should be investigated, which
will become an important issue in this work. In
2018, the DØ Collaboration analyzed the data of
the J=ψπ invariant mass spectrum from the B →
J=ψπK [52], where they only focused on 3600 <
mJ=ψπ < 4200 MeV range inspired by the observed
Zcð3900Þ� from the BESIIII [60] and Belle [61].
And the DØ data show the evidence of charged
charmoniumlike structure similar to the Zcð3900Þ�,
where the measured mass of the Zcð3900Þ� is
3895.0� 5.2þ4.0

−2.7 MeV. Since the width information
of such structure is still absent in the DØmeasure-
ment, it is hard to conclude that the DØ evidence
truly corresponds to the Zcð3900Þ� [60,61]. Addi-
tionally, the J=ψπ invariant mass spectrum of the
B → J=ψπK decay has been studied by the LHCb
Collaboration in 2019 [53], and two enhancement
structures are visible at 4200 and 4600 MeV.

As introduced above, the isovector XYZ data of the
B → XYZ þ K decays stimulate our interest in exploring
the isovector hidden-charm molecular systems, which will
be illustrated in Sec. III. By this study, we want to answer
whether these isovector XYZ structures have close relation
to the isovector hidden-charm molecular tetraquarks.

III. MASS SPECTRUM OF THE
CHARMONIUMLIKE MOLECULAR

TETRAQUARK SYSTEMS

In this section, we restudy the mass spectrum behaviors
from a pair of charmed (charm-strange) meson and anti-
charmed (anticharm-strange) meson interactions, these
charmed or anticharmed mesons are in the H, S, and T
doublets. Here, we still adopt the OBE model and consider
the S −D wave mixing effect and the coupled channel
effect. As is well known, since Yukawa firstly proposed the
nucleon-nucleon interaction is mediated through the pion-
exchange in 1935 [62], the OBE model obtains great
promotion. On one hand, theorists consider the scalar

FIG. 5. The J=ψπ invariant mass distribution in the B →
J=ψπK and the relevant thresholds of charmed meson
pairs. Here, the experimental datas are taken from the Belle
[51] [(a) for 1.20 GeV2 < m2ðKπÞ < 2.05 GeV2 and (b) for
2.05 GeV2 < m2ðKπÞ < 3.20 GeV2], the DØ [52] [(c) for
4.25GeV<mðJ=ψπþπ−Þ<4.30GeV and (d) for 4.30GeV<
mðJ=ψπþπ−Þ<4.40GeV], and (e) the LHCb [53], respectively.

3Besides announcing the Zcð4200Þþ structure, the Belle also
gave the evidence for the Zð4430Þþ structure [51].
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meson (σ) and vector meson (ρ=ω) exchanges interactions
to depict the intermediate and short range interactions,
respectively. On the other hand, several various corrections
are introduced to discuss the fine properties of the hadron-
hadron interactions, like the isospin breaking effects, the
coupled-channel effects, the spin-orbit force, and the recoil
corrections. Up to now, the OBE model have been
frequently adopted to study the hadron-hadron interactions
in the heavy flavor sector [18,21].

A. OBE effective potentials

For deducing the OBE effective potentials for the
hadron-hadron interactions at the hadronic level quantita-
tively, we usually adopt the effective Lagrangian approach.
The general procedures include three typical steps [63–69].
First, we can write out the scattering amplitudeMðh1h2 →
h3h4Þ for the relevant scattering process h1h2 → h3h4
according to the effective Lagrangians. And then, the
effective potentials in the momentum space Vh1h2→h3h4

E ðqÞ
can be related to the corresponding scattering amplitudes
Mðh1h2 → h3h4Þ by using the Breit approximation
[70,71], i.e.,

Vh1h2→h3h4
E ðqÞ ¼ −

Mðh1h2 → h3h4ÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiQ
i2mi

Q
f2mf

q ; ð3:1Þ

where miði ¼ h1; h2Þ and mfðf ¼ h3; h4Þ denote the
masses of the initial and final states, respectively.
Finally, the effective potentials in the coordinate space
Vh1h2→h3h4
E ðrÞ can be obtained by performing the Fourier

transformation, i.e.,

Vh1h2→h3h4
E ðrÞ ¼

Z
d3q
ð2πÞ3 e

iq·rVh1h2→h3h4
E ðqÞF 2ðq2; m2

EÞ;

ð3:2Þ

which will be applied to search for the bound state solutions
by solving the coupled channel Schrödinger equation,
and we can further extract the bound state properties from
the obtained bound state solutions. Because the discussed
hadrons are not pointlike particles, we introduce the

monopole type form factor in each interaction vertex
[72,73], i.e.,

F ðq2; m2
EÞ ¼

Λ2 −m2
E

Λ2 − q2
; ð3:3Þ

which reflects the finite size effect of the discussed hadrons
and compensate the off-shell effect of the exchanged light
mesons [67]. Here, Λ, mE, and q are the cutoff parameter,
the mass, and the four momentum of the exchanged light
mesons, respectively.
Subsequently, let us construct the relevant effective

Lagrangians. According to the heavy quark limit [37],

the relevant super-fields HðQÞ
a , HðQ̄Þ

a , SðQÞ
a , SðQ̄Þ

a , TðQÞμ
a , and

TðQ̄Þμ
a can be defined as [74]

HðQÞ
a ¼PþðD�ðQÞμ

a γμ−DðQÞ
a γ5Þ;

HðQ̄Þ
a ¼ ðD̄�ðQ̄Þμ

a γμ− D̄ðQ̄Þ
a γ5ÞP−;

SðQÞ
a ¼PþðD0ðQÞμ

1a γμγ5 −D�ðQÞ
0a Þ;

SðQ̄Þ
a ¼ ðD0ðQ̄Þμ

1a γμγ5 −D�ðQ̄Þ
0a ÞP−;

TðQÞμ
a ¼Pþ

�
D�ðQÞμν

2a γν−
ffiffiffi
3

2

r
DðQÞ

1aνγ5

�
gμν −

1

3
γνðγμ−vμÞ

��
;

TðQ̄Þμ
a ¼

�
D̄�ðQ̄Þμν

2a γν−
ffiffiffi
3

2

r
D̄ðQ̄Þ

1aνγ5

�
gμν −

1

3
γνðγμ−vμÞ

��
P−;

ð3:4Þ

respectively. Here, P� ¼ ð1� =vÞ=2 are the projection
operators, and vμ ¼ ð1; 0Þ denotes the four velocity in
the nonrelativistic approximation. Their conjugate fields

read as X̄ ¼ γ0X†γ0 with X ¼ HðQÞ
a ,HðQ̄Þ

a , SðQÞ
a , SðQ̄Þ

a , TðQÞμ
a ,

and TðQ̄Þμ
a .

According to the heavy quark symmetry, the chiral
symmetry, and the hidden local symmetry [75–79], one
can construct the effective Lagrangians describing the
interactions between the (anti)charmed mesons in the
H=S=T-doublet and the light scalar, pseudoscalar, and
vector mesons [74],

L ¼ gσhHðQÞ
a σH̄ðQÞ

a i þ gσhH̄ðQ̄Þ
a σHðQ̄Þ

a i þ g0σhSðQÞ
a σS̄ðQÞ

a i þ g0σhS̄ðQ̄Þ
a σSðQ̄Þ

a i þ g00σhTðQÞμ
a σT̄ðQÞ

aμ i þ g00σhT̄ðQ̄Þμ
a σTðQ̄Þ

aμ i

þ hσ
fπ

½hSðQÞ
a γμ∂μσH̄

ðQÞ
a i − hH̄ðQ̄Þ

a γμ∂μσS
ðQ̄Þ
a i þ H:c:� þ h0σ

fπ
½hTðQÞμ

a ∂μσH̄
ðQÞ
b i þ hH̄ðQ̄Þ

a ∂μσT
ðQ̄Þμ
b i þ H:c:�

þ ighHðQÞ
b Abaγ5H̄

ðQÞ
a i þ ighH̄ðQ̄Þ

a Aabγ5H
ðQ̄Þ
b i þ ik̃hSðQÞ

b Abaγ5S̄
ðQÞ
a i þ ik̃hS̄ðQ̄Þ

a Aabγ5S
ðQ̄Þ
b i

þ ikhTðQÞμ
b Abaγ5T̄

ðQÞ
aμ i þ ikhT̄ðQ̄Þμ

a Aabγ5T
ðQ̄Þ
bμ i þ ½ihhSðQÞ

b Abaγ5H̄
ðQÞ
a i þ ihhH̄ðQ̄Þ

a Aabγ5S
ðQ̄Þ
b i þ H:c:�
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þ
�
i

�
TðQÞμ
b

�
h1
Λχ

DμAþ h2
Λχ

=DAμ

�
ba

γ5H̄
ðQÞ
a

�
þ H:c:

�
þ
�
i

�
H̄ðQ̄Þ

a

�
h1
Λχ

AD⃖0
μ þ

h2
Λχ

Aμ=⃖D0
�

ab

γ5T
ðQ̄Þμ
b

�
þ H:c:

�

þ hiHðQÞ
b ðβvμðVμ − ρμÞ þ λσμνFμνðρÞÞbaH̄ðQÞ

a i − hiH̄ðQ̄Þ
a ðβvμðVμ − ρμÞ − λσμνFμνðρÞÞabHðQ̄Þ

b i
þ hiSðQÞ

b ðβ0vμðVμ − ρμÞ þ λ0σμνFμνðρÞÞbaS̄ðQÞ
a i − hiS̄ðQ̄Þ

a ðβ0vμðVμ − ρμÞ − λ0σμνFμνðρÞÞabSðQ̄Þ
b i

þ hiTðQÞ
bλ ðβ00vμðVμ − ρμÞ þ λ00σμνFμνðρÞÞbaT̄ðQÞλ

a i − hiT̄ðQ̄Þ
aλ ðβ00vμðVμ − ρμÞ − λ00σμνFμνðρÞÞabTðQ̄Þλ

b i
þ ½hHðQÞ

b ðiζγμðVμ − ρμÞ þ iμσλνFλνðρÞÞbaS̄ðQÞ
a i þ H:c:� þ ½hS̄ðQ̄Þ

a ðiζγμðVμ − ρμÞ þ iμσλνFλνðρÞÞabHðQ̄Þ
b i þ H:c:�

þ ½hTðQÞμ
b ðiζ1ðVμ − ρμÞ þ μ1γ

νFμνðρÞÞbaH̄ðQÞ
a i þ H:c:� − ½hH̄ðQ̄Þ

a ðiζ1ðVμ − ρμÞ − μ1γ
νFμνðρÞÞabTðQ̄Þμ

b i þ H:c:�; ð3:5Þ

Here, the covariant derivatives are written asDμ ¼ ∂μ þ Vμ

and D0
μ ¼ ∂μ − Vμ. And the axial current Aμ, the vector

current Vμ, the vector meson field ρμ, and the vector meson
strength tensor FμνðρÞ are defined as

Aμ ¼
1

2
ðξ†∂μξ − ξ∂μξ

†Þμ;

Vμ ¼
1

2
ðξ†∂μξþ ξ∂μξ

†Þμ;

ξ ¼ expðiP=fπÞ; ρμ ¼
igVffiffiffi
2

p Vμ;

FμνðρÞ ¼ ∂μρν − ∂νρμ þ ½ρμ; ρν�: ð3:6Þ
respectively. The light pseudoscalar meson matrix P and
the light vector meson matrix Vμ have the conventional
form [63,68,69], which can be expressed as

P ¼

0
BB@

π0ffiffi
2

p þ ηffiffi
6

p πþ Kþ

π− − π0ffiffi
2

p þ ηffiffi
6

p K0

K− K̄0 −
ffiffi
2
3

q
η

1
CCA ;

Vμ ¼

0
BB@

ρ0ffiffi
2

p þ ωffiffi
2

p ρþ K�þ

ρ− − ρ0ffiffi
2

p þ ωffiffi
2

p K�0

K�− K̄�0 ϕ

1
CCA

μ

; ð3:7Þ

respectively. After expanding the compact effective La-
grangians in Eq. (3.5) to the leading order of the pseudo-
Goldstone field ξ, we can further obtain the concrete
effective Lagrangians (see Refs. [65–67,80,81] for more
information). The normalized relations for these discussed
charmed mesons are written as

h0jDjcq̄ð0−Þi¼ ffiffiffiffiffiffiffi
mD

p
; h0jD�μjcq̄ð1−Þi¼ ϵμ

ffiffiffiffiffiffiffiffi
mD�

p
;

h0jD�
0jcq̄ð0þÞi¼

ffiffiffiffiffiffiffiffi
mD�

0

p
; h0jD0μ

1 jcq̄ð1þÞi¼ ϵμ
ffiffiffiffiffiffiffiffi
mD0

1

p
;

h0jDμ
1jcq̄ð1þÞi¼ ϵμ

ffiffiffiffiffiffiffiffi
mD1

p
; h0jD�μν

2 jcq̄ð2þÞi¼ ζμν
ffiffiffiffiffiffiffiffi
mD�

2

p
;

ð3:8Þ

respectively. Here, ϵμmðm¼ 0;�1Þ and ζμνm ðm ¼ 0;�1;�2Þ
correspond to the polarization vector and tensor, res-
pectively. In the static limit, they have the form of
ϵμ0 ¼ ð0; 0; 0;−1Þ, ϵμ� ¼ ð0;�1; i; 0Þ= ffiffiffi

2
p

, and ζμνm ¼P
m1;m2h1; m1; 1; m2j2; miϵμm1

ϵνm2
[82].

In order to obtain the concrete effective potentials, one
need to further construct the wave functions for the
investigated systems. They include the color part, the flavor
part, the spin-orbit part, and the spatial wave functions. For
the systems composed by colorless hadrons, the color wave
functions are simply 1. In Table II, we summarize the flavor
wave functions jI; I3i for the S-wave AĀ andAB̄ systems,
here, notations A and B stand for the different charmed
mesons, and J, J1, and J2 correspond to the total angular
momentum quantum numbers of the discussed charmo-
niumlike systems AB̄, the charmed (charmed-strange)
mesons A, and the charmed (charmed-strange) mesons
B, respectively. In particular, we need to emphasize the C
parity for the discussed systems is determined by C ¼
cx1x2ð−1ÞJ−J1−J2 with c ¼ �1, where the charge conjugate
transformation conventions satisfy A ↔ x1Ā and B ↔
x2B̄ [14,16,31,32,67,80,81,83–88].

TABLE II. Flavor wave functions jI; I3i for these discussed
S-wave AĀ and AB̄ systems. Here, the notations A and B stand
for different charmed mesons, and I and I3 represent their isospin
and the third component of these discussed charmoniumlike
systems, respectively.

Systems jI; I3i Flavor wave functions

AĀ j1; 1i AþĀ0

j1; 0i 1ffiffi
2

p ðA0Ā0 −AþA−Þ
j1;−1i A0A−

j0; 0i 1ffiffi
2

p ðA0Ā0 þAþA−Þ
AB̄ j1; 1i 1ffiffi

2
p ðAþB̄0 þ cBþĀ0Þ

j1; 0i 1
2
½ðA0B̄0 −AþB−Þ þ cðB0Ā0 − BþA−Þ�

j1;−1i 1ffiffi
2

p ðA0B− þ cB0A−Þ
j0; 0i 1

2
½ðA0B̄0 þAþB−Þ þ cðB0Ā0 þ BþA−Þ�
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The spin-orbit wave functions j2Sþ1LJi for the jDJ1D̄J2i
systems can be constructed as

jD0D̄1i ¼
X
m;mL

CJ;M
1m;LmL

ϵμmjYL;mL
i; ð3:9Þ

jD0D̄2i ¼
X
m;mL

CJ;M
2m;LmL

ζμνm jYL;mL
i; ð3:10Þ

jD1D̄1i ¼
X

m;m0;mS;mL

CS;mS
1m;1m0CJ;M

SmS;LmL
ϵμmϵνm0 jYL;mL

i; ð3:11Þ

jD1D̄2i ¼
X

m;m0;mS;mL

CS;mS
1m;2m0CJ;M

SmS;LmL
ϵλmζ

μν
m0 jYL;mL

i: ð3:12Þ

In the above expressions, the notations D0, D1, and D2

denote the charmed (charm-strange) mesons with the total
angular momentum quantum numbers J ¼ 0, 1, and 2,
respectively. Ce;f

ab;cd is the Clebsch-Gordan coefficient, and
jYL;mL

i is the spherical harmonics function. In Table III, we
summary the relevant spin-orbit wave functions j2Sþ1LJi
and the discussed channels under considering the coupled
channel effect.
For the AB̄ → AB̄ processes, there exist the direct

channel and cross channel Feynman diagrams [31,67],
where A and B stand for two different charmed (charm-
strange) mesons. The total effective potentials can be
written as [14,16,67,84]

VTotalðrÞ ¼ VDðrÞ þ cVCðrÞ: ð3:13Þ

In Fig. 6, we present the direct channel and cross channel
Feynman diagrams. For the AĀ systems, there exist the
direct channel contribution.
With the standard procedures of the OBE model

[63,65–69], we can finally obtain the effective potentials
in the coordinate space. In the Appendix, we collect the
concrete expressions for all the OBE effective potentials.
We estimate the coupling constants by fitting the reported
experimental data and using several theoretical models
[32,65–67,76,80,89–101]. In particular, we fix the phases
between these coupling constants by the quark model [94].
In Table IV, we collect their values. In addition, we
need to introduce the following parameters of the hadron
masses, mσ ¼600.00MeV, mπ ¼137.27MeV, mη ¼
547.86 MeV, mρ¼775.49MeV, mω¼782.65MeV, mϕ¼
1019.46MeV, mD ¼ 1867.24 MeV, mD�¼2008.56MeV,
mD�

0
¼ 2324.50 MeV, mD0

1
¼ 2427.00 MeV, mD1

¼
2422.00MeV, mD�

2
¼2463.05MeV, mDs

¼1968.34MeV,
mD�

s
¼ 2112.20 MeV, mD�

s0
¼ 2317.80 MeV, mD0

s1
¼

2459.50 MeV, mDs1
¼ 2535.11 MeV, and mD�

s2
¼

2569.10 MeV [38].

B. Numerical results and discussions

In this section, we attempt to find the loosely bound state
solutions for the charmed (charm-strange) meson and
anticharmed (anticharm-strange) meson systems by solving
the coupled channel Schrödinger equation. As the only one
free parameter here, we vary the cutoff parameters in the
range of 0.8–3.0 GeV. The loosely bound state with cutoff
value around 1.0 GeV can be the prime hadronic molecular
candidate, since this value range is widely accepted as a
reasonable input parameter based on the experience of
studying the deuteron [65,72,73]. As is well known, a
reasonable loosely bound hadronic molecule should satisfy
its binding energy is around several to several tens MeV,
and its typical size should be larger than the size of all the
component hadrons [18,102].
Here, we need to emphasis that we mainly focus on the

mass spectrum for the hidden-charm molecular tetraquark
systems in this work, which is inspired by the abundant
experimental data. In addition, we also give rough estima-
tions of the branching ratios of the two-body hidden-charm
decay behaviors for the D�D̄� molecular tetraquarks within

TABLE III. The relevant quantum numbers JP and possible channels j2Sþ1LJi involved in this work. Here, ...
means that the S − wave components for the corresponding channels do not exist.

JP D0D̄0 D0D̄1 D0D̄2 D1D̄1 D1D̄2

0� j1S0i � � � � � � j1S0i=j5D0i � � �
1� � � � j3S1i=j3D1i � � � j3S1i=j3;5D1i j3S1i=j3;5;7D1i
2� � � � � � � j5S2i=j5D2i j5S2i=j1;3;5D2i j5S2i=j3;5;7D2i
3� � � � � � � � � � � � � j7S3i=j3;5;7D3i

FIG. 6. The direct channel and cross channel Feynman dia-
grams for the AB̄ → AB̄ processes. Here, the notations A and B
represent two different charmed (charmed-strange) mesons.
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the heavy quark symmetry analysis, which is due to
possible peculiar characteristic mass spectrum of the
isoscalar D�D̄� molecular systems existing in the reported
experimental data of the B meson decays (see Fig. 2). For
other obtained DD̄ and DsD̄s molecules, we only simply
list the two-body hidden-charm decay channels. Their
decay behaviors will be further discussed in the future
work. Our results will be categorized into three correspond-
ing cases:
(1) The isoscalar charmoniumlike molecular systems

without hidden-strange quantum number,
(2) The charmoniumlike molecular systems with hidden-

strange quantum number,
(3) The isovector hidden-charm molecular tetraquark

systems.

1. Isoscalar charmoniumlike molecular systems without
hidden-strange quantum number

The isoscalar D�D̄� system.—In Table V, we present the
corresponding bound state properties for the S − wave
isoscalar D�D̄� system. When cutoff values vary from
0.8 to 3.0 GeV, we can obtain bound state solutions
for the S − wave isoscalar D�D̄� states with JPC ¼ 0þþ,
1þ−, and 2þþ. And we can obtain the relation of

Λ½0ð0þþÞ� < Λ½0ð1þ−Þ� < Λ½0ð2þþÞ�. Suppose bound
states with a smaller cutoff binds deeper when we set
the same binding energy. We can find the isoscalar D�D̄�

interaction with IðJPCÞ ¼ 0ð0þþÞ is strongest attractive,
followed by the states with IðJPCÞ ¼ 0ð1þ−Þ and 0ð2þþÞ.
Thus, we can conclude these three states are possible
isoscalar hidden-charm molecular tetraquark candidates,
and their masses satisfy M½0ð0þþÞ� < M½0ð1þ−Þ� <
M½0ð2þþÞ�. Here, our results are also consistent with the
conclusions in Refs. [16,27,72,87,103–113].
After that, we give rough estimations of the branching

ratios of the two-body hidden-charm decay behaviors for
these possible S − wave isoscalar D�D̄� molecular candi-
dates by using the heavy quark symmetry. As an approxi-
mate symmetry, the heavy quark symmetry is often applied
to study the structures of the hadrons which contain the
heavy quarks. In order to perform the heavy quark
symmetry analysis for the two-body hidden-charm decay
behaviors, we should first expand the spin wave functions
of the heavy hadrons systems jl1s1j1;l2s2j2; JMi in terms
of the heavy quark basis jl1l2L; s1s2S; JMi, i.e.,

jl1s1j1;l2s2j2; JMi

¼
X
S;L

Ŝ L̂ ĵ1 ĵ2

8<
:

l1 l2 L

s1 s2 S

j1 j2 J

9=
;jl1l2L; s1s2S; JMi

ð3:14Þ

with Â ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Aþ 1

p
. Here, the 9 − j symbol is used to relate

two bases jl1s1j1;l2s2j2; JMi and jl1l2L; s1s2S; JMi
with the investigated system coupled in a different
way [114].
For these possible S − wave isoscalar D�D̄� molecular

candidates, the two-body hidden-charm decay channels
include the ηcη, ηcη0, ηcω, J=ψη, and J=ψω channels. We
can expand their spin wave functions in the heavy quark
spin symmetry basis, i.e.,

TABLE IV. A summary of the coupling constants adopted in our
calculations.Units of the coupling constantsh0 ¼ ðh1 þ h2Þ=Λχ , λ,
λ0, λ00, μ, and μ1 are GeV−1, and the coupling constant fπ is given in
unit of GeV.

gσ g0σ g00σ jhσ j jh0σ j g
−0.76 0.76 0.76 0.32 0.35 0.59

k̃ k jhj jh0j fπ β
0.59 0.59 0.56 0.55 0.132 −0.90
β0 β00 λ λ0 λ00 jζj
0.90 0.90 −0.56 0.56 0.56 0.727

jμj jζ1j μ1 gV
0.364 0.20 0 5.83

TABLE V. Bound state properties for the S − wave isoscalar D�D̄� system. Cutoff Λ, binding energy E, and root-
mean-square (rms) radius rrms are in units of GeV, MeV, and fm, respectively. Here, we label the major probability
for the corresponding channels in a bold manner.

Effect Single channel S −D wave mixing effect

JPC Λ E rrms Λ E rrms Pð1S0=5D0Þ
0þþ 0.92 −0.56 3.98 0.91 −0.61 3.89 99.56=0.44

0.99 −11.81 1.09 0.98 −10.80 1.15 99.42=0.58

JPC Λ E rrms Λ E rrms Pð3S1=3D1Þ
1þ− 1.07 −0.38 4.54 1.05 −0.35 4.67 99.49=0.51

1.16 −12.01 1.09 1.15 −12.35 1.10 99.13=0.87

JPC Λ E rrms Λ E rrms Pð5S2=1D2=5D2Þ
2þþ 2.06 −0.28 5.18 1.82 −0.33 5.05 99.03=0.07=0.90

3.00 −12.35 1.26 2.81 −12.45 1.28 98.00=0.15=1.85
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j0þþi ¼
ffiffiffi
3

p

2
j0−þqq̄ ; 0−þcc̄ ; 0þþi − 1

2
j1−−qq̄ ; 1−−cc̄ ; 0þþi; ð3:15Þ

j1þ−i ¼ 1ffiffiffi
2

p j1−−qq̄ ;0−þcc̄ ;1þ−iþ 1ffiffiffi
2

p j0−þqq̄ ;1−−cc̄ ;1þ−i; ð3:16Þ

j2þþi ¼ j1−−qq̄ ; 1−−cc̄ ; 2þþi; ð3:17Þ

where L
Pq;Cq
qq̄ and S

PQ;CQ
cc̄ stand for the spin parities for the

light-flavor meson and charmonium state, respectively.
In the heavy quark symmetry, we can estimate that

(i) The isoscalar D�D̄� molecular state with JPC ¼ 0þþ

can decay into the ηcηð0Þ and J=ψω channels through
the S − wave interaction, the relative decay ratio
B0 ¼ Γ0½J=ψω�=Γ0½ηcηð0Þ� is roughly 1∶3.

(ii) For the isoscalar D�D̄� molecular state with
JPC ¼ 1þ−, it can decay into the J=ψηð0Þ and ηcω
via the S − wave coupling. The relative decay
branching ratio for the J=ψηð0Þ and ηcω channels
is B1 ¼ Γ1½J=ψη�=Γ1½ηcω� ¼ 1∶1. Since the phase
space for theD�D̄� → J=ψη is larger than that in the
ηcω final state around 100 MeV, the partial decay
widths for these two hidden-charm decay processes
satisfy Γ1½J=ψη� > Γ1½ηcω�, it leads to the J=ψη
channel is the prime decay channel to search for the
isoscalar D�D̄� molecular state with JPC ¼ 1þ−.

(iii) For the isoscalar D�D̄� molecular state with
JPC ¼ 2þþ, the J=ψω is the only one two-body
hidden-charm decay mode by the S − wave inter-
action.

In addition, the isoscalar D�D̄� molecular state with
JPC ¼ 0þþ can strongly couple to the DD̄ channel via the
S − wave coupling, and the D�D̄�½0ð2þþÞ� can decay into
the DD̄� and DD̄ channels through the D-wave inter-
actions, which indicate that the two-body open-charm
decay widths satisfy ΓOpen½0ð0þþÞ� > ΓOpen½0ð2þþÞ�.
Thus, we can estimate that the strong decay width for
the D�D̄� molecule with IðJPCÞ ¼ 0ð0þþÞ is larger than
that for the D�D̄� molecule with IðJPCÞ ¼ 0ð2þþÞ.4 To
summarize, if both the D�D̄� states with IðJPCÞ ¼ 0ð0þþÞ
and 0ð2þþÞ are the possible charmoniumlike molecular
candidates, their mass and decay width should satisfy
M½0ð0þþÞ� < M½0ð2þþÞ� and Γ½0ð0þþÞ� > Γ½0ð2þþÞ�,
respectively. These important characters on their mass
spectrum and two-body strong decay behaviors provided
here can help us to search and further identify the D�D̄�
charmoniumlike molecules.
According to the above analysis, the J=ψω final state has

the potential to observe the possibleD�D̄� charmoniumlike
molecules with IðJPCÞ ¼ 0ð0þþÞ and 0ð2þþÞ. Recalling

the BABAR data presented in Fig. 2, we can find possible
evidence of the existence of two enhancement structures
below theD�D̄� threshold by analyzing the J=ψω invariant
mass spectrum of the B → J=ψωK [41,42]. In Fig. 7(a), we
label the possible positions of the D�D̄� charmoniumlike
molecules with IðJPCÞ ¼ 0ð0þþÞ and 0ð2þþÞ in the J=ψω
invariant mass spectrum in the B → J=ψωK [41,42]. We
look forward the future experiments with higher precision
data can test our theoretical predictions.
Meanwhile, it is interesting to note that the S − wave

D�D̄� state with IðJPCÞ ¼ 0ð1þ−Þ is favored to be the
possible charmoniumlike molecular candidate, and the
J=ψη channel is the important two-body hidden-charm
decay mode. Experimental, we may find an enhancement
structure around 3.9 GeV in the J=ψη invariant mass
spectrum of the B → J=ψηK [43], which may correspond
to the S − wave isoscalarD�D̄� molecular state with JPC ¼
1þ− (see Fig. 7(b)). In addition, we notice that the BESIII
Collaboration [115] and the Belle Collaboration [116]
respectively analyzed the J=ψη invariant mass spectrum
in the eþe− annihilation process and the B → J=ψηK
process, unfortunately, no significant signal around
3.9 GeV was found. This could be because there are only
several dozen events or less in the J=ψη invariant mass
spectrum [43,115,116], in comparison with the observa-
tions of the J=ψω invariant mass spectrum [25,41,42], we
expect more precision experimental data to further check
the structure around 3.9 GeV in the J=ψη invariant mass
spectrum.

FIG. 7. The J=ψω and J=ψη invariant mass spectrum around
the D�D̄� threshold in the B → J=ψωK [41,42] and B → J=ψηK
[43], respectively.

4Here, we neglect the other decay modes with very small
contribution, like the three-body decay modes, the two-body
decay modes via the D-wave interaction.
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In short, due to the lack of the sufficiently accurate
experimental results, the present data sample from the B
meson decays was not large enough to analyze these possi-
ble charmoniumlike molecular tetraquark structures in the
J=ψω and J=ψη invariant mass spectrum [25,41–43,116],
and the study of these possible charmoniumlike molecular
tetraquark candidates will become an important research
field at the precision frontier in future experiments. Thus,
we strongly expect experimental colleagues to focus on the
detailed structures around 3.9 GeV in the J=ψω and J=ψη
invariant mass spectrum with more precise experimental
data, like the LHCb, Belle II, and BESIII, it will provide
strong evidence of existing charmoniumlike molecular
tetraquark states if these possible enhancement structures
can be confirmed in future experiments.

The others isoscalar DD̄ systems.—In this section, we
mainly try to understand very broad structure around
4.3 GeV in the J=ψω invariant mass spectrum of the
B → J=ψωK process [25,41,42]. The mass thresholds of
the D�D̄1, D�D̄�

2, DD̄�
2, and DD̄1 systems locate around

this energy region. In general, the pion exchange inter-
action usually plays a crucial role in forming the hadronic
molecular states [18]. In the following, we discuss these
S − wave isoscalar charmoniumlike molecular tetraquark
systems with three different groups, i.e., the S − wave
isoscalar charmoniumlike molecular tetraquark systems
with the pion exchange contribution occurring in the direct
channel effective potentials, the S − wave isoscalar char-
moniumlike molecular tetraquark systems with the pion
exchange contribution occurring in the cross channel
effective potentials, and the S − wave isoscalar charmo-
niumlike molecular tetraquark systems without the pion
exchange process. For the sake of completeness, we also
discuss the mass spectrum and the two-body hidden-charm
decay channels for the S − wave isoscalar DD̄ and DD̄�
systems.

(i) The S − wave isoscalar D�D̄1 and D�D̄�
2 systems.

By performing numerical calculations, we can obtain the
loosely bound state solutions for the S − wave isoscalar
D�D̄1 and D�D̄�

2 systems when the cutoff values are tuned
from 0.8 to 3.0 GeV. In Table VI, we present the
corresponding bound state solutions. Compared to the
high spin states, we find that the low spin states can
be easier to bind as charmoniumlike molecular candidates
for the S − wave isoscalar D�D̄1 and D�D̄�

2 systems. Here,
we also consider the coupled channel effect, and find
the coupled channel effect plays a minor role in the
above discussed systems. In fact, there are several papers
on the predictions of the possible S − wave isoscalar D�D̄1

and D�D̄�
2 charmoniumlike molecular tetraquark states

[59,85,86,117–119].
In Fig. 8, we present the cutoff parameter Λ dependence

of the binding energy E for the S-wave D�D̄1 state with
IðJPCÞ ¼ 0ð0−−Þ, and there exist the loosely bound state

solutions when the cutoff parameter is larger than
0.96 GeV, where the binding energy increases with the
cutoff value monotonically. For simplicity, we only take
Λ ¼ 0.96 and 1.03 GeV to present the loosely bound state
solutions for the S-wave D�D̄1 state with IðJPCÞ ¼ 0ð0−−Þ
in Table VI.
(ii) The S − wave isoscalar DD̄�

2 and DD̄� systems.
For theDD̄�

2 andDD̄� systems, the π exchange occurs in
the DD̄�

2 → D�
2D̄ and DD̄� → D�D̄ processes, and the

interaction Feynman diagram corresponds to the Cross
diagram in Fig. 6. In Table VII, we collect the bound state
solutions for the S − wave isoscalar DD̄�

2 and DD̄� sys-
tems. It is obvious that these S − wave isoscalar DD̄�

2 and
DD̄� states can be possible charmoniumlike molecular
candidates as their bound state solutions satisfy the typical
characters for a loosely bound hadronic molecule.5 In fact,
the S − wave isoscalar DD̄� molecular states have been
extensively studied in Refs. [11–17,72,107–113,120–128].
However, our knowledge of the S-wave isoscalar DD̄�

2

molecular states is still not enough up to now [85,86].
(iii) The S − wave isoscalar DD̄1 and DD̄ systems.
Despite the π exchange does not contribute to the

effective potentials for the S − wave DD̄1 system as
the parity forbidden, the scalar and vector mesons
exchange interactions may be strong enough to generate
an bound state [65,129]. As shown in Table VIII, our
numerical results suggest the isoscalar DD̄1 states with
IðJPCÞ ¼ 0½ð1−−Þ; ð1−þÞ� and the S − wave DD̄ state
with IðJPCÞ ¼ 0ð0þþÞ can be possible charmoniumlike
molecular candidates. In fact, the S − wave isoscalar
DD̄1 molecular states were intensively discussed in
Refs. [59,74,85,86,93,101,117], which may be related to
the Yð4260Þ6 [131]. In Refs. [16,104,108,110–113], the
S − wave DD̄ bound state with IðJPCÞ ¼ 0ð0þþÞ was
estimated.
Let’s give a short summary, we can predict a serial of

possible charmoniumlike molecules composed by the S −
wave isoscalar D�D̄1, D�D̄�

2, DD̄�
2, DD̄�, DD̄1, and DD̄

systems. In Table IX, we summary their two-body hidden-
charm decay information for all the possible S − wave
isoscalar D�D̄1, D�D̄�

2, DD̄�
2, DD̄�, DD̄1, and DD̄ char-

moniumlike molecules. For example, the J=ψω channel is
the two-body hidden-charm decay mode for the isoscalar
D�D̄1½ð0; 1; 2Þ−þ�, D�D̄�

2½3−þ�, and DD̄1½1−þ� bound
states, perhaps, it is possible to observe the experimental
signal of these possible charmoniumlike molecules in the
J=ψω final state. When we recall the experimental data of
the B → J=ψωK [25,41,42], our predictions of these

5When the cutoff Λ is taken around 1 GeV, the binding energy
is around several to several tens MeV, and the size of bound state
is larger than the size of its component.

6In 2017, the BESIII gave more precise data of the eþe− →
J=ψπþπ− [130], which shows that the Yð4260Þ [131] is split into
two resonances Yð4220Þ and Yð4320Þ.
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possible charmoniumlike molecules also reflect the com-
plexity of the structures in the J=ψω invariant mass
spectrum around 4.3 GeV. At present, it is a little difficult
to definitely identify these possible charmoniumlike mol-
ecules, we hope further experiments can provide more

precise measurement of the B meson decay into a char-
monium state plus a light-flavor meson. In addition, the
χcJð1PÞω with J ¼ 0, 1, 2 are the two-body hidden-charm
decay channels for the possible S − wave isoscalar D�D̄1,
D�D̄�

2, DD̄�
2, and DD̄1 systems of negative C-parity in our

calculations.

2. Charmoniumlike molecular tetraquark systems with
hidden-strange quantum number

With the help of the SU(3) flavor symmetry, we can
further study the interactions between the charm-strange
meson and anticharm-strange meson, in this section, we
analyze the existence probability of the charmoniumlike
molecules with hidden-strange quantum number and give
their two-body hidden-charm decay channels.

The D�
sD̄�

s system.—For the D�
sD̄�

s system, the η and ϕ
exchanges contribute to the effective potentials in the OBE

FIG. 8. The cutoff parameter Λ dependence of the binding
energy E for the S-wave D�D̄1 state with IðJPCÞ ¼ 0ð0−−Þ.

TABLE VI. Bound state solutions for the S − wave isoscalar D�D̄1 and D�D̄�
2 systems. Conventions are the same as Table V.

Effect Single channel S −D wave mixing effect

D�D̄1

JPC Λ E rrms Λ E rrms Pð1S0=5D0Þ
0−− 0.96 −0.59 3.73 0.95 −0.52 3.92 99.70=0.30

1.03 −11.12 1.07 1.03 −12.40 1.03 99.59=0.41
0−þ 0.92 −0.56 3.91 0.91 −0.55 3.96 99.53=0.47

0.99 −11.42 1.08 0.99 −12.82 1.05 99.41=0.59

JPC Λ E rrms Λ E rrms Pð3S1=3D1=5D1Þ
1−− 1.10 −0.48 4.11 1.08 −0.33 4.61 99.64=0.35=0.01

1.20 −12.57 1.03 1.19 −12.74 1.03 99.38=0.61=0.01
1−þ 1.06 −0.45 4.25 1.04 −0.34 4.68 99.47=0.52=0.01

1.15 −11.80 1.07 1.14 −11.75 1.09 99.13=0.86=0.01

JPC Λ E rrms Λ E rrms Pð5S2=1D2=3D2=5D2Þ
2−− 2.56 −0.32 4.89 2.60 −0.33 4.90 98.90=0.05=oð0Þ=1.05

2.58 −9.86 1.16 2.74 −8.65 1.33 93.06=4.18=oð0Þ=2.75
2−þ 1.73 −0.81 3.68 1.59 −0.34 4.90 99.30=0.08=oð0Þ=0.62

2.14 −12.16 1.24 2.07 −12.74 1.24 98.77=0.27=oð0Þ=0.93
D�D̄�

2

JPC Λ E rrms Λ E rrms Pð3S1=3D1=5D1=7D1Þ
1−− 0.94 −0.28 4.78 0.94 −0.56 3.90 99.77=0.07=oð0Þ=0.16

1.02 −12.82 1.01 1.02 −13.86 0.99 99.69=0.05=oð0Þ=0.26
1−þ 0.97 −0.27 4.80 0.97 −0.51 4.00 99.81=0.09=oð0Þ=0.10

1.05 −10.92 1.09 1.05 −11.81 1.06 99.71=0.19=oð0Þ=0.09
JPC Λ E rrms Λ E rrms Pð5S2=3D2=5D2=7D2Þ
2−− 1.21 −0.67 3.68 1.19 −0.28 4.84 99.67=oð0Þ=0.33=oð0Þ

1.36 −12.76 1.04 1.35 −12.82 1.05 99.38=0.01=0.60=0.01
2−þ 1.11 −0.31 4.77 1.10 −0.28 4.84 99.78=oð0Þ=0.22=oð0Þ

1.21 −11.55 1.08 1.21 −12.66 1.04 99.59=0.01=0.40=oð0Þ
JPC Λ E rrms Λ E rrms Pð7S3=3D3=5D3=7D3Þ
3−− 1.90 −0.32 4.94 1.73 −0.31 4.98 99.21=0.07=oð0Þ=0.72

2.87 −12.26 1.23 2.64 −12.24 1.25 98.36=0.39=0.03=1.22
3−þ 1.97 −0.32 4.94 1.77 −0.33 4.91 99.03=0.04=oð0Þ=0.93

2.74 −12.49 1.21 2.51 −12.41 1.24 97.70=0.19=0.03=2.07
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model. The relevant numerical results for the S − wave
D�

sD̄�
s system are given in Table X, and the cutoff

parameters are taken in the range from 1.0 to 3.0 GeV.
For the S − wave D�

sD̄�
s states with JPC ¼ 0þþ and 1þ−,

we can obtain the loosely bound state solutions for these
states when the cutoff values are taken to be around 1.6 and
1.9 GeV, respectively. Thus, the S − waveD�

sD̄�
s states with

JPC ¼ 0þþ and 1þ− can be the possible hidden-charm and
hidden-strange molecular tetraquark candidates, especially
the D�

sD̄�
s molecular state with JPC ¼ 0þþ [132,133]. If

taking a large cutoff Λ > 3.0 GeV, there exist the loosely
bound state solutions for theD�

sD̄�
s state with JPC ¼ 2þþ in

Ref. [27]. However, such cutoff parameter is far from the
usual value around 1.0 GeV [65,72,73], which is consistent
with our numerical results.

The DsD̄s, DsD̄�
s , DsD̄�

s0, DsD̄0
s1, D

�
sD̄�

s0, D
�
sD̄0

s1, D
ð�Þ
s D̄s1,

and Dð�Þ
s D̄�

s2 systems.—Besides the S − wave D�
sD̄�

s sys-
tem, we also investigate the bound state properties of the
S − wave DsD̄s, DsD̄�

s , DsD̄�
s0, DsD̄0

s1, D
�
sD̄�

s0, and D�
sD̄0

s1
systems by tuning the cutoff values Λ from 1.0 to 3.0 GeV,
and the corresponding numerical results are listed in
Table XI. If we still adopt the general criterion of the
loosely hadron-hadron molecule [65,67,72,73], we can find

(i) There may exist several possible charmoniumlike
molecular tetraquark candidates with hidden-strange

TABLE VII. Bound state solutions for the S − wave isoscalarDD̄�
2 andDD̄� systems. Conventions are the same as

Table V.

Effect Single channel S −D wave mixing effect

DD̄�
2½JPC� Λ E rrms Λ E rrms Pð5S2=5D2Þ

2−− 1.46 −0.25 5.08 1.46 −0.34 4.74 99.99=0.01
1.85 −12.22 1.11 1.82 −12.40 1.11 99.91=0.09

2−þ 1.30 −0.36 4.69 1.29 −0.24 5.17 99.99=0.01
1.47 −12.03 1.11 1.47 −12.89 1.08 99.93=0.07

DD̄�½JPC� Λ E rrms Λ E rrms Pð3S1=3D1Þ
1þ− 1.62 −0.36 4.70 1.36 −0.39 4.71 97.38=2.62

1.77 −12.51 1.07 1.49 −12.32 1.19 92.15=7.85
1þþ 1.18 −0.27 5.15 1.08 −0.27 5.22 99.05=0.95

1.53 −12.39 1.19 1.30 −12.09 1.23 96.99=3.01

TABLE VIII. Bound state solutions for the S − wave isoscalar DD̄1 system. Conventions are the same as Table V.

Effect Single channel S −D wave mixing effect

DD̄½JPC� Λ E rrms

0þþ 1.46 −0.29 5.08
1.76 −12.55 1.15

DD̄1½JPC� Λ E rrms Λ E rrms Pð3S1=3D1Þ
1−− 1.39 −0.36 4.72 1.39 −0.39 4.60 99.98=0.02

1.67 −12.13 1.14 1.67 −12.42 1.13 99.92=0.08
1−þ 1.38 −0.29 4.92 1.38 −0.32 4.80 99.98=0.02

1.63 −12.63 1.09 1.63 −12.89 1.08 99.93=0.07

TABLE IX. A summary of the two-body hidden-charm decay
channels for all the possible S − wave isoscalar D�D̄1, D�D̄�

2,
DD̄�

2, DD̄�, DD̄1, and DD̄ charmoniumlike molecules.

States Two-body hidden-charm decay channels

D�D̄1½0−þ� J=ψω, χc0ð1PÞη, χc0ð1PÞη0
D�D̄1½0−−� χc1ð1PÞω, ηcω, J=ψη, J=ψη0
D�D̄1½1−þ� J=ψω, χc1ð1PÞη, ηcη, ηcη0,
D�D̄1½1−−� χc2ð1PÞω, χc1ð1PÞω, χc0ð1PÞω, ηcω, J=ψη, J=ψη0
D�D̄1½2−þ� J=ψω, χc2ð1PÞη
D�D̄1½2−−� χc2ð1PÞω, χc1ð1PÞω, ηcω, J=ψη, J=ψη0
D�D̄�

2½1−þ� χc1ð1PÞη, ηcη, ηcη0, J=ψω, χc1ð1PÞη0
D�D̄�

2½1−−� χc2ð1PÞω, ηcω, J=ψη, J=ψη0, χc0ð1PÞω, χc1ð1PÞω
D�D̄�

2½2−þ� χc2ð1PÞη, J=ψω
D�D̄�

2½2−−� χc2ð1PÞω, ηcω, J=ψη, J=ψη0, χc1ð1PÞω
D�D̄�

2½3−þ� J=ψω
D�D̄�

2½3−−� χc2ð1PÞω
DD̄�

2½2−þ� χc2ð1PÞη, J=ψω
DD̄�

2½2−−� χc1ð1PÞω, ηcω, J=ψη, J=ψη0
DD̄�½1þþ� J=ψω
DD̄�½1þ−� ηcω, J=ψη
DD̄1½1−þ� J=ψω, ηcη0, ηcη, χc1ð1PÞη
DD̄1½1−−� χc0ð1PÞω, ηcω, J=ψη, J=ψη0
DD̄½0þþ� ηcη
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quantum number, such as theDsD̄�
s state with JPC ¼

1þ− [108,133], the DsD̄�
s0 state with JPC ¼ 0−∓

[81,97–99], the DsD̄0
s1 state with JPC ¼ 1−−, the

D�
sD̄0

s1 states with J
PC ¼ 0−∓ and 1−þ. In particular,

the coupled channel effect plays an important role in
generating these loosely bound states, i.e., the DsD̄�

s

state with JPC ¼ 1þ−, the DsD̄�
s0 state with

JPC ¼ 0−∓, and the DsD̄0
s1 state with JPC ¼ 1−−.

(ii) If we increase the cutoff value around 2.0 GeV, we
can obtain loosely bound state solutions for the
DsD̄�

s state with JPC ¼ 1þþ, the D�
sD̄�

s0 state with
JPC ¼ 1−−, and the D�

sD̄0
s1 state with JPC ¼ 1−−.

They may be the possible charmoniumlike
molecular candidates with hidden-strange quantum
number.

(iii) In addition, we do not obtain bound state solutions
for the DsD̄s state with JPC ¼ 0þþ, the DsD̄0

s1 state
with JPC ¼ 1−þ, and the D�

sD̄0
s1 state with JPC ¼

2−∓ by tuning cutoff values from 1.0 to 3.0 GeV.
In our previous work [67], we systematic study the

interactions between a pair of charm-strange meson and
anticharm-strange meson in the H-doublet or T-doublet by
using the OBE model and considering the S −D wave
mixing and the coupled channel effect, and we can predict

TABLE X. Bound state solutions for the S − wave D�
sD̄�

s system. Conventions are the same as Table V.

Effect Single channel S −D wave mixing effect

JPC Λ E rrms Λ E rrms Pð1S0=5D0Þ
0þþ 1.59 −0.72 3.49 1.58 −0.23 4.98 99.98=0.02

1.65 −11.09 0.98 1.65 −11.34 0.97 99.95=0.05

JPC Λ E rrms Λ E rrms Pð3S1=3D1Þ
1þ− 1.89 −0.52 4.00 1.88 −0.26 4.89 99.98=0.02

2.00 −12.37 0.95 2.00 −12.52 0.94 99.96=0.04

TABLE XI. Bound state solutions for the S − wave DsD̄�
s , DsD̄�

s0, DsD̄0
s1, D

�
sD̄�

s0, and D�
sD̄0

s1 systems. Conventions are the same as
Table V.

Effect Single channel S −D wave mixing effect Coupled channel effect

States½JPC� Λ E rrms Λ E rrms Pð3S1=3D1Þ Λ E rrms PðDsD̄�
s=D�

sD̄�
sÞ

DsD̄�
s ½1þ−� 2.65 −0.26 4.96 2.27 −0.43 4.39 99.25=0.75 1.63 −0.13 5.41 96.64=3.36

2.85 −11.95 0.98 2.43 −11.85 1.03 96.56=3.44 1.66 −8.92 0.99 78.85=21.15
DsD̄�

s ½1þþ� × × × 2.71 −0.27 4.99 99.46=0.54
× × × 3.00 −5.69 1.49 97.69=2.31

States½JPC� Λ E rrms Λ E rrms PðDsD̄�
s0=D

�
sD̄0

s1Þ
DsD̄�

s0½0−−� × × × 1.87 −2.52 1.77 85.11=14.89
× × × 1.88 −8.21 0.94 75.72=24.48

DsD̄�
s0½0−þ� 2.83 −0.28 4.93 1.49 −0.43 4.27 96.97=3.03

3.00 −0.92 3.32 1.52 −10.05 1.00 81.81=18.19

State½JPC� Λ E rrms Λ E rrms Pð3S1=3D1Þ Λ E rrms PðDsD̄0
s1=D

�
sD̄�

s0=D
�
sD̄0

s1Þ
DsD̄0

s1½1−−� 2.17 −0.33 4.65 2.15 −0.29 4.79 99.98=0.02 1.87 −0.31 4.69 98.76=1.24=oð0Þ
2.55 −12.60 1.00 2.51 −12.35 1.00 99.82=0.18 1.99 −12.64 0.92 87.08=12.92=oð0Þ

State½JPC� Λ E rrms Λ E rrms Pð3S1=3D1Þ Λ E rrms PðD�
sD̄�

s0=D
�
sD̄0

s1Þ
D�

sD̄�
s0½1−−� 2.17 −0.31 4.73 2.17 −0.31 4.72 100.00=oð0Þ 2.17 −0.31 4.72 100.00=oð0Þ

2.53 −12.42 1.00 2.53 −12.42 1.00 100.00=oð0Þ 2.53 −12.42 1.00 100.00=oð0Þ
States½JPC� Λ E rrms Λ E rrms Pð1S0=5D0Þ
D�

sD̄0
s1½0−−� 1.37 −0.41 4.33 1.37 −0.52 3.99 99.96=0.04

1.45 −12.34 0.98 1.45 −12.82 0.97 99.90=0.10
D�

sD̄0
s1½0−þ� 1.87 −0.33 4.24 1.87 −0.36 4.13 99.99=0.01

1.91 −10.27 0.85 1.91 −10.40 0.85 99.99=0.01

States½JPC� Λ E rrms Λ E rrms Pð3S1=3D1=5D1Þ
D�

sD̄0
s1½1−−� 2.29 −0.59 3.53 2.28 −0.47 3.87 99.97=0.03=oð0Þ

2.37 −13.38 0.78 2.36 −13.47 0.79 99.88=0.12=oð0Þ
D�

sD̄0
s1½1−þ� 1.55 −0.22 5.10 1.55 −0.36 4.52 99.95=0.05=oð0Þ

1.68 −11.38 1.02 1.68 −12.17 1.00 99.84=0.16=oð0Þ
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several possibleHT̄-type charmoniumlike molecular states,
i.e., the D�

sD̄s1 molecular states with JPC ¼ 0−�=1−� and
the D�

sD̄�
s2 molecular states with JPC ¼ 1−�=2−�.

In Table XII, we summary their bound properties and
two-body hidden-charm decay channels for all the inves-
tigated possible S − wave charmoniumlike molecules with
hidden-strange quantum number.
The obtained results are theoretic reference to search

for possible charmoniumlike molecular tetraquark with
hidden-strange quantum number. So far, many charmo-
niumlike structures have been observed in the J=ψϕ
invariant mass spectrum. In particular, the recent LHCb
Collaboration updated the amplitude analysis of the Bþ →
J=ψϕKþ decay with the combined dataset collected in Run
I plus Run II [49], and they reported several enhancement
structures, some of them locate close to the mass thresholds
of our investigated charmoniumlike molecular tetraquark
systems with hidden-strange quantum number, our study
for these charmoniumlike molecules with hidden-strange
quantum number may provide hints to understand the
nature of the reported charmoniumlike states, i.e.,
(1) The masses of the Xð4140Þ with JPC ¼ 1þþ and the

Xð4150Þ with JPC ¼ 2−þ [49] are close to the D�
sD̄�

s
threshold. It is obvious that their quantum con-
figurations do not fit into the S − wave D�

sD̄�
s

molecules. If their resonance parameters and quan-
tum numbers can be further confirmed in the future,

the assignment of these complicated structures as the
S − waveD�

sD̄�
s molecular states will be facing great

challenge.
(2) When we recall the other charmoniumlike structure

Yð4274Þ [26,28,44] (see Fig. 3 for more details), its
mass are close to theDsD̄�

s0 threshold, its spin-parity
is favored as JPC ¼ 1þþ by the LHCb Collaboration
[28,49], the similar situation happens, our results
do not support the Yð4274Þ with JPC ¼ 1þþ as the
S − wave DsD̄�

s0 molecular state.
(3) In the mass region from 4.5 to 4.7 GeV, the recent

LHCb Collaboration reported the four enhance-
ment structures Xð4500Þ, Xð4630Þ, Xð4685Þ, and
Xð4700Þ in the J=ψϕ mass spectrum from the
B → J=ψϕK decay [49]. Our results indicate there
can exist six possible charmoniumlike molecular
tetraquark candidates with hidden-strange quantum
number with positive C-parity. Some of them can
decay to the J=ψϕ final state. In our former work
[64], the Xð4630Þ can be assigned as the D�

sD̄s1

charmoniumlike molecule with JPC ¼ 1−þ. If these
six predicted charomoniumlike molecules really
exist, it is a big challenge to search and further
identify separately by using the data from the B →
J=ψϕK process.

(4) In addition, our calculations can predict several
possible charmoniumlike molecular candidates

TABLE XII. A summary of the bound state properties and two-body hidden-charm decay channels for all the
investigated possible S − wave charmoniumlike molecules with hidden-strange quantum number. Here, notations

p
and ✗ are marked the charmoniumlike molecular candidates with their bound state solutions with the cutoff Λ
around 1 to 2 GeV and around 2 to 3 GeV, respectively.

States Bound state properties Two-body hidden-charm decay channels

D�
sD̄�

s ½0þþ� p
ηcη

0, J=ψϕ, ηcη, χc1ð1PÞη
D�

sD̄�
s ½1þ−� p

J=ψη0, ηcϕ, J=ψη
DsD̄�

s ½1þþ� ✗ χc0ð1PÞη, χc1ð1PÞη
DsD̄�

s ½1þ−� p
ηcϕ, J=ψη, J=ψη0

DsD̄�
s0½0−þ�

p
J=ψϕ, χc0ð1PÞη

DsD̄�
s0½0−−�

p
ηcϕ, J=ψη0, J=ψη

DsD̄0
s1½1−−�

p
J=ψη0, J=ψη, ηcϕ

D�
sD̄�

s0½1−−� ✗ ηcϕ, J=ψη0, J=ψη
D�

sD̄0
s1½0−þ�

p
J=ψϕ, χc0ð1PÞη0, χc0ð1PÞη

D�
sD̄0

s1½0−−�
p

χc1ð1PÞϕ, J=ψη0, J=ψη, ηcϕ
D�

sD̄0
s1½1−þ�

p
χc1ð1PÞη0, J=ψϕ, χc1ð1PÞη, ηcη, ηcη0

D�
sD̄0

s1½1−−� ✗ χc0ð1PÞϕ, χc1ð1PÞϕ, J=ψη0, J=ψη, ηcϕ
D�

sD̄s1½0−þ�
p

χc0ð1PÞη0, χc0ð1PÞη, J=ψϕ
D�

sD̄s1½0−−�
p

χc1ð1PÞϕ, J=ψη0, J=ψη, ηcϕ
D�

sD̄s1½1−þ�
p

J=ψϕ, χc1ð1PÞη0, χc1ð1PÞη, ηcη, ηcη0
D�

sD̄s1½1−−�
p

χc0ð1PÞϕ, χc2ð1PÞϕ, χc1ð1PÞϕ, J=ψη0, J=ψη, ηcϕ
D�

sD̄�
s2½1−þ�

p
χc1ð1PÞη0, J=ψϕ, χc1ð1PÞη, ηcη, ηcη0

D�
sD̄�

s2½1−−�
p

χc2ð1PÞϕ, χc1ð1PÞϕ, χc0ð1PÞϕ, J=ψη0, J=ψη, ηcϕ
D�

sD̄�
s2½2−þ�

p
χc2ð1PÞη0, χc2ð1PÞη, J=ψϕ

D�
sD̄�

s2½2−−� ✗ χc2ð1PÞϕ, χc1ð1PÞϕ, J=ψη0, J=ψη, ηcϕ
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with negative C-parity, which deserve to attract
the experiment’s attentions. Because their two-
body hidden-charm decay channels include
the χc0;1;2ð1PÞϕ, the B → χc0;1;2ð1PÞϕþ K →
J=ψγϕþ K may be the prime decay process to
search for these possible charmoniumlike molecules.

In fact, the phenomena in high mass region are very
complicated, beside these possible charmoniumlike
molecular structures, there can exist several traditional
charmonium states with their masses around these dis-
cussed thresholds. For example, the Lanzhou group indi-
cated that the masses for the χc0ð33P0Þ, χc1ð33P1Þ, and
χc2ð33P2Þ states are around 4177, 4197, and 4213 MeV
[134,135], which is close to the D�

sD̄�
s thresholds. Both the

theoretical side and the experimental side will make many
efforts to clarify this puzzling phenomenon in the future.
By this study, we find a series of possible isoscalar DD̄-

type hidden-charm molecular tetraquarks. Some of the
isoscalar charmoniumlike XYZ states can be explained as
the isoscalar hidden-charm molecules as their masses and
quantum number configurations match the calculations of
the isoscalar DD̄-type loosely bound states. Even so, it is
difficult to make a definitely decision if they are pure
hidden-charm molecular tetraquarks or not. They are
possible to be mixtures of the conventional charmonium
states and the isoscalar hidden-charm molecular tetra-
quarks. However, the charged charmoniumlike states are
genuine tetraquark states, if they are the real particles. In the
following, we will search for possible isovector hidden-
charm molecular tetraquarks, and check if the charged Z
isovector states have a close relation to these isovector
hidden-charm molecular tetraquarks.

3. Isovector charmoniumlike molecular
tetraquark systems

In this section, let us discuss the final proposal whether
there exist isovector charmoniumlike molecules from a
charmed meson and an anticharmed meson interactions,
where the charmed (anticharmed) mesons are in the H=T
doublets. In comparison with the isoscalarDD̄ systems, the
OBE effective potentials for the S − wave isovector DD̄
systems are very different. Since the π and ρ exchanges
couple to the isospin charge, their properties in the
isovector DD̄ systems are contrary to those in the isoscalar
DD̄ systems, and the corresponding effective potentials are
three times weaker (see Eqs. (A3)–(A6) for details).
Therefore, the OBE effective potentials for the S − wave
isovector DD̄ systems may be not strong enough to bind
isovector charmoniumlike molecular states.
When we input the corresponding OBE effective poten-

tials, only the S − wave isovector D�D̄1 state with JPC ¼
2−þ can generate the loosely bound state with the cutoff
parameter Λ around 3.0 GeV. Even though we consider the
S −D wave mixing and the coupled channel effect, the

cutoff Λ is still much larger than 1.0 GeV [72,73]. If we
take the cutoff value from the deuteron as the reasonable
input, the interactions from a pair of charmed meson and
anticharmed meson are not strong enough to bind S − wave
isovector charmoniumlike molecular tetraquark states.
Experimentally, there have accumulated abundant exper-

imental observations of the charged charmoniumlike
states from the B meson decays as introduced in the
Sec. II C. If they are real particles, they cannot be traditional
mesons but the multiquark matters. As shown in Fig. 9,
their masses are all above the mass thresholds of the
corresponding DD̄ systems. Obviously, they cannot be
assigned as the isovector charmoniumlike molecular states.
In short, our results exclude the charged charmoniumlike
states as the isovector meson-meson molecular states,
which perfectly match the experimental observations.
In fact, the other groups also support our conclusions
[16,21,31,74,88,104,108,109,120,125,136–141].
Before closing our discussion on the isovector charmo-

niumlike systems, we would like to emphasize that we only
analyze whether the charged charmoniumlike states can be
the isovector charmoniumlike molecular states composed of
a pair of charmed meson and anticharmed meson. Further-
more, the interaction of the off-diagonal couplings may be
important to reproduce these charged charmoniumlike states
by the threshold cusp [142–146], such as the πJ=ψ −DD
and ρηc −DD couplings, it is an interesting topic to consider
the more complex coupled channels calculation to deal with
these charged charmoniumlike states. InRef. [147], Lanzhou
group once reproduced the Zcð3900Þ structure through the
initial-single-pion-emission mechanism. In fact, many theo-
retical groups propose other different explanations on the
nature of the charged charmoniumlike states, like the compact
tetraquark configurations, themeson-meson scattering states,
and the kinematical effect (including the coupled channel
cusp effect, the reflection mechanism, the interference effect,
the initial single pion emission mechanism, the triangle
singularities, the rescattering effect, and so on), people can
refer articles [18,21,24,147–161] for more details.

IV. SUMMARY

Exploration of the hadronic molecular states is an
interesting and important research topics in the hadron

3.9 4 4.1 4.2 4.3 4.4 4.5

Zc(3900)

DD*

Zc(4050) X(4100) Zc(4200) Zc(4248) Zc(4443) Zc(4485)

D*D* DD(')
1

DD*
2 D*D1 D*D*

2DD*
0 D*D*

0

FIG. 9. The masses comparison between the charged charmo-
niumlike states [18–24] and the DD̄ thresholds.
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physics. Since 2003, serials of charmoniumlike structures
have been reported by different experiments in different
beams, different reactions, and different energy regions,
some of them are very close to a pair of charmed meson and
anticharmed meson thresholds, which inspired theorists to
explain them in the hadronic molecular scenario. Although
the charmoniumlike hadronic molecular states are not
forbidden by the quantum chromodynamics (QCD), one
cannot give a precisely conclusion whether the charmo-
niumlike hadronic molecular states exist or not up to now.
The perfect match between experimental observations

and the theoretical predictions on the three Pc states
provides a strong evidence of the existence of hidden-
charm meson-baryon molecular pentaquark states. If
replacing ud quarks ofΛb by an antiquark q̄, the production
mechanisms of the Pc states fromΛb baryon decays and the
XYZ states from B meson decays are very similar. The
B → XYZ þ K decay should be the ideal process to
produce charmoniumlike molecular states.
In such a situation, we firstly focus on the isoscalarD�D̄�

systems with JPC ¼ 0þþ, 1þ−, and 2þþ. And we find their
interactions are attractive enough to generate bound char-
moniumlikemolecular states.After analyzing their two-body
hidden-charm decay behaviors, we find that the J=ψω and
J=ψη channels are the essential decaymodes for the isoscalar
D�D̄� molecular states with JPC ¼ 0þþ=2þþ and 1þ−,
respectively. If checking the data from the J=ψω invariant
mass distribution in theB → J=ψωK and the J=ψη invariant
mass distribution in the B → J=ψηK, one can roughly find
double enhancement structures in J=ψω invariant mass
distribution and single structure in J=ψη invariant mass
distribution, their masses are just below theD�D̄� threshold,
which may correspond to the isoscalar D�D̄� charmonium-
like molecules with JP ¼ 0þþ=2þþ and 1þ−, respectively.
The behavior of the double enhancement structures around
3.9 GeV below the D�D̄� threshold from the B → J=ψωK
and the single structure in the same energy region from the
B → J=ψηK can provide crucial information to identify the
charmoniumlike molecule. Thus, we suggest to systemati-
cally check the correlation of charmoniumlike molecular
states and charmoniumlike structures existing in the XYZ
data of the B → XYZ þ K decay.
After that, we promote our study to the interactions

between a charmed (charm-strange) meson and an anti-
charmed (anticharm-strange) meson, including the

Dð�ÞD̄ð�Þ, D̄ð�ÞD̄1, Dð�ÞD̄�
2, Dð�Þ

s D̄ð�Þ
s , Dð�Þ

s D̄�
s0, Dð�Þ

s D̄0
s1,

Dð�Þ
s D̄s1, D

ð�Þ
s D̄�

s2 systems. After input the OBE effective
potentials, we can find a series of promising isoscalar
charmoniumlike molecular tetraquark candidates as sum-
marized in Tables IX. Our results exclude these discussed
S − wave isovector charmoniumlike tetraquark states as the
hadronic molecular candidates in the OBE model. Besides
analyzing the mass spectrum, we also give their two-body
hidden-charm decay channels of these possible molecular
tetraquark candidates. In Table IX, we collect the two-body

hidden-charm decay channels for these promising charmo-
niumlike molecular candidates. These obtained results can
be very helpful to search and identify these discussed
molecular tetraquark candidates.
In this work, our results indicate that the underlying

phenomena behind the wide structure around 4.3 GeV in
the B → J=ψωK is very complicated. There can exist
several possible isoscalar charmoniumlike molecular can-
didates, and the J=ψω channel is their two-body hidden-
charm decay channel. In addition, we can predict many
isoscalar charmoniumlike molecular states with negative
C-parity in the same mass region, and their two-body
hidden-charm decay modes are the χcJð1PÞω with J ¼
0, 1, 2. The B → χcJð1PÞωþ K → J=ψγωþ K may be the
good production process to search for these predicted
isoscalar charmoniumlike molecular states with C ¼ −.
Meanwhile, we also study the mass spectrum and give

two-body hidden-charm decay channels for the possible
charmoniumlike DsD̄s molecular states with hidden-
strange quantum number summarized in Table XII, where
Ds stands for the charm-strange meson. The J=ψϕ channel
is the two-body hidden-charm decay channel for most of
the possible DsD̄s molecular states. In order to further
distinguish these structures, one need more precision
experimental data, and more analysis on the other decay
channel could be also useful.
Finding the charmoniumlike states has been going on for

around 20 years. With the running of Belle II [35] and the
accumulation of Run II and Run III data at LHCb [36], the
study of the charmoniumlike states will step into a new
area, here, we suggest to systematically check the corre-
lation of charmoniumlike molecular states and charmo-
niumlike structures existing in the XYZ data of the
B → XYZ þ K decay. The present work provides a good
start point and new insight for identifying charmoniumlike
molecule. We expect more theoretical and experimental
efforts in exploring this important and intriguing research
topic in the coming golden decade.
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APPENDIX: RELEVANT SUBPOTENTIALS

Before presenting the effective potentials for these
investigated tetraquark systems, we first define several

operators Oð0Þ
k involved in this work, which include
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O1 ¼ ϵ†4 · ϵ2; O2 ¼ ϵ†3 · ϵ2; O3 ¼ Tðϵ†3; ϵ2Þ;
O4 ¼ ðϵ†3 · ϵ1Þðϵ†4 · ϵ2Þ; O5 ¼ ðϵ†3 × ϵ1Þ · ðϵ†4 × ϵ2Þ;
O6 ¼ Tðϵ†3 × ϵ1; ϵ

†
4 × ϵ2Þ;

O7 ¼
X

ðϵ†4m · ϵ2aÞðϵ†4n · ϵ2bÞ;

O8 ¼
2

27

X
ðϵ†3m · ϵ2aÞðϵ†3n · ϵ2bÞ;

O9 ¼
1

27

X
Tðϵ†3m; ϵ†3nÞTðϵ2a; ϵ2bÞ

þ 2

27

X
Tðϵ†3m; ϵ2aÞTðϵ†3n; ϵ2bÞ;

O10 ¼
2

27

X
ðϵ†3m · ϵ2aÞTðϵ†3n; ϵ2bÞ;

O11 ¼ −
1

3
ðϵ†3 · ϵ1Þðϵ†4 · ϵ2Þ þ

1

3
ðϵ†3 · ϵ†4Þðϵ1 · ϵ2Þ;

O12 ¼
2

3
Tðϵ†3; ϵ1ÞTðϵ†4; ϵ2Þ þ

1

3
Tðϵ†3; ϵ†4ÞTðϵ1; ϵ2Þ;

O13 ¼
1

6
ðϵ†3 · ϵ†4ÞTðϵ1; ϵ2Þ þ

1

6
ðϵ1 · ϵ2ÞTðϵ†3; ϵ†4Þ

−
1

3
ðϵ†3 · ϵ1ÞTðϵ†4; ϵ2Þ;

O14 ¼
X

ðϵ†3 · ϵ1Þðϵ†4m · ϵ2aÞðϵ†4n · ϵ2bÞ;
O0

14 ¼
X

ðϵ†4 · ϵ2Þðϵ†3m · ϵ1aÞðϵ†3n · ϵ1bÞ;
O15 ¼

X
ðϵ†4m · ϵ2aÞ½ðϵ†3 × ϵ1Þ · ðϵ†4n × ϵ2bÞ�;

O0
15 ¼

X
ðϵ†3m · ϵ1aÞ½ðϵ†4 × ϵ2Þ · ðϵ†3n × ϵ1bÞ�;

O16 ¼
X

ðϵ†4m · ϵ2aÞTðϵ†3 × ϵ1; ϵ
†
4n × ϵ2bÞ;

O0
16 ¼

X
ðϵ†3m · ϵ1aÞTðϵ†4 × ϵ2; ϵ

†
3n × ϵ1bÞ;

O17 ¼
X

ðϵ†3m · ϵ1Þðϵ†4 · ϵ2aÞðϵ†3n · ϵ2bÞ;
O0

17 ¼
X

ðϵ†4m · ϵ2Þðϵ†3 · ϵ1aÞðϵ†4n · ϵ1bÞ;
O18 ¼

X
ðϵ†3m · ϵ1Þðϵ†4 · ϵ2aÞTðϵ†3n; ϵ2bÞ;

O0
18 ¼

X
ðϵ†4m · ϵ2Þðϵ†3 · ϵ1aÞTðϵ†4n; ϵ1bÞ;

O19 ¼
1

27

X
½ðϵ†3m × ϵ1Þ · ðϵ†4 × ϵ2aÞ�ðϵ†3n · ϵ2bÞ

þ 1

27

X
½ðϵ†3m × ϵ1Þ · ϵ2b�½ϵ†3n · ðϵ†4 × ϵ2aÞ�;

O0
19 ¼

1

27

X
½ðϵ†4m × ϵ2Þ · ðϵ†3 × ϵ1aÞ�ðϵ†4n · ϵ1bÞ

þ 1

27

X
½ðϵ†4m × ϵ2Þ · ϵ1b�½ϵ†4n · ðϵ†3 × ϵ1aÞ�;

O20 ¼
1

27

X
Tðϵ†3m × ϵ1; ϵ

†
3nÞTðϵ†4 × ϵ2a; ϵ2bÞ

þ 1

27

X
Tðϵ†3m × ϵ1; ϵ

†
4 × ϵ2aÞTðϵ†3n; ϵ2bÞ

þ 1

27

X
Tðϵ†3m × ϵ1; ϵ2bÞTðϵ†3n; ϵ†4 × ϵ2aÞ;

O0
20 ¼

1

27

X
Tðϵ†4m × ϵ2; ϵ

†
4nÞTðϵ†3 × ϵ1a; ϵ1bÞ

þ 1

27

X
Tðϵ†4m × ϵ2; ϵ

†
3 × ϵ1aÞTðϵ†4n; ϵ1bÞ

þ 1

27

X
Tðϵ†4m × ϵ2; ϵ1bÞTðϵ†4n; ϵ†3 × ϵ1aÞ;

O21 ¼
1

54

X
½ðϵ†3m × ϵ1Þ · ðϵ†4 × ϵ2aÞ�Tðϵ†3n; ϵ2bÞ

þ 1

54

X
½ðϵ†3m × ϵ1Þ · ϵ2b�Tðϵ†3n; ϵ†4 × ϵ2aÞ

þ 1

54

X
ðϵ†3n · ϵ2bÞTðϵ†3m × ϵ1; ϵ

†
4 × ϵ2aÞ

þ 1

54

X
½ϵ†3n · ðϵ†4 × ϵ2aÞ�Tðϵ†3m × ϵ1; ϵ2bÞ;

O0
21 ¼

1

54

X
½ðϵ†4m × ϵ2Þ · ðϵ†3 × ϵ1aÞ�Tðϵ†4n; ϵ1bÞ

þ 1

54

X
½ðϵ†4m × ϵ2Þ · ϵ1b�Tðϵ†4n; ϵ†3 × ϵ1aÞ

þ 1

54

X
ðϵ†4n · ϵ1bÞTðϵ†4m × ϵ2; ϵ

†
3 × ϵ1aÞ

þ 1

54

X
½ϵ†4n · ðϵ†3 × ϵ1aÞ�Tðϵ†4m × ϵ2; ϵ1bÞ: ðA1Þ

Here, we define S ¼Pm;n;a;b C
2;mþn
1m;1n C

2;aþb
1a;1b , and Tðx; yÞ ¼

3ðr̂ · xÞðr̂ · yÞ − x · y is the tensor force operator. For these

operators Oð0Þ
k , they should be sandwiched by the relevant

spin-orbital wave functions j2Sþ1LJi for these investigated
tetraquark systems, such as hDD̄�ð3S1ÞjO1jDD̄�ð3S1Þi¼1.

The obtained operator matrix elements Oð0Þ
k ½J� are summa-

rized in Tables XIII and XIV, which will be used in our
calculations.
In addition, the function YðΛi; mi; rÞ is defined as

Yi ≡
8<
:

jqij ≤ m; e
−mir−e−Λ

2
i
r

4πr − Λ2
i−m

2
i

8πΛi
e−Λir;

jqij > m; cosðm
0
irÞ−e−Λir
4πr − Λ2

iþm02
i

8πΛi
e−Λir;

ðA2Þ

where mi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2 − q2i

p
, m0

i ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2i −m2

p
, and Λi ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Λ2 − q2i
p

.

1. Hidden-charm molecular tetraquark systems
without hidden-strange quantum number

For convenience, we define two functions HðIÞY ×
ðΛ; mP; rÞ and GðIÞYðΛ; mV; rÞ for these investigated
hidden-charm tetraquark systems, i.e.,

Hð0ÞYðΛ; mP; rÞ ¼
3

2
YðΛ; mπ; rÞ þ

1

6
YðΛ; mη; rÞ; ðA3Þ

Hð1ÞYðΛ;mP;rÞ ¼−
1

2
YðΛ;mπ; rÞþ

1

6
YðΛ;mη; rÞ; ðA4Þ
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Gð0ÞYðΛ; mV; rÞ ¼
3

2
YðΛ; mρ; rÞ þ

1

2
YðΛ; mω; rÞ; ðA5Þ

Gð1ÞYðΛ;mV; rÞ ¼ −
1

2
YðΛ;mρ; rÞ þ

1

2
YðΛ;mω; rÞ: ðA6Þ

Here, HðIÞ and GðIÞ are the isospin factors for these
investigated hidden-charm tetraquark systems, and I denote
the isospin quantum numbers.
Through the above preparation, we can write the

effective potentials in the coordinate space for all of
the investigated hidden-charm tetraquark systems, which
include
(1) The DD̄ system:

V ¼ −g2σYσ −
1

2
β2g2VGðIÞYV: ðA7Þ

(2) The DD̄� system:

VD ¼ −g2σO1Yσ −
1

2
β2g2VO1GðIÞYV;

VC ¼ −
g2

3f2π
ðO2Z þO3T ÞHðIÞYP0

þ 2

3
λ2g2Vð2O2Z −O3T ÞGðIÞYV0: ðA8Þ

(3) The D�D̄� system:

V ¼ −g2σO4Yσ þ
g2

3f2π
ðO5Z þO6T ÞHðIÞYP

−
1

2
β2g2VO4GðIÞYV

þ 2

3
λ2g2Vð2O5Z −O6T ÞGðIÞYV: ðA9Þ

TABLE XIII. The relevant operator matrix elements Oð0Þ
k ½J� ¼ hfjOð0Þ

k jii.
O1½1�¼diagð1;1Þ
O2½1�¼diagð1;1Þ O3½1�¼

	
0 −

ffiffiffi
2

p
−
ffiffiffi
2

p
1


 O4½0�¼diagð1;1Þ
O5½0�¼diagð2;−1Þ O6½0�¼

	
0

ffiffiffi
2

pffiffiffi
2

p
2


 O4½1�¼diagð1;1;1Þ
O5½1�¼diagð1;1;−1Þ

O6½1�¼
 

0 −
ffiffiffi
2

p
0

−
ffiffiffi
2

p
1 0

0 0 1

! O4½2�¼diagð1;1;1;1Þ
O5½2�¼diagð−1;2;1;−1Þ
O7½2�¼diagð1;1Þ
O8½2�¼diagð 2

27
; 2
27
Þ

O6½2�¼

0
BBB@

0
ffiffi
2

pffiffi
5

p 0 −
ffiffiffiffi
14

p ffiffi
5

pffiffi
2

pffiffi
5

p 0 0 − 2ffiffi
7

p
0 0 −1 0

−
ffiffiffiffi
14

p ffiffi
5

p − 2ffiffi
7

p 0 −3
7

1
CCCA

O9½2�¼
 

8
135

− 4
ffiffi
2

p
27
ffiffiffiffi
35

p

− 4
ffiffi
2

p
27
ffiffiffiffi
35

p 4
27

!
O10½2�¼

 
0 −

ffiffi
7

p
27
ffiffiffiffi
10

p

−
ffiffi
7

p
27
ffiffiffiffi
10

p − 1
126

!
O11½0�¼diagð2

3
;−1

3
Þ

O11½1�¼diagð−1
3
;−1

3
;−1

3
Þ

O11½2�¼diagð−1
3
;2
3
;−1

3
;−1

3
Þ

O12½0�¼
�

4
3

−2
ffiffi
2

p
3

−2
ffiffi
2

p
3

4

�
O13½0�¼

�
0

ffiffi
2

p
15

−8
ffiffi
2

p
15

− 1
15

�
O12½1�¼

0
B@ −2

3
−2

ffiffi
2

p
3

0

−2
ffiffi
2

p
3

0 0

0 0 −4
3

1
CA

O13½1�¼

0
B@

0 − 1

30
ffiffi
2

p
ffiffi
3

p
10
ffiffi
2

p

− 1

30
ffiffi
2

p 4
105

3
ffiffi
3

p
70ffiffi

3
p

10
ffiffi
2

p 3
ffiffi
3

p
70

− 1
105

1
CA

O12½2�¼

0
BBBBB@

8
15

−2
ffiffi
2

p
3
ffiffi
5

p 0 − 4
ffiffi
2

p
3
ffiffiffiffi
35

p

−2
ffiffi
2

p
3
ffiffi
5

p 4
3

0 4
3
ffiffi
7

p

0 0 −4
3

0

− 4
ffiffi
2

p
3
ffiffiffiffi
35

p 4

3
ffiffi
7

p 0 4
3

1
CCCCCA O13½2�¼

0
BBBBB@

0 − 1ffiffiffiffi
10

p 0
ffiffi
2

p
3
ffiffiffiffi
35

p

0 0 0 − 4

21
ffiffi
7

p

0 0 − 1
14

1
14
ffiffi
7

pffiffi
2

p
3
ffiffiffiffi
35

p 23
21
ffiffi
7

p 1
14
ffiffi
7

p 13
294

1
CCCCCA

Oð0Þ
14 ½1�¼diagð1;1;1;1Þ

Oð0Þ
15 ½1�¼diagð3

2
;3
2
;1
2
;−1Þ

Oð0Þ
17 ½1�¼diagð1

6
;1
6
;1
2
;1Þ

Oð0Þ
19 ½1�¼diagð 1

18
; 1
18
; 5
54
;− 1

27
Þ

O16½1�¼

0
BBBBB@

0 3

5
ffiffi
2

p
ffiffi
6

pffiffi
5

p
ffiffiffiffi
21

p
5
ffiffi
2

p
3

5
ffiffi
2

p − 3
10

ffiffi
3

pffiffi
5

p −
ffiffi
3

p
5
ffiffi
7

pffiffi
6

pffiffi
5

p
ffiffi
3

pffiffi
5

p 1
2

2ffiffiffiffi
35

pffiffiffiffi
21

p
5
ffiffi
2

p −
ffiffi
3

p
5
ffiffi
7

p 2ffiffiffiffi
35

p 48
35

1
CCCCCA O0

16½1�¼

0
BBBBB@

0 3

5
ffiffi
2

p −
ffiffi
6

pffiffi
5

p
ffiffiffiffi
21

p
5
ffiffi
2

p
3

5
ffiffi
2

p − 3
10

−
ffiffi
3

pffiffi
5

p −
ffiffi
3

p
5
ffiffi
7

p

−
ffiffi
6

pffiffi
5

p −
ffiffi
3

pffiffi
5

p 1
2

− 2ffiffiffiffi
35

pffiffiffiffi
21

p
5
ffiffi
2

p −
ffiffi
3

p
5
ffiffi
7

p − 2ffiffiffiffi
35

p 48
35

1
CCCCCA

O18½1�¼

0
BBBBB@

0 − 23

15
ffiffi
2

p −2
ffiffi
2

pffiffiffiffi
15

p −
ffiffi
7

p
5
ffiffi
6

p

− 23

15
ffiffi
2

p 23
30

− 2ffiffiffiffi
15

p 1

5
ffiffiffiffi
21

p
2
ffiffi
2

pffiffiffiffi
15

p 2ffiffiffiffi
15

p 1
2

− 2ffiffiffiffi
35

p

−
ffiffi
7

p
5
ffiffi
6

p 1
5
ffiffiffiffi
21

p 2ffiffiffiffi
35

p 24
35

1
CCCCCA O0

18½1�¼

0
BBBBB@

0 − 23

15
ffiffi
2

p 2
ffiffi
2

pffiffiffiffi
15

p −
ffiffi
7

p
5
ffiffi
6

p

− 23

15
ffiffi
2

p 23
30

2ffiffiffiffi
15

p 1

5
ffiffiffiffi
21

p

−2
ffiffi
2

pffiffiffiffi
15

p − 2ffiffiffiffi
15

p 1
2

2ffiffiffiffi
35

p

−
ffiffi
7

p
5
ffiffi
6

p 1
5
ffiffiffiffi
21

p − 2ffiffiffiffi
35

p 24
35

1
CCCCCA O20½1�¼

0
BBBBB@

2
45

−
ffiffi
2

p
45

0
ffiffi
2

p
15
ffiffiffiffi
21

p

−
ffiffi
2

p
45

1
15

0 − 8

15
ffiffiffiffi
21

p

0 0 −1
9

− 2
ffiffi
5

p
27
ffiffi
7

pffiffi
2

p
15
ffiffiffiffi
21

p − 8

15
ffiffiffiffi
21

p 2
ffiffi
5

p
27
ffiffi
7

p 92
945

1
CCCCCA

O0
20½1�¼

0
BBBBB@

2
45

−
ffiffi
2

p
45

0
ffiffi
2

p
15
ffiffiffiffi
21

p

−
ffiffi
2

p
45

1
15

0 − 8

15
ffiffiffiffi
21

p

0 0 −1
9

2
ffiffi
5

p
27
ffiffi
7

pffiffi
2

p
15
ffiffiffiffi
21

p − 8

15
ffiffiffiffi
21

p − 2
ffiffi
5

p
27
ffiffi
7

p 92
945

1
CCCCCA O21½1�¼

0
BBBBB@

0 − 7

90
ffiffi
2

p 0
ffiffi
7

p
30
ffiffi
6

p

− 7

90
ffiffi
2

p 7
180

0 − 1

30
ffiffiffiffi
21

p

0 0 1
108

ffiffi
5

p
27
ffiffi
7

pffiffi
7

p
30
ffiffi
6

p − 1

30
ffiffiffiffi
21

p −
ffiffi
5

p
27
ffiffi
7

p 4
315

1
CCCCCA O0

21½1�¼

0
BBBBB@

0 − 7

90
ffiffi
2

p 0
ffiffi
7

p
30
ffiffi
6

p

− 7

90
ffiffi
2

p 7
180

0 − 1

30
ffiffiffiffi
21

p

0 0 1
108

−
ffiffi
5

p
27
ffiffi
7

pffiffi
7

p
30
ffiffi
6

p − 1

30
ffiffiffiffi
21

p
ffiffi
5

p
27
ffiffi
7

p 4
315

1
CCCCCA
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(4) The DD̄1 system:

VD ¼ gσg00σO1Yσ þ
1

2
ββ00g2VO1GðIÞYV;

VC ¼ 2h02σ
9f2π

ðO2Z þO3T ÞYσ1 þ
ζ21g

2
V

3
O2GðIÞYV1:

ðA10Þ

(5) The DD̄�
2 system:

VD ¼ gσg00σO7Yσ þ
1

2
ββ00g2VO7GðIÞYV;

VC ¼ h02

f2π
½O8ZZ þO9T T þO10fT ;Zg�HðIÞYP2:

ðA11Þ

(6) The D�D̄1 system:

VD ¼ gσg00σO4Yσ þ
5gk
18f2π

ðO5Z þO6T ÞHðIÞYP

þ 1

2
ββ00g2VO4GðIÞYV

−
5

9
λλ00g2Vð2O5Z −O6T ÞGðIÞYV;

VC ¼ h02σ
18π2π

ðO5Z þO6T ÞYσ3 þ
ζ21g

2
V

12
O5GðIÞYV3

þ h02

6f2π
½O11ZZ þO12T T

þO13fT ;Zg�HðIÞYP3: ðA12Þ

TABLE XIV. The relevant operator matrix elements Oð0Þ
k ½J�¼ hfjOð0Þ

k jii.

Oð0Þ
14 ½2�¼diagð1;1;1;1Þ

Oð0Þ
15 ½2�¼diagð1

2
;3
2
;1
2
;−1Þ

Oð0Þ
17 ½2�¼diagð1

2
;1
6
;1
2
;1Þ

Oð0Þ
19 ½2�¼diagð 5

54
; 1
18
; 5
54
;− 1

27
Þ

O16½2�¼

0
BBBBB@

0 −3
ffiffi
2

p
5

−
ffiffi
7

pffiffiffiffi
10

p
ffiffi
7

p
5

−3
ffiffi
2

p
5

3
10

3ffiffiffiffi
35

p −3
ffiffi
2

p
5
ffiffi
7

p

−
ffiffi
7

pffiffiffiffi
10

p 3ffiffiffiffi
35

p − 3
14

4
ffiffi
2

p
7
ffiffi
5

pffiffi
7

p
5

−3
ffiffi
2

p
5
ffiffi
7

p 4
ffiffi
2

p
7
ffiffi
5

p 12
35

1
CCCCCA O0

16½2�¼

0
BBBBB@

0 3
ffiffi
2

p
5

−
ffiffi
7

pffiffiffiffi
10

p −
ffiffi
7

p
5

3
ffiffi
2

p
5

3
10

− 3ffiffiffiffi
35

p −3
ffiffi
2

p
5
ffiffi
7

p

−
ffiffi
7

pffiffiffiffi
10

p − 3ffiffiffiffi
35

p − 3
14

−4
ffiffi
2

p
7
ffiffi
5

p

−
ffiffi
7

p
5

−3
ffiffi
2

p
5
ffiffi
7

p −4
ffiffi
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(7) The D�D̄�
2 system:

VD¼gσg00σ
O14þO0

14

2
Yσþ

1

2
ββ00g2V

O14þO0
14

2
GðIÞYV

þ gk
3f2π

�
O15þO0

15

2
ZþO16þO0

16

2
T
�
HðIÞYP

−
2

3
λλ00g2V

�
2
O15þO0

15

2
Z−

O16þO0
16

2
T
�

×GðIÞYV;

VC¼
h02σ
3f2π

�
O17þO0

17

2
ZþO18þO0

18

2
T
�
Yσ4

þh02

f2π

�
O19þO0

19

2
ZZþO20þO0

20

2
T T

þO21þO0
21

2
fT ;Zg

�
HðIÞYP4

þζ21g
2
V

2

O17þO0
17

2
GðIÞYV4: ðA13Þ

In the above expressions, the operators are defined as
Z ¼ 1

r2
∂
∂r r2

∂
∂r, T ¼ r ∂

∂r
1
r
∂
∂r, and fT ;Zg ¼ T Z þ ZT .

Additionally, the variables qi are written as q0¼mD�−
mD, q1¼mD1

−mD, q2¼mD�
2
−mD, q3 ¼ mD1

−mD� ,
and q4 ¼ mD�

2
−mD� .

2. Hidden-charm tetraquark systems with
hidden-strange quantum number

For these discussed hidden-charm tetraquark systems
with hidden-strange quantum number, we consider the
effective potentials from the η and ϕ exchanges [67]. In the
following, we collect the expressions of the effective
potentials for these discussed systems.

(i) The DsD̄s system:

V ¼ −
1

2
β2g2VYϕ: ðA14Þ

(ii) The DsD̄�
s system:

VD ¼ −
1

2
β2g2VO1Yϕ;

VC ¼ −
2g2

9f2π
ðO2Z þO3T ÞYη5

þ 2

3
λ2g2Vð2O2Z −O3T ÞYϕ5: ðA15Þ

(iii) The D�
sD̄�

s system:

V ¼ 2g2

9f2π
ðO5Z þO6T ÞYη −

1

2
β2g2VO4Yϕ

þ 2

3
λ2g2Vð2O5Z −O6T ÞYϕ: ðA16Þ

(iv) The DsD̄�
s0 system:

VD ¼ 1

2
ββ0g2VYϕ;

VC ¼ −
2h2q26
3f2π

Yη6: ðA17Þ

(v) The DsD̄0
s1 system:

VD ¼ 1

2
ββ0g2VO1Yϕ;

VC ¼ 1

2
ðζ2g2V − 4μ2g2Vq

2
7ÞO2Yϕ7

−
2

3
μ2g2VðO2Z þO3T ÞYϕ7: ðA18Þ

(vi) The D�
sD̄�

s0 system:

VD ¼ 1

2
ββ0g2VO1Yϕ;

VC ¼ −
1

2
ðζ2g2V − 4μ2g2Vq

2
8ÞO2Yϕ8

þ 2

3
μ2g2VðO2Z þO3T ÞYϕ8: ðA19Þ

(vii) The D�
sD̄0

s1 system:

VD ¼ 2gk̃
9f2π

ðO5Z þO6T ÞYη þ
1

2
ββ0g2VO4Yϕ

−
2

3
λλ0g2Vð2O5Z −O6T ÞYϕ;

VC ¼ −
2h2q29
3f2π

O4Yη9 −
1

2
ðζ2g2V − 4μ2g2Vq

2
9ÞO6Yϕ9

þ 2

3
μ2g2VðO5Z þO6T ÞYϕ9: ðA20Þ

Here, the variables qi are defined as q5 ¼ mD�
s
−mDs

,
q6 ¼ mD�

s0
−mDs

, q7 ¼ mD0
s1
−mDs

, q8 ¼ mD�
s0
−mD�

s
,

and q9 ¼ mD0
s1
−mD�

s
. When performing the numerical

calculations, the operators Ok will be replaced by the
corresponding numerical matrixes, which are summarized
in Table XIII.
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