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The molecular assignments to the three P, states and the similar production mechanism between the
Ay, = P.+ K and B — XYZ + 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 D®)D*), D®)D,, D) D3, DD, DI b*,,
() 7y
DD/

s

10 DE*)DSI, Dg*)Djz 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 DD and
D, D, 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 DD and DD, molecules, especially the D* D* molecular tetraquarks. By analyzing the
experimental data collected from the B — XYZ + K and the mass spectrum and two-body hidden-charm
decay channels for the obtained DD and D, D, 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*D* 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 A, —
J/wpK decay and reported two P, structures (P.(4380)
and P.(4450)) existing in the J/wp invariant mass
spectrum [1]. After four years, the LHCb revised A, —
J/wpK process with higher precision data and found that
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former P.(4450) contains two substructures P.(4440) and
P.(4457) [2]. Besides, a new enhancement structure
P.(4312) was announced [2]. In fact, this updated result
of P, 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
A, — P.K, which is a typical hadronic weak decay. If
replacing ud quarks of the A, by an antiquark g, we may
get the B — XYZ + K process, where XYZ denote the
charmoniumlike structures. Obviously, due to the similar
production mechanism between the A, - P.K and B —
XYZ + K (see Fig. 1), we naturally conjecture that the B —
XYZ + 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 X(3872) is a typical example of
hidden-charm molecular tetraquark state, which was found
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FIG. 1. The production mechanisms of the P states from the
A, baryon decays and the XYZ states from the B meson decays.

in the B* — J/ya"n~K* process by the Belle collabora-
tion in 2003 [10]. The X(3872) was suggested to be an
isoscalar DD* molecular state with JP¢ = 1+ [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 ¥(3940) in the J/y® invariant
mass spectrum of the B — J/wwK [25]. In 2009, the CDF
Collaboration observed another charmoniumlike state
Y(4140) in the J/y¢ invariant mass spectrum of the B —
J/wpK [26]. In Ref. [27], Liu and Zhu noticed the
similarity between the ¥(3940) and Y (4140), and proposed
S —wave D*D* and D:D? molecular states assignment to
the Y(3940) and Y(4140), respectively, where the JPC
quantum numbers for the ¥(3940) and Y (4140) should be
either 07" or 27 due to a simple selection rules from the
parity and angular momentum conservation [27]. In the
subsequent experiments, the LHCb analyzed the B —
J/w@K process, where the Y(4140) was confirmed and
other three new structures X (4274), X(4500) and X (4700)
were discovered in the J/w¢ invariant mass spectrum [28].
However, the LHCb announced that the preferred J©¢
quantum number of the Y (4140) is 17+ [29], which obvi-
ously cannot support the molecular assignment to the
Y(4140) suggested in Ref. [27]. If checking the experi-
mental and theoretical research status of the Z(4430),
which was reported by the Belle in the B — w(3686)7K
[30], the same situation again happens. Since the Z(4430)

is near the threshold of D*D(1/> channel, the authors of
Refs. [31,32] suggested that the Z(4430) can be the good
candidate of the S —wave D;D* molecular state! with
JP =07,17,2" by the one-boson-exchange (OBE) model
calculation. However, the Belle [33] and LHCb [34] rean-
alyzed the B — y(3686)7zK and indicated that the Z(4430)
has quantum number J¥ = 1%, which is contradict with the
S — wave D;D* 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

"To be convenient, we use the shorthand notation A8 to denote
the AB + c.c. system in the following parts, where the notations
A and B represent two different charmed (charmed-strange)
mesons, respectively.

big challenge to assign the molecular state explanations to
the charmoniumlike structures from the B — XYZ + K
processes.

If we still believe the similar production mechanism
between the A, - P.K and B - XYZ + K (see Fig. 1),
we have reason to believe the existence of the hidden-
charm molecular tetraquark state in the B - XYZ + K
processes. Facing this situation mentioned above, we
should try to find possible solutions existing in the reported
experimental data of the B - XYZ + K. In fact, the lesson
of observation of the P,. states in 2015 [1] and 2019 [2] may
inspire us. In 2015, the LHCb measured the J¥ quantum
numbers of the P.(4380) and P.(4450), gave that their
preferred J” 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 P.(4450) is com-
posed of two substructures P.(4440) and P.(4457) [2],
which means that the measurement of spin-parity quantum
number of the observed P.(4450) 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 + 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 DD and D,D, molecules,
especially the D*D* 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. I'V.
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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 + 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 = [D(07),D*(17)],
S =[D§(0"),D)(17)],and T = [D(17), D5(2")] 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., H =Dy, D;], S=[D},,D’,],
and T = [Dy, D] [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 + K decays, the maximum mass of
the involved XYZ structures should be M(XYZ), .. =
M(B) — M(K) = 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 HH and HT for
charmed meson pairs and the cases of HH, HS, and HT for

TABLE L

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 + K are very abundant [18-24]. Here, the XYZ data
are from the J/wzz invariant mass spectrum of the
B — J/yzzK [10], the J/we invariant mass spectrum
of the B —» J/ywK [25,41,42], the J/yn invariant mass
spectrum of the B — J/ynK [43], the J/y¢ invariant mass
spectrum of the B — J/w¢K [26,28,29,44-49], the 5.z
invariant mass spectrum of the B — n.zK [50], the J/yx
invariant mass spectrum of the B — J/wzK [51-53], the
w(3686) 7 invariant mass spectrum of the B — y(3686) 7K
[30,33,34,54], the y .7 invariant mass spectrum of the B —
x17K [55-58], and the y ., 7 invariant mass spectrum of the
B — y.,nK [57]. For clearly discussing the present issue,
we categorized these XYZ data into three groups:

(1) Isoscalar XYZ data without hidden-strange
quantum number are involved in the B — J/wwK
and B - J/ynK,

(i1) Isoscalar XYZ data with hidden-strange quantum
number are relevant to the B — J/w¢K;

(iii) Isovector XYZ data without hidden-strange quantum
number have relation to five decay processes, i.e.,
the B - n.nK, B — J/ynK, B — y(3686)nK,
B = y.7K, and B — y 7K.

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/ww
invariant mass spectrum of the B — J/wwK decay, where
the charmoniumlike structure ¥(3940) was reported, which
can be depicted by resonance parameters M = (3943 £
11 +13) MeV and T = (87 £22+26) MeV [25]. In
2008, the BABAR Collaboration confirmed this observation

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

Without hidden-strange quantum number

DD DD* D*D* DDy DD, DD/, DD;3
3734.48 3875.80 4017.12 4191.74 4289.24 4294.24 4330.29
D*Dj D*D, D*D) D*Dj} DiD; DD, DD
4333.06 4430.56 4435.56 4471.61 4649.00 4746.50 4751.50
DiD; DD, DD, DD D,Dj D\D; D; D3
4787.55 4844.00 4849.00 4854.00 4885.05 4890.05 4926.10
With hidden-strange quantum number
DD, DD} D;D; D,D3, DD, D;D3, DDy,
3936.68 4080.54 4224.40 4286.14 4427.84 4430 4503.45
DDy, DD}, D5, D5, DDy, D;iDs, D3Dy DDy
4537.44 4571.70 4635.60 4647.31 4681.30 4777.30 485291
D5, Dy, D, Dy D, Dy DDy D, D, DDy, D,D,
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
Y(3915), and its mass and width were measured to be
(M,T) = (3914.673% £ 2.0 MeV, 3432 £ 5 MeV) [41].
In the subsequent BABAR experiment in 2010 [42], the
mass and width of the Y(3915) were measured to be
M = (3919.1738 £2.0) MeV and T" = (3153° £ 5) MeV,
respectively.

If checking these data of the J/ww invariant mass
spectrum of the B — J/wwK 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
DD* and D*D* 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/ww invariant mass spectrum
from the B — J/wwK [25,41,42]. In fact, the BABAR data
released in 2008 [41] show the possibility of existing two
structures around 3.9 GeV below the D*D* threshold in the
J/ww invariant mass spectrum. Especially, the BABAR
measurement in 2010 further enforce this possibility [42].

If D* and D* can be bound together to form the hidden-
charm molecular tetraquarks, the J°¢ quantum numbers of
the S — wave isoscalar D*D* molecular system must be
0"+, 177, and 27" [27]. Under this assumption, the
behavior of mass spectrum of the S — wave isoscalar
D*D* molecular states can explain why two substructures
around 3.9 GeV exist in the J/w® invariant mass spectrum
of the B — J/wwK [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*D*
system, and come back to address this point.

Besides the enhancement structures around 3.9 GeV
exist in the J/yw invariant mass spectrum, we may find a
very broad structure around 4.3 GeV exists in the J/yw
invariant mass spectrum of the B — J/ywK [25,41,42],
where there exist four thresholds (DD, DD3, D*D, and
D*Dj) in this energy range, which inspire our interest in
exploring whether the isoscalar DD, DD3, D*D,, and
D*D; 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/wn invariant mass spectrum in the B — J/ynK
decay. In 2004, the BABAR released the result of the J/yn
invariant mass spectrum in the B — J/ynK [43]. In Fig. 2,
we compare the BABAR data with the several thresholds of
charmed meson pairs, and may find the evidence of one
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FIG. 2. The J/ww and J/wn invariant mass distributions in the
B — J/wwK and B — J/ynK, respectively, and the comparison
with the thresholds of charmed meson pairs. Here, the exper-
imental data of the J/y® 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/yn
invariant mass spectrum is from the BABAR measurement [43]
(see diagram (d)).

structure below D*D* threshold and possible enhancement
structure around 4.3 GeV which overlaps with the DD,
DDj;, D*Dy, and D*Dj thresholds. In fact, this phenome-
non again shows studying the isoscalar D*D*, DD, DDj,
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D*D;, and D*D} 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/w¢K 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/w¢ invariant mass spectrum from the CDF [26], CMS
[44], and LHCb [28] in the following discussion. Since the
quark components of the ¢ and J/y are the s5 and cc,
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/w¢ invariant mass spectrum in the
B — J/w¢K decay [26,28,44]. As shown in Fig. 3(a),
the CDF Collaboration reported the charmoniumlike struc-
ture ¥ (4140) in the J /yr¢p mass spectrum of the B — J /ywpK
decay in 2009 [26]. When depicting this enhancement
structure, the resonance parameters can be obtained, i.e.,
the mass and width of the Y(4140) were measured to
be M = (4143.0£29+1.2) MeV and I'= (11.775; &
3.7) MeV [26], respectively. Besides the ¥ (4140) structure,
the CDF also reported another enhancement structure,
named as the Y (4274), in the J /y¢ invariant mass spectrum,
where its mass and width are (M,T) = (4274.4737 &
1.9 MeV, 323717 £7.6 MeV) [26], respectively. Later,
the CMS confirmed these two structures Y (4140) and
Y(4274) in the same decay process in 2014, where
the resonance parameters of the Y(4140) and Y(4274)
were measured to be (M,I)yq0) = (4148.0 2.4 &

6.3 MeV, 28717 £ 19 MeV) and (M.T)y(4p74 = (4313.8 +

5.34+7.3 MeV, 38ffg + 16 MeV) [44], respectively. Sur-
prisingly, the LHCb Collaboration announced four char-
moniumlike resonances in the J/w¢ mass spectrum of the
B — J/w¢K decay in 2017 [28]. Here, we collect their
resonance  parameters, i.e., (M,T)y0) = (4146.5 +
4578 MeV,83 £21717) MeV) (M. )y = (42733 +
831357 MeV,56.2 1097 MeV),  (M.I)xus00) =
(4506+ 1173 MeV,92 42175 MeV), and (M, T)(4700) =
(4704 £ 105} MeV, 120 & 31153 MeV) [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 DD and D:D? 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
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FIG. 3. The measured J/y¢ invariant mass distribution of the

B — J/w@K 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).

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
Y (4140) [49].

We notice an interesting fact that this structure around
4140 MeV reported by the CDF is below the D:D:
threshold [26], and Liu and Zhu proposed that the
Y (4140) observed by the CDF can be regarded as partner
of the ¥ (3940) due to the similarity between the ¥ (3940)
and Y(4140) in 2009 [27]. Thus, the D:D? hadronic
molecular state explanation to the Y(4140) was given
[27]. Along this line, there may exist S —wave D}D}
molecular states, which is similar to the situation of the
S — wave isoscalar D*D* molecular system discussed in
Sec. I A. Facing such abundant details given by the LHCb
in 2017 [28], we may conjecture that the ¥ (4140) structure
may be contain at least two substructures, which can be
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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 JP¢ = 17 for the ¥ (4140) given by the
LHCb seems unreliable’ [28]. Here, we need to mention
that the recent LHCb Collaboration updated the amplitude
analysis of the BT — J/w¢K™ decay with higher precision
data and reported the X(4140) with JP€ =1%" and
X(4150) with JP€ =2-* [49], which imply the very
complicated structures around the DD} threshold. In
the following, the investigation of the §— wave DiD}
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/w¢ invariant mass spectrum, we should focus on the
Y(4274) [26,28,44], which is just near the DD, thresh-
old. Thus, the study of the DXD;‘0 molecular system will
be paid attention in this work. Although the LHCb
reported X(4500) and X(4700) in 2017 [28], we can
find more abundant structures above 4250 MeV existing
in the J/w¢ 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., the X(4630) with J*¢ = 17" and X (4685)
with JP€ = 1+ [49]. We also notice that there are abundant
thresholds of charmed-strange meson pairs in this interesting
energy range. Thus, we will investigate the hidden-charm and
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 + 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 — w(2S8)zK decay: As a super star among

these reported charged charmoniumlike structures,
the Z*(4430) structure was first observed by the
Belle Collaboration in the w/(2S)z invariant mass
distribution of the B — y(2S)zK decay in 2008
[30]. Here, its mass and width were measured to be
M = (4433 4+ 4 +2) MeV and I'= (451859) MeV,
respectively [30]. In the following years, the
Belle Collaboration continued their studies on the
Z1(4430), and the measured mass of the Z*(4430)

“For the S — wave D*D* molecular system, its J°C quantum
numbers are either 07" or 27T, which is due to a selection rule for
the quantum numbers [27]. However, the LHCb measurement
suggested JF€ = 177 for the Y(4140) [28], which results in the
difficulty to understand the ¥(4140) under the hadronic molecu-
lar state assignment.
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structure are M = (4443713 719) MeV [54] and
M = (4485133 7%) MeV [33], respectively. After
ten years, the LHCb Collaboration confirmed the
existence of the Z*(4430) structure [34], and the
resonance parameters are M = (4475 + 7f21§ ) MeV
and T = (172 4 1373]) MeV, respectively. But, the
width from the LHCDb [34] is more broad than that
from the Belle [30,33,54]. Additionally, the LHCb
found a new structure Z*(4240) in the yw(2S)x
invariant mass distribution of the B — w(25)zK,
which can be depicted by resonance parameters M =
(4239 4+ 1875) MeV and T = (220 +4712%) MeV,
respectively [34]. Comparing with the Belle data
[30,33,54], the LHCb data have smaller error bars
[34]. Since the Z*(4430) structure is near several
thresholds of charmed meson pair, there were ex-
tensive discussion of the hidden-charm molecular
tetraquark explanation to the Z*(4430) [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.

The B — n.7K decay: In 2018, the LHCb found the
evidence of a broad charmoniumlike structure in
the 7.z invariant mass spectrum of the B — 5.zK
decay, which was named as the X(4100) with the
mass M = (4096 £+ 207)%) MeV and the width T" =
(152 £ 587%2) 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)].

The B — y.#nK decay: For the y.x invariant
mass distribution in the B — y. zK decay, two
charged charmoniumlike structures Z7*(4051)
and Z*(4248) were announced by the Belle
Collaboration in the exclusive B—y. 7K de-
cay [55], where their resonance parameters
were measured to be (M,T)z:(4s51) = (4051 &+
14139 MeV, 8277 737 MeV) and (M, T) 2+ 40a5) =
(4248753 7380 MeV, 17753 121® MeV)  [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 — y. 7K, where the distribution of the y. =z
invariant mass spectrum was given [57]. In fact,
the line shape of the y. 7z invariant mass spectrum
is complicated. Additionally, for searching for the
X(3872) and X(3915) decaying to the final state
Y17 in the B meson decay, the Belle measured the
X170 invariant mass spectrum from the B meson
decay, by which they did not find the significant
signals of the X(3872) and X(3915) [58].

The B — y 7K decay: In 2016, the Belle Collabo-
ration provided the measured y.,7z invariant mass



CORRELATION OF THE HIDDEN-CHARM MOLECULAR ... PHYS. REV. D 104, 094010 (2021)

60l AL A AL
~ 36 S | DD D DD, ' DD, ]
% c Db’ DB,: DB,  Belle (2008)
E 2 5 4 { { -
L Halh _
g nf g 20 H#} }f{ {}{

K L b it
0 o lsfs, Fa o ! AN T
3600 4000 4400 4800
S5 pp . b D, (b) 1 _
pD’ DD, | DD, Belle (2009) 2
” =
: OF { 1 8
= 7
;E ! } }H 1 £
<
o 25p H}H H 4 =
; Hgtg Hidp | 2
LA T e
3840 4160 4480 4800
L L ' L L L L ' L L) ._l" L 'k_l L L L -
DD DD DD, DD, (¢) ~
45 DD’ DD, | DD; Belle (2013)7 2
z f [ }}H { 3
T | ; 4 {{{{HH{ ¢ {r} E
- iH ;}i
o Lo ni.ﬁ.ﬁ.iﬁ.l N E M -‘l'- ‘s .g'.
3840 4160 448 4800 4400 4800
300 __D}_) ' '_*' 1')*3: ' '_-Dﬁ'; '_ DD (d) o 1)5;' 1)1)'z ) (;) ' :
i DD DD, D]i) LHCb (2014) % DD, DD, Belle (2019)
é 200 - Hii ﬁ - i
= i ? o
5 [ 1] iﬂ LT T s i
&) 100 - ; i i i iiiﬂi i E
s E
.iii iJd S o
0 N ln.. N N | N 2 N N | N N N N 0 H 'l 'l 1 A A A 1 |
3840 4160 4480 4800 3600 4000 4400 4800
M(y(2S)r) (MeV) M(x, ™) (MeV)
~ 180 - '(e;) " o5 B OB, DD, - ol oB.  pD; DD, DD ') '
E L LHCb (2018) (DD D_IED*ﬁi:H i E | DD DD, i DD; poje(2016)
g 120 | | it S 180 -
3 il L Wy SR ; } H } -
P R R BT
JE LT H;
o [ : : I O oOls &
1] ¥ LSS B SE E R R A S P USRS | P
3150 3600 4050 4500 3600 4000 4400 4800

M(# ) (MeV) M(x,,m) (MeV)

FIG. 4. The measured y(2S)z, 5.7, . 7, and y ., 7 invariant mass distributions in the B — XYZ + K decays, and the comparison with
the thresholds of charmed meson pairs. Here, the experimental data of the y/(2S)x 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 7.7 is taken from the LHCb [50] [see diagram (e)]. In addition,
the experimental data of y.z 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 y .,z invariant mass spectrum is given by the Belle [57] [see diagram (j)].
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FIG. 5. The J/wr invariant mass distribution in the B —

J/wzK and the relevant thresholds of charmed meson
pairs. Here, the experimental datas are taken from the Belle
[51] [(a) for 1.20 GeV? < m?(Kz) < 2.05 GeV? and (b) for
2.05 GeV? < m?*(Kz) < 3.20 GeV?], the D@ [52] [(c) for
425GeV <m(J/yrtn~)<4.30GeV and (d) for 4.30GeV <
m(J/wntz") <4.40GeV], and (e) the LHCb [53], respectively.

spectrum with low precision [57]. Here, the com-
parison of data and thresholds is shown.

(5) The B - J/wnK decay As shown in Fig. 5(a)
and 5(b), the Belle® Collaboration presented the
results of an amplitude analysis of the B — J/ynK
decay in 2014, and reported a very broad charged
charmoniumlike structure Z.(4200)", where its
mass and width were measured to be (M,I') =
(4196735 711 MeV, 370170 +79) MeV) [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 D@ Collaboration analyzed the data of
the J/wx invariant mass spectrum from the B —
J/wnK [52], where they only focused on 3600 <
my .z < 4200 MeV range inspired by the observed
Z.(3900)* from the BESIIII [60] and Belle [61].
And the D@ data show the evidence of charged
charmoniumlike structure similar to the Z.(3900),
where the measured mass of the Z.(3900)* is
3895.0 £5. 2*4 U MeV. Since the width information
of such structure is still absent in the D@ measure-
ment, it is hard to conclude that the D@ evidence
truly corresponds to the Z.(3900)* [60,61]. Addi-
tionally, the J/wz invariant mass spectrum of the
B — J/wrnK 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 + 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

*Besides announcing the Z,(4200)* structure, the Belle also
gave the evidence for the Z(4430)" structure [51].
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meson (o) and vector meson (p/w) 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 amplitude M (hh, —
hshy) for the relevant scattering process hjh, — hsyhy
according to the effective Lagrangians. And then, the
effective potentials in the momentum space Vh‘hz_’h‘h“ (q)
can be related to the corresponding scattering amphtudes
M(hyhy = h3h,) by using the Breit approximation
[70,71], i.e.,

_ _M(h1h2 g h3h4) (31)

IT2mi] [,2my

where m;(i = hy,hy) and my(f = hs, hy) denote the
masses of the initial and final states, respectively.
Finally, the effective potentials in the coordinate space

Vila=hshi (1) can be obtained by performing the Fourier
transformation, i.e.,

Vh1h2—>h3h4(r) :/ d3
3 (27)*

it

ol rvh hz—’h3h4< )]:'2(q2’ m%)’

(3.2)

which will be applied to search for the bound state solutions
by solving the coupled channel Schrodinger 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.,

2 _ 2
N —my

f(qz’m%) A2 —

(3.3)

which reflects the finite size effect of the discussed hadrons
and compensate the off-shell effect of the exchanged light
mesons [67]. Here, A, mg, and ¢ 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 H ,(IQ), HEZQ), SEIQ), SE,Q), TE,Q)” , and

E,Q)” can be defined as [74]

ngg) =P, (DZ(Q)”]/” _ D§Q>75),
H(aQ) _ (DZ(Q)ﬂ},M —l_)(aQ>7/5)73_,
=P (D\P"y,75- Dyt

Sa :( 1(a)1’;475_D0u YP_,

* v 3 v 1 v
=Py {Dz(g)ﬂ Yy~ \/;Digﬁs <9” —37 (r - U”))}

0 A (O)pv 3200 v 1 v
T = |:DZEIQ)/4 7y = \ADggﬁrs <g" -3 —v”)ﬂ?’_,

(3.4)

respectively. Here, P, = (1 £ #)/2 are the projection
operators, and v* = (1,0) denotes the four velocity in
the nonrelativistic approximation. Their conjugate fields
read as X = yo X'y, with X = H'@, H@), 59 @ 1{¥
and T'¥

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],

T QM

L= g, (H26HL) + g, (AP cHL) + ¢,(5P63?) + ¢,(3P 652 + gu(T' 6T + g (T 6T Q)
h, _ _ (0 ; hl, _ (0 ;
—|—f—[(S£1Q)y”8M6H£Q))—<H,<,Q)y"0”6S£,Q>—|—Hc]+ “(T%0,6H) + (AL 0,6T?") + Hel
+ ig<H(Q>Abay5H‘Q>> +ig(HL AyysHL) + ik (S\2 ApaysSE) + ik (512 ApysSi)

+ lk< MAba]/S aﬂ)> + ik<T£lQ)ﬂAaby5 Tg;g)> +

()
[in (S,

AparsHD) + in(HD AysS12) + Hee)
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i {i<T§,Q) (il DA+ 21),4”) y5H£,Q>> —|—H.c.] + [i<'§ ( AD, + A p> ySTE,Q)"> +H.c}
ba

Here, the covariant derivatives are written as D, = 9, + V),
and D, =0, —V,. And the axial current A,, the vector
current Vw the vector meson field Pus and the vector meson
strength tensor F,,(p) are defined as

(5*3,45 £0,87),.

=2

1

5(5*6,,5+ £0,81),
E=eP/L).  pu= Y

F;w(p) = aﬂpu - (36)

respectively. The light pseudoscalar meson matrix PP and
the light vector meson matrix V, have the conventional
form [63,68,69], which can be expressed as

ayﬂy + [p;u pu]'

K~ K° - %;7
\!}_Oi & ot K+

Vo= | o 2ie k0| ()
K K0 ¢/,

respectively. After expanding the compact effective La-
grangians in Eq. (3.5) to the leading order of the pseudo-
Goldstone field & 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

(01D1cg(07)) = /.
(01Dl (0%)) = \ /.
(01D ]cq(1%)) = e/

(0lD|cq(17) = e gy,
OID!1eq(1%)) = e, /oy,
(0IDF"|cg(2")) = ¢ /.
(3.8)

+ GHZ (B (V, = p,) + 40" F 0, (p)), ) = (il Q)wvﬂ(vﬂ—p,,)—Aoﬂ”F,,xp))abHé )

+<zs§,Q (B0" (V= ) + 20" F i (), 58 — (i3 Q)(ﬁ’v"( =) = X EF(0)) 1S

T B0 V= py) + 20 Fy (), T = (T B0V, = ) = 210 Fo ) T3 )

+[<H§P (i (V= py) + 115" F 1, (p))5S Q>+H.c.]+[<3a M (V= p) + w0 F () ) + Hee

+ (TG (V= pa) + 117 Fu(p)), ) + Heel = (D (061 (V, = p) = 7 Fu(0)) , TL¥) + Hel,  (3.5)

respectively. Here, €),(m =0,%1) and £ (m = 0, +1, £2)
correspond to the polarization vector and tensor, res-
pectively. In the static limit, they have the form of
eh =(0,0,0,—1), €L =(0,£1,i,0)/v/2, and (i =
Zml,m2<] > My ]’ m2|27 m>€l’l"1€l};12 [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 |1, I3) for the S-wave .A.A and AB systems,
here, notations A and B stand for the different charmed
mesons, and J, J, and J, correspond to the total angular
momentum quantum numbers of the discussed charmo-
niumlike systems AB, 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 =
cx1x,(—=1)’7/17/> with ¢ = 41, where the charge conjugate
transformation conventions satisfy A <> x;A and B <
x,B [14,16,31,32,67,80,81,83-88].

TABLE I1. ,13) for these discussed
S-wave AA and AB systems. Here, the notations .4 and B stand
for different charmed mesons, and I and /5 represent their isospin
and the third component of these discussed charmoniumlike
systems, respectively.

Systems |1, 13) Flavor wave functions
AR ) A0
.0) ﬁ (AOA° — AT A7)
[1,-1) APA-
.0) o5 (AL + AT A7)
AB L) LA + B )

0 A[(AB” - ATBT) + (B A’ - BT A7)
11,-1) %(AOB— +cBA)
) J[(ABY+ ATBT) + ¢(BPA” + BT A7)
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TABLE III.  The relevant quantum numbers J” and possible channels |**!L,) involved in this work. Here, ...
means that the S — wave components for the corresponding channels do not exist.

Oj: |1§0> ‘1§0>/‘5|D0>

1+ ' ’S1)/PDy) \3§1>/\3’5D1> ‘3§1>/‘3’5’7D1>
2 " ’S,)/I°Dy) °S2)/[137Dy) °S2)/[>>7Dy)
3+ \783)/\3-5‘7[[133)

The spin-orbit wave functions [**!L;) for the |D; D;,)
systems can be constructed as

|DyDy) = ZC{%LmL%WL,mL)’ (3.9)
m,my,
DDy) = > ChM CiYim).  (3.10)
DDy = > O Cht e Yim,)  (3.11)
m,m' \mg,my,
= S,m B v
1D, D,) = Z Cots oy Clomt o €|V, ). (3.12)

m.m’ mg,my,

In the above expressions, the notations D, D;, and D,
denote the charmed (charm-strange) mesons with the total
angular momentum quantum numbers J =0, 1, and 2,
respectively. CZ’Z{C 4 1s the Clebsch-Gordan coefficient, and
|Y1, 1, ) is the spherical harmonics function. In Table III, we
summary the relevant spin-orbit wave functions [**!L)
and the discussed channels under considering the coupled
channel effect.

For the AB — AB 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]

Vrow (r) = Vp(r) + cVc(r). (3.13)

\\A

Cross diagram

1
/\ -
B B B
Direct diagram

FIG. 6. The direct channel and cross channel Feynman dia-
grams for the AB — AB processes. Here, the notations .4 and 5
represent two different charmed (charmed-strange) mesons.

In Fig. 6, we present the direct channel and cross channel
Feynman diagrams. For the AA 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, m,=600.00MeV, m,=137.27MeV, m, =
547.86 MeV, m,=775.49MeV, m,,=782.65MeV, m,=
1019.46MeV, mp = 1867.24 MeV, mp-=2008.56MeV,
mp. = 2324.50 MeV,  mp, = 2427.00 MeV,

2422.00MeV, mp, =2463.05MeV, mp, =1968.34 MeV,
mp; =2112.20 MeV,  mp, = 2317.80 MeV,
2459.50 MeV, mp,, =2535.11 MeV,  and
2569.10 MeV [38].

le =

mD! =
s1

Mo, =

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 Schrodinger 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* D* molecular tetraquarks within
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TABLE IV. A summary of the coupling constants adopted in our
calculations. Units of the coupling constants &' = (hy 4 h,)/A,, 4,
A, A, u, and u, are GeV~', and the coupling constant f, is given in
unit of GeV.

9o A A B LA g
-0.76 0.7 0.76 0.32 0.35 0.59
k k |7 1| fr p
0.59 0.59 0.56 0.55 0.132 -0.90
ﬁ/ ﬂ// ;L /‘L/ l// |C‘
0.90 0.90 -0.56 0.56 0.56 0.727
|.“| |Cl \ Hi 9v

0.364 0.20 0 5.83

the heavy quark symmetry analysis, which is due to
possible peculiar characteristic mass spectrum of the
isoscalar D*D* molecular systems existing in the reported
experimental data of the B meson decays (see Fig. 2). For
other obtained DD and D, D, 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*D* system.—In Table V, we present the
corresponding bound state properties for the S — wave
isoscalar D*D* system. When cutoff values vary from
0.8 to 3.0 GeV, we can obtain bound state solutions
for the S — wave isoscalar D*D* states with J*€ = 01+,
1t=, and 2*t. And we can obtain the relation of

AJ0(0F )] < A[0(177)] < A[0(2%T)].  Suppose bound
states with a smaller cutoff binds deeper when we set
the same binding energy. We can find the isoscalar D*D*
interaction with 7(JP€) = 0(0**) is strongest attractive,
followed by the states with 7(J¢) = 0(177) and 0(2+7).
Thus, we can conclude these three states are possible
isoscalar hidden-charm molecular tetraquark candidates,
and their masses satisfy M[0(0T)] < M[O(177)] <
M[0(2")]. 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*D* 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 |£s,j;, £>52j, JM) in terms
of the heavy quark basis |£,6,L, s15,S,JM), i.e.,

|€151J1,C252)2. IM)

¢ 6 L
= ZSEIJAI _]:\2 S Sy S |£]f2L,S]S25,JM>
S.L . .
v 2 J

(3.14)

with A = \/2A + 1. Here, the 9 — J symbol is used to relate
two bases |£15,j1,282j2,JM) and |£\65L, 515,S,IJM)
with the investigated system coupled in a different
way [114].

For these possible S — wave isoscalar D*D* molecular
candidates, the two-body hidden-charm decay channels
include the 5.1, 5.1, 5., J/wn, and J/ww channels. We
can expand their spin wave functions in the heavy quark
spin symmetry basis, i.e.,

TABLE V. Bound state properties for the S — wave isoscalar D*D* system. Cutoff A, binding energy E, and root-
mean-square (rms) radius r,,; 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
Jre A E Frms E T'tms P(ISO/SIDO)
0" 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
Jrc A E T'rms E Trms P(3§1/3|D1)
1= 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
Jrc A E T'tms E T'rms P(SSZ/IIDZ/SDZ)
2+ 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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3 1
0°+) zgmq—;,oy,mﬂ =315 12,07, (319)
- Uim ot e U = 4=
1 >:%|1qt_]’o(f . >+7§|qu’1@’1 ). (3.16)
[2F%) = |17, 17,27F), (3.17)

where L;}’I'C" and sz‘f”CQ 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*D* molecular state with J¢ = 0+

can decay into the 7.7 and J /@ channels through
the S — wave interaction, the relative decay ratio
By = To[J/ww]/Tyn.n"] is roughly 1:3.

(i) For the isoscalar D*D* molecular state with
JPC = 1*-, it can decay into the J/yn") and 5.
via the S —wave coupling. The relative decay
branching ratio for the J/yn") and 5.@ channels
is By =T'1[J/wn]/T[n.w] = 1:1. Since the phase
space for the D*D* — J /yn is larger than that in the
n.o final state around 100 MeV, the partial decay
widths for these two hidden-charm decay processes
satisfy T'y[J/wn] > T'y[n.w], it leads to the J/yn
channel is the prime decay channel to search for the
isoscalar D*D* molecular state with J¢ = 1+-.

(iii) For the isoscalar D*D* molecular state with

JPC€ = 2%+ the J/ww is the only one two-body
hidden-charm decay mode by the S — wave inter-
action.

In addition, the isoscalar D*D* molecular state with
JP€ = 07+ can strongly couple to the DD channel via the
S — wave coupling, and the D*D*[0(27")] can decay into
the DD* and DD channels through the D-wave inter-
actions, which indicate that the two-body open-charm
decay widths satisfy T'open[0(07")] > Topen[0(27F)].
Thus, we can estimate that the strong decay width for
the D*D* molecule with I(J€) = 0(0*") is larger than
that for the D*D* molecule with I(J7€) = 0(2*+).* To
summarize, if both the D*D* states with 1(JF€) = 0(0")
and 0(27") are the possible charmoniumlike molecular
candidates, their mass and decay width should satisfy
M[0(0*t)] < M[0(2tF)] and T[O(0"")] > T[0(27)],
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*D*
charmoniumlike molecules.

According to the above analysis, the J/yw final state has
the potential to observe the possible D* D* charmoniumlike
molecules with 1(JP€) =0(0") and 0(27"). Recalling

‘Here, 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.

T T T T T T T —
. DKﬁA[O(OH)] : = BaBar (2008) |1
: ¢ BaBar (2010)
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FIG. 7. The J/ww and J/yn invariant mass spectrum around

the D*D* threshold in the B — J/wwK [41,42] and B = J /ynK
[43], respectively.

the BABAR data presented in Fig. 2, we can find possible
evidence of the existence of two enhancement structures
below the D*D* threshold by analyzing the J/w® invariant
mass spectrum of the B — J/wwK [41,42]. In Fig. 7(a), we
label the possible positions of the D*D* charmoniumlike
molecules with 7(JP€) = 0(0*+) and 0(2**) in the J/y®
invariant mass spectrum in the B — J/wwK [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*D* state with I(JP€) =0(177) is favored to be the
possible charmoniumlike molecular candidate, and the
J/wn channel is the important two-body hidden-charm
decay mode. Experimental, we may find an enhancement
structure around 3.9 GeV in the J/wn invariant mass
spectrum of the B — J/ynK [43], which may correspond
to the S — wave isoscalar D* D* molecular state with J*¢ =
17~ (see Fig. 7(b)). In addition, we notice that the BESIII
Collaboration [115] and the Belle Collaboration [116]
respectively analyzed the J/w# invariant mass spectrum
in the eTe™ annihilation process and the B — J/ynkK
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/yn invariant mass
spectrum [43,115,116], in comparison with the observa-
tions of the J/ww invariant mass spectrum [25,41,42], we
expect more precision experimental data to further check
the structure around 3.9 GeV in the J/yn invariant mass
spectrum.
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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/ww and J/wn 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/ww and J/yn
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 DD systems.—In this section, we
mainly try to understand very broad structure around
4.3 GeV in the J/ww invariant mass spectrum of the
B — J/wwK process [25,41,42]. The mass thresholds of
the D*D;, D*D;, DD}, and DD, 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 DD and DD*
systems.

(i) The S — wave isoscalar D*D| and D*D} systems.

By performing numerical calculations, we can obtain the
loosely bound state solutions for the S — wave isoscalar
D*D; and D* D} 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*D, and D*Dj 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*D,
and D*Dj; charmoniumlike molecular tetraquark states
[59,85,86,117-119].

In Fig. 8, we present the cutoff parameter A dependence
of the binding energy E for the S-wave D*D, state with
I1(JP€) = 0(077), 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
A =0.96 and 1.03 GeV to present the loosely bound state
solutions for the S-wave D*D; state with 1(J€) = 0(0~)
in Table VI.

(ii) The S — wave isoscalar DD} and DD* systems.

For the DD} and DD* systems, the z exchange occurs in
the DD; — D3D and DD* — D*D 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 DD} and DD* sys-
tems. It is obvious that these S — wave isoscalar DD} and
DD* states can be possible charmoniumlike molecular
candidates as their bound state solutions satisfy the typical
characters for a loosely bound hadronic molecule.” In fact,
the S — wave isoscalar DD* molecular states have been
extensively studied in Refs. [11-17,72,107-113,120-128].
However, our knowledge of the S-wave isoscalar DD}
molecular states is still not enough up to now [85,86].

(iii) The S — wave isoscalar DD, and DD systems.

Despite the 7 exchange does not contribute to the
effective potentials for the S —wave DD, 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 DD, states with
1(JP€) =0[(177),(17")] and the S—wave DD state
with I(JF€) = 0(0**) can be possible charmoniumlike
molecular candidates. In fact, the S — wave isoscalar
DD, molecular states were intensively discussed in
Refs. [59,74,85,86,93,101,117], which may be related to
the Y(426O)6 [131]. In Refs. [16,104,108,110-113], the
S —wave DD bound state with I(JF€) =0(0"") was
estimated.

Let’s give a short summary, we can predict a serial of
possible charmoniumlike molecules composed by the S —
wave isoscalar D*D,, D*D3, DD}, DD*, DD,, and DD
systems. In Table IX, we summary their two-body hidden-
charm decay information for all the possible S — wave
isoscalar D*Dy, D*Dj3, DD}, DD*, DDy, and DD char-
moniumlike molecules. For example, the J/ww channel is
the two-body hidden-charm decay mode for the isoscalar
D*D;[(0,1,2)=F], D*D5[37*], and DD;[1="] bound
states, perhaps, it is possible to observe the experimental
signal of these possible charmoniumlike molecules in the
J/w final state. When we recall the experimental data of
the B — J/wwK [25,41,42], our predictions of these

>When the cutoff A 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.

°In 2017, the BESIII gave more precise data of the ete™ —
J/wrtr~ [130], which shows that the ¥(4260) [131] is split into
two resonances Y (4220) and Y (4320).
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TABLE VI

Bound state solutions for the S — wave isoscalar D*D; and D*D} systems. Conventions are the same as Table V.

Effect Single channel S — D wave mixing effect

Jre A E Trms A E T'rms P(ISO/SDO)

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 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 A E Frms A E Trms P(3§1/3D1/5D1)

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=+ 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 A E Frms A E Trms P(5§2/1D2/3D2/5D2)

27" 2.56 -0.32 4.89 2.60 -0.33 4.90 98.90/0.05/0(0)/1.05
2.58 —-9.86 1.16 2.74 —8.65 1.33 93.06/4.18/0(0)/2.75

2=+ 1.73 —0.81 3.68 1.59 -0.34 4.90 99.30/0.08/0(0)/0.62
2.14 -12.16 1.24 2.07 —-12.74 1.24 98.77/0.27/0(0)/0.93

D*Dj

Jre A E Trms A E Trms P(3§1/3D1/5D1/7D1)

1 0.94 —-0.28 4.78 0.94 -0.56 3.90 99.77/0.07/0(0)/0.16
1.02 —-12.82 1.01 1.02 —13.86 0.99 99.69/0.05/0(0)/0.26

1" 0.97 -0.27 4.80 0.97 -0.51 4.00 99.81/0.09/0(0)/0.10
1.05 -10.92 1.09 1.05 —11.81 1.06 99.71/0.19/0(0)/0.09

Jre A E Trms A E Trms P(S,/°D,/°D,/'D,)

2= 1.21 —-0.67 3.68 1.19 -0.28 4.84 99.67/0(0)/0.33/0(0)
1.36 -12.76 1.04 1.35 —-12.82 1.05 99.38/0.01/0.60/0.01

2=+ 1.11 —-0.31 477 1.10 -0.28 4.84 99.78/0(0)/0.22/0(0)
1.21 —11.55 1.08 1.21 —-12.66 1.04 99.59/0.01/0.40/0(0)

JPC A E T'rms A E T'rms P(7§3/3D3/5D3/7D3)

3=~ 1.90 -0.32 4.94 1.73 -0.31 4.98 99.21/0.07/0(0)/0.72
2.87 —-12.26 1.23 2.64 —-12.24 1.25 98.36/0.39/0.03/1.22

3—+ 1.97 -0.32 4,94 1.77 -0.33 491 99.03/0.04/0(0)/0.93
2.74 —-12.49 1.21 2.51 —12.41 1.24 97.70/0.19/0.03/2.07

possible charmoniumlike molecules also reflect the com-
plexity of the structures in the J/ww 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

0
~ -4
>
s
= -8

-12 [ A 1 A 1 A 1 A
0.96 0.98 1.00 1.02 1.04
A(GeV)

FIG. 8. The cutoff parameter A dependence of the binding
energy E for the S-wave D*D, state with 1(J7¢) = 0(0~).

precise measurement of the B meson decay into a char-
monium state plus a light-flavor meson. In addition, the
xes(1P)w with J = 0, 1, 2 are the two-body hidden-charm
decay channels for the possible S — wave isoscalar D* D,
D*Dj;, DD}, and DD 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:D} system.—For the D:D? system, the n and ¢
exchanges contribute to the effective potentials in the OBE
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TABLE VII.  Bound state solutions for the S — wave isoscalar DD} and DD* systems. Conventions are the same as

Table V.

Effect Single channel S — D wave mixing effect

DD;[J"€] A E s A E Trms P(°S,/°D)

27" 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-* 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

DD*[JPC} A E T'rms A E Trms P(3§1/3|D1)

1= 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

I 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 DD, system. Conventions are the same as Table V.

Effect Single channel S — D wave mixing effect

DD[JP] A E Fems

0+ 1.46 -0.29 5.08
1.76 —12.55 1.15

DD][JPC} A E T'rms A E Frms P(3§1/3|D1)

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= 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*D;, D*Dj3,
DDj;, DD*, DD, and DD charmoniumlike molecules.

States Two-body hidden-charm decay channels
D*?l O_+] J/l//w’ )((rO(lP)n’ )((O(IP)HI
D*D,[0~7] Xt (IP)w, new, Jym, J [y’
D*D,[177] JIwo, xa (WP, nen, nen',

D*Dy[277] J/wo, xa(1P)n

D*D;[277] Xe2(1P)w, yer(1P)w, new, J /ym, J [y
D*D;[17] X (WP, nen. nen's Iy, g (1P
D*D3[177] xa(IP)w, new. J/ym. JJyn', xoo(1P)w. x.1(1P)w
D*D3[277] X (1P, J/yw

D*D;[277] Xe2(1P)o, new, J/yn, J/yn', o1 (1P)o
D*D;[37] Jyw

D*D;[37] X (1P)w

DD;[27] Xe2(1P)n, J/yw

DD;[27] xa(1P)w, new, J/ym, J [y
DD*[177] J/ww

DD*[1*7] new, J/wn

DD, [177] JIyw, nn's nens xei(1P)n

DD, [177] Xeo(1P)w, new, J/ym, J yr
DD[0*] nen

model. The relevant numerical results for the S — wave
D:D; 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*D? states with J*¢ = 0* and 17,
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 § — wave D;Dﬁ states with
JP€ = 07" and 1%~ can be the possible hidden-charm and
hidden-strange molecular tetraquark candidates, especially
the D:D? molecular state with J¢ = 0"+ [132,133]. If
taking a large cutoff A > 3.0 GeV, there exist the loosely
bound state solutions for the DD} state with J*€ = 2+ 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.

D:D%, D:D',, D\ Dy,
and DY Dz, systems.—Besides the S — wave DD} sys-
tem, we also investigate the bound state properties of the
S —wave DD, D,D}, D;D*,, D;D’,, D:D%,, and D;D’,
systems by tuning the cutoff values A 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
(1) There may exist several possible charmoniumlike
molecular tetraquark candidates with hidden-strange

The D,D,, D,D?, D,D%, DD’

sl
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TABLE X. Bound state solutions for the S — wave D*D? system. Conventions are the same as Table V.

Effect Single channel S — D wave mixing effect
JPC A E Frms A E Tems P('Sy/°Dy)
0+ 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 A E Frms A E Trms P(3§1/3[D1)
1t 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
quantum number, such as the DD state with J*¢ = They may be the possible charmoniumlike
17~ [108,133], the D, D;O state with JP¢€ =0~F molecular candidates with hidden-strange quantum
[81,97-99], the DD/, state with J'¢ =177, the numbe.r.' ' '
DD, states with J°€ = 0= and 1-*. In particular, (iii) In addition, we do not obtain bound state solutions

the coupled channel effect plays an important role in
generating these loosely bound states, i.e., the D, D
state with JPC =17, the D,D?, state with
JPC€ =077, and the D,D’, state with J7€ =17,

If we increase the cutoff value around 2.0 GeV, we
can obtain loosely bound state solutions for the
D,D; state with JP€ = 1*+, the D:D?, state with
JP€ =177, and the DD’ state with JPC€ =1"".

s

(ii)

for the D,D; state with J*¢ = 0", the D,D’; state

with JP€ =17, and the D;D/, state with J*C€ =

2~F 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 7-doublet by
using the OBE model and considering the S — D wave
mixing and the coupled channel effect, and we can predict

TABLE XI. Bound state solutions for the S — wave DD}, D,D%,, D;D",, D;D%,, and D} D', systems. Conventions are the same as
Table V.
Effect Single channel S — D wave mixing effect Coupled channel effect
States[J /€] A E Fems A E Frms P(S,/’Dy) A E Frms P(D,D:/D:D?¥)
D,Di[1T7] 265 026 496 227 -043 439 99.25/0.75 1.63 -0.13 541 96.64/3.36
285 —-1195 098 243 -11.85 1.03 96.56/3.44 1.66 -8.92 0.99 78.85/21.15
D,D:[17] X x x 271 =027 499 99.46/0.54
X x x 300 -569 149 97.69/2.31
StateS[JPC] A E T'rms A E T'rms P(DYDtO/DtDIc] )
D,D%[077] X X X 187  -252 1.77 85.11/14.89
X X X 1.88 —8.21 0.94 75.72/24.48
DD[0~"] 2.83 —-0.28 4.93 1.49  -043 4.27 96.97/3.03
3.00 -0.92 3.32 1.52  -10.05 1.00 81.81/18.19
State[JF¢] A E Fems A E Frms P(’S,/°Dy) A E rms P(DD.,/D:D%,/D:D",)
DD \[177] 217 =033 465 215 -029 479 99.98/0.02 1.87 =031 4.69 98.76/1.24/0(0)
255 -12.60 1.00 2.51 -12.35 1.00 99.82/0.18 1.99 -12.64 0.92 87.08/12.92/0(0)
State[JPC] A E Trms A E Trms P(ggl/ng) A E T'rms P(DTD:O/DTD/H)
D:Di[177] 217 =031 473 217 -031 4.72 100.00/0(0) 217 =031 472 100.00/0(0)
253 —-1242 1.00 253 -1242 1.00 100.00/0(0) 253 -1242 1.00 100.00/0(0)
States[J7¢] A E Fems A E Trms P('Sy/°Dy)
D:D,[0--] 137 —041 433 137 052 3.99 99.96,/0.04
1.45 —-12.34 098 145 -12.82 0.97 99.90/0.10
DD, [0-F] 1.87 -033 424 1.87 036 4.13 99.99/0.01
191 -1027 0.85 191 -1040 0.85 99.99/0.01
States[JP¢] A E Frms A E rms  P(S;/°D,/°Dy)
D:D/,[177] 229 059 353 228 047 3.87 99.97/0.03/0(0)
237 -—13.38 0.78 236 —1347 0.79 99.88/0.12/0(0)
DD, [17f] 155 =022 5.10 155 =036 4.52 99.95/0.05/0(0)
1.68 —11.38 1.02 1.68 —12.17 1.00 99.84/0.16/0(0)
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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 +/
and X are marked the charmoniumlike molecular candidates with their bound state solutions with the cutoff A

around 1 to 2 GeV and around 2 to 3 GeV, respectively.

States Bound state properties Two-body hidden-charm decay channels
D;D;[0*] v ne's J/web, nens xe (1P)n
DiDi[17] v Iy, nep, J/wn
D5D§[1++] X ZCO(lP)"’)(cl(lp)n
D,D;[177] v nes Jym, J/wif
Ds?:0[0_+] \/ J/W¢v ){CO(IP)”

DD, 077 v nep, J/y's J/wn

DD, [177] v T/ Ty, negp
DiDy[177] X ned, J/w's Iy

DD, [07"] v JIwe, xeo(1P), yeo(1P)n
D;Dy,[077] v Xet(1P)p, I [y, Ty, ne¢p

DD [177] v et (WP T Jwep, xet (VP men, nenf
DD, [177] X Xeo(1P)b, x i (1P)p, J [y, J [yn, nodp
DDy [0~ v Xeo(LP), xeo(1P)n, J [yrep
D;Dy[077] v Xt (1P), Iy, J [y, negp
DD [177] v J/wd, x e (WP, ey (1P, men, nen’
DDy [177] v 20(1P), X2 (1P), y et (1P), J [y, T [y, negp
DDy, [177] v Xt (AP T wep, i (AP)n, nen, nenf
D:D%[177] i X2 (1P), x 1 (1P)p, xo(VP), I [y, T [y, nep
DiD,[277] v Xe2(1PYs 2 (1P, J [y
D;D},[277] X X2 (AP)b, x 1 (AP), J [y, I [yn, nop

several possible HT-type charmoniumlike molecular states,
i.e., the D:D,, molecular states with J*¢€ = 0=*/1-F and
the D;D?, molecular states with JP€ = 17%/27%,

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/y¢
invariant mass spectrum. In particular, the recent LHCb
Collaboration updated the amplitude analysis of the BT —
J/w@K* 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 X (4140) with J*¢ = 17+ and the

X (4150) with JP€ = 2=F [49] are close to the DD}
threshold. It is obvious that their quantum con-
figurations do not fit into the §—wave DiD}
molecules. If their resonance parameters and quan-
tum numbers can be further confirmed in the future,

2

3

“
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the assignment of these complicated structures as the
S — wave DD’ molecular states will be facing great
challenge.

When we recall the other charmoniumlike structure
Y(4274) [26,28,44] (see Fig. 3 for more details), its
mass are close to the D;D*, threshold, its spin-parity
is favored as J*¢ = 17+ by the LHCb Collaboration
[28,49], the similar situation happens, our results
do not support the ¥ (4274) with JP€ = 117 as the
S — wave D;D?, molecular state.

In the mass region from 4.5 to 4.7 GeV, the recent
LHCb Collaboration reported the four enhance-
ment structures X(4500), X(4630), X(4685), and
X(4700) in the J/w¢ mass spectrum from the
B — J/w¢K 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/w¢ final state. In our former work
[64], the X(4630) can be assigned as the D:Dy,
charmoniumlike molecule with J°¢ = 1=F. 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/wpK process.

In addition, our calculations can predict several
possible charmoniumlike molecular candidates
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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 x.012(1P)¢, the B =y 12(1P)p + K —
J/wy¢p + 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 y.(3°Py), xc1(3°P,), and
2x2(3%P,) states are around 4177, 4197, and 4213 MeV
[134,135], which is close to the DD} 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 DD-
type hidden-charm molecular tetraquarks. Some of the
isoscalar charmoniumlike XY Z states can be explained as
the isoscalar hidden-charm molecules as their masses and
quantum number configurations match the calculations of
the isoscalar DD-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 isoscalar DD systems, the
OBE effective potentials for the S — wave isovector DD
systems are very different. Since the z and p exchanges
couple to the isospin charge, their properties in the
isovector DD systems are contrary to those in the isoscalar
DD systems, and the corresponding effective potentials are
three times weaker (see Eqgs. (A3)—(A6) for details).
Therefore, the OBE effective potentials for the S — wave
isovector DD 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*D; state with J¢ =
2~ can generate the loosely bound state with the cutoff
parameter A around 3.0 GeV. Even though we consider the
S — D wave mixing and the coupled channel effect, the

Z,(3900) Z,(4050) X(4100) Z(4200) Z(4248)

|1
r.g 1 44

D = — DD, P
DD DD DD, DD}’ D*I_)’* DD, DD,
0

7.(4443) 7,,(4485)

FIG. 9. The masses comparison between the charged charmo-
niumlike states [18—-24] and the DD thresholds.

cutoff A 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. IT 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 DD 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 zJ/w — DD
and pn. — DD couplings, itis an interesting topic to consider
the more complex coupled channels calculation to deal with
these charged charmoniumlike states. In Ref. [147], Lanzhou
group once reproduced the Z.(3900) 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, the meson-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
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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 P, states
provides a strong evidence of the existence of hidden-
charm meson-baryon molecular pentaquark states. If
replacing ud quarks of A, by an antiquark g, the production
mechanisms of the P,. states from A, baryon decays and the
XYZ states from B meson decays are very similar. The
B — XYZ + K decay should be the ideal process to
produce charmoniumlike molecular states.

In such a situation, we firstly focus on the isoscalar D*D*
systems with J?¢ = 07+, 17~ and 2**. And we find their
interactions are attractive enough to generate bound char-
moniumlike molecular states. After analyzing their two-body
hidden-charm decay behaviors, we find that the J/ww and
J /wn channels are the essential decay modes for the isoscalar
D*D* molecular states with JF€ = 0+*/2** and 177,
respectively. If checking the data from the J/w® invariant
mass distribution in the B — J/wwK and the J /yn invariant
mass distribution in the B — J/ynK, one can roughly find
double enhancement structures in J/ww@ invariant mass
distribution and single structure in J/w#n invariant mass
distribution, their masses are just below the D*D* threshold,
which may correspond to the isoscalar D*D* charmonium-
like molecules with J© = 0**/2%* and 1*~, respectively.
The behavior of the double enhancement structures around
3.9 GeV below the D*D* threshold from the B — J/wwK
and the single structure in the same energy region from the
B — J/wnK 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 + 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

s1°
pb,,, Dg*)Djz 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/wwK is very complicated. There can exist
several possible isoscalar charmoniumlike molecular can-
didates, and the J/w® 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 y.;(1P)w with J =
0,1,2.The B = y.;,(1P)w + K — J/ywyw + K may be the
good production process to search for these predicted
isoscalar charmoniumlike molecular states with C = —.

Meanwhile, we also study the mass spectrum and give
two-body hidden-charm decay channels for the possible
charmoniumlike D,D, molecular states with hidden-
strange quantum number summarized in Table XII, where
D, stands for the charm-strange meson. The J/y¢ channel
is the two-body hidden-charm decay channel for most of
the possible D, D, 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 IIT 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 + 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 (’),(C/) involved in this work, which include

094010-20
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(’)lzej‘-ez, Ozzei-ez, O;=T
Oy = (e -I-'el)(€1'€2)v Os =

O = T(€} x €€} X €),

O; = Z(Glm '€2a)(€1n “€3),

Os = > Z(egm < €24)(€3, - €20);

27

1 T T
09 = ﬁ ZT(GBm’ €3n)T<€2av €2b>

2
+ 37 2T (€l 2)T (€L €1).

2

(6; €),
+

(63 xe€;)- (€)% €

—5 (e e)(el o) 3 (el €)er o).

1
(63’ €1)T(€L €)+ §T(€§, €DT(€17€2)’

1
eg -GZ)T(el,ez) + 5 (€1 '€2)T(€;€D

s
61)(€4m €24) (€4, " €25),

62)(€3m ela)(egn “€1p),

+

4

'€2a)(€§n “€2p),

'€1a)(€jm “€1p),

- €24)T (€], €2),
)

“€1q T(€4n,€1b)

o)
S N S N

m " €la [(6471 X €) - (€3, X €1)],
-€3,)T (€3 % el,efm X €3p),

T(ej‘ X ez,egn X €1p)s

%Z[(em x€) - (€)X €)](€3, - €2p)
LSl e enllel, - €] x )]

Oty = 33 (€ €2 (€} x e1,))(ely €10

1 T
Oy = ﬁZT(%m X el,egn)T(GZ X €34, €2p)

Ty

1

[(ejlm X 62) 'elb] [6111 ’ (G; X eltl)]’

1
+ ﬁZT(egm X €1,€) X €,)T(€],,€2)

1
+ EZT(G;m X €1,€5)T(€],, €} X €34),

).

b = 57 ZT(€4m X 62,€4n)T(€§ X €14,€1p)
+ 5 ZT(ezm X €, €§ X €1a)T(€j1n’ €1p)
+%ZT(€L” X €29€lb)T(€jtn’€J3f X €14),
Oy, = S%Z[(egm X €) - (61 X eZa)}T<€J?En’€2b)
+ %Z[(egm x €)) - €] T(€},.€; X €2,)
+5i42(€§n
:

1 ;
+5_42[€§n (€4 x €2a)]T(€;m X €1,€2p),

~€2h)T(e§m X el,ez X €34)

= 542 € X €2) - (€ x €,)|T(€],.€1)
- QZKGX," x €3) - €1]T(€},. €5 X €1,)
1 1 T KN
+5—42(€£n .elh)T(eim X ez,gé X €,)

1
+5—42[€jm : (eg X€1a)]T(€jtm X €3,€1p). (A1)
Here, we define S =3, , . C%HZ"TH”C%;T;, and T'(x,y) =
3(F-x)(F-y) —x -y is the tensor force operator. For these
operators (’),((O, they should be sandwiched by the relevant
spin-orbital wave functions [**!L;) for these investigated
tetraquark systems, such as (DD*(*S,)|O,|DD*(’S,)) = 1.
The obtained operator matrix elements (’);(/) [/] are summa-
rized in Tables XIII and XIV, which will be used in our
calculations.

In addition, the function Y (A;, m;, r) is defined as

e""i’—e_Atgr Alz—mlz

|| <m, = -3 :

Yi= cos(mir)—e=N" A24m?
r)— < S A,
|q1| > m, 2t;'L'r - 8rA; e ,r’

where m; = \/m? —ql, ! —m2, and A, =
VA =g

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

For convenience, we define two functions H(I)Y x
(A,mp,r) and G(I)Y(A,my,r) for these investigated
hidden-charm tetraquark systems, i.e.,

HO)Y (A, mp, 1) =

1
—Y(A, m,r,r) +6Y(Aa mn7r>7 (A3)

1 1
HY(Amp.r) == Y(Amp.r) +  Y(Am,.r). (Ad)
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TABLE XIII. The relevant operator matrix elements O;'[J] = (f |(’),<<')|i)
O,[1] =diag(1,1) ~? V2 1 Os[0] =diag(2,—1) ~° V2 2 Os[1]= dwg(1 1)
0 —V20 0,[2] =diag(1.1.1.1) 0 v 0 -V
c%[ﬂ-(—ﬁ I 0) O5[2] = diag(~1.2.1,~1) a e 2
0 0 1 O7[2] =diag(1.1) R e
08[2}:dlag(%,%) _@ 2 _0 3
V5oV 7
LI 0 V7 O,,[0] = diag(3.—3)
_ 135 V35 _ 27710 Lo 3
O[2] (_ W3 2; %> O1o[2] (_ N : ) On (1] = diag(—3,~5.-3)
V3 27 27V10 126 Oy,[2] =diag(-$.3.—1.—3)
4 _¥ 0 2 2 _2v2
0p[0]= : 00 = 15 ) 3 3
[0] (Jg 5 [0 (J#_% onl=| 22 ¢ o
0 0 —%‘
__1_ 3 8 2V2 42 | V2
0 07 o2 15 "5 0 3 0 -7 0 W
1 33
Ol /2 105 70 ovp—| 3E 0 55 omn=| ¢ % 0 5z
V3 V3 1 12[ } 4 13[ ] 0 0 _1 1
_L 0 0 -3 0 4 147
0vz 70 103 3
_42 4 g 4 V223 1 13
3v35 3V7 3 3V35 21V7 147 294
111 — a; 3 V6 V2L 3 V6 V21
O\5[1]=diag(3.3.3.-1) 3 _3 V3 _\3 33 _V3_\3
) (111 Oull]= |32 0 V5 57 O =] 2 0 Vs s
O);[1] =diag(g.5.3.1) 10 Ve V31 2 16 Ve V31 2
O e 8 Vi Vi 1 VB TV 2 TUB
Olo[1] =diag(5. 15,25 —37) VIl _ V3 2 48 V2 V32 o8
5V2 5V7 V35035 5V2 5V VB5 35
0 -2 _2v2 V7 0 -2 22 _V7 2 V29 2
152 V15 5V6 15V2 V15 5V6 45 45 15v21
Ous[l]= 21\5&2 2 1 _ 2 Osll] = 22 _ 2 1 2 Oyll]= 1 1 l%’?
5 Vs 2 TUB Vs TV 1 B 0 0 -5 -3
V11 2 A V1oL 2 A vz 8 25 90
56 5v21 V35 35 56 5V21 V35 35 1521 15V21 277 945
2 _\2 0 V2 0 __7_ 0 VI 0 —-71_ 0 VI
45 45 15v21 90v2 30V6 902 30v6
V2o 0 8 -1 1 g -1 1 9 1
o [1]7 45 15 “15v21 ) m* 90v2 180 3021 o [1]* 90v2 180 3021
0= 0 1 25 21 0 1 5 21 0 0 L _5
9 21V7 108 27V7 108~ 277
V2 8 25 » VT 1 V5 4 V7o 1 V5 4
15v21  15v21 2777 945 30v6  30v21 27v7 315 30v6  30v21 27v7 315
3 | (2) The DD* system:
GO)Y (A, my.r) = S¥(Amy,r) + 3V (Amy, 7). (AS)
V - _go'OIY __ﬂ g%/ol ( )YV’
1 1 7
g(l)Y(A7 my, r) = —EY(A, m[), r) +§Y(A,mw, r). (A6) VC = 3f2 (022 + 03 )H(1>YPO
Here, H(I) and G(I) are the isospin factors for these 23 (20,Z — O3T)G(I)Yyy.  (AS8)
investigated hidden-charm tetraquark systems, and / 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 DD system:

Y=

1
_gzzryﬂ - Eﬁzg%/

(D)Yy.

(A7)
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(3) The D*D* system:

2
= 0¥, + L

Y

—%ﬁg0@0>

2
+ 3/129%(2(952 - OsT)G(I)Yy.

32 5(0sZ2+ OsT)H(I)Yp

(A9)
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TABLE XIV. The relevant operator matrix elements (’),((') V= |(’),<<')|i).

0\)[2] = diag(1,1,1,1) 0 32 _vT oI 0 2 I
O\)[2] = diag(3.3.4.~1) -2 3 + _¥ WMo3 -3 _¥
_ 35 57 /] 35 5V7
O))[2] = diag(3.5.3.1) Osl2l=| 5 5 5 4 Oul2l=| _vv _5 3 i
(1) T 5 1 5 1 V10 V35 14 5 V10 V35 14 75
Ol[2] =diag(. 5.2 — %) Vi a3 48 1 V1 _3V2 _42 12
5 51 7W5 3 5 V115 3
0 2 f 0 3 _fd R
: 0 3 0 3 21V35 21V7
%5 -8 2 V2 _25ﬁ -3 2 V2 0 X 0o 2
Osll=| 5 5 _gg _54& Owll=| 5 _ﬁé E Onll=|_ 1 0o ﬂ
VIO V35 4 75 VIO V35 1475 2735 189 189
ViooN2 42 6 VT V2 _42 6 2 V2 _5/10 _28
5 51 153 5 51 s 3 77 15v7 189 135
2 _V2_ 2 Vi
27 0 27/35 2}%7 0 07 T 5410 541 8 07 —054 —§
0 1 0 V2 0 ——= 0 - 180 -
Ol2l= V2 ” 29 12\\/[%0 O [2]= Vil . 1 26;/7? Oul2l=|__vi_ 0 —.L 11%1
T35 U 189 v 0 T2 189 5410 252 T 189
2 3 5/io 28 V7 o1 _2/10 1 V11 2/10 1
7 v 18 13 54 15V 189 133 54 15/14 189 135
(121 — A 3 1 43 3 1 43
0(1;5[3]—d1ag(1,1,1,1) 0 Vi —75 —75 0 Vi ﬁ —75
O\5[3] =diag(-1.3.3.-1) 3 _3 _6v2 _6V6 3 _3 62 _6V6
()13] — diag(1.1. 1 OBl=| ™ 5 2 OBl=| ¥ 2 2
Oy 3] =diag(1.5.5.1) B TRV NP RV | 6EIT L e s _AA
(] BT 1 1 5 1 \/g 7\/5 7 7\/5 \/g 7\/5 7 7\/5
019[3]*dlag(_ﬁ’ﬁ’5_4s_ﬁ) 43 _6V6 /3 2 W3 _6/6 _ A3 22
5 T3 750 35 TT5 T3 T35 35
0 —1_ _1 _2v4 0 -1 1 _2 4 V225 4
5~ % Vi V3 5 35 105 189 3153
1 23 %ﬁ 2/6 _%/_ 23 _%i 26 V216 75_
_ 52 105 7V5 35 _ 52 105 7V/5 35 _ 105 15 353
OuBl= 1" "% & OsBl= Vs VoA OuBl=| L5 0 L _5
NG 75 7 75 N NG 7 75 189 21 63V3
_2v3 /6 V3 _1 _2v3 26 _ V3 _1L __ 4 _ V2 N5 s
5 35 75 35 5 35 75 35 315v3 353 63V3 945
4 N2 5 4 0 L ¥ o__1 0 L Y5 __1
\/135 105 189 31\5/_\/3 30v2 54 45\/\_/5 30v2 54 43/\_/5
2 16 P 1 1 g 1 1 2
op=| m w0 A oo W w0 T op=| @2 w0 T3
20007 2V5 0 1 5 AETL B _2 A5 20 V3 0 -2 _ V5
189 21 63V3 54 189 12613 54 189 12613
4 V2 V5 82 1 V2 V5 11 1 V2 5 11
315v3  35v3 633 945 T45v3 0 35/3  126y/3 1890 7453 353 1263 1890
(4) The DD, system: (6) The D*D, system:
! 1 "2
VD = go"dn'ol Yo' + Eﬁ g\/olg(l)YVv
S5gk
2h? Vb = 959604Y s + =5 (0sZ + OsT)YH(I)Yp
Ve = 972 5 (O Z+0T)Y,y +ﬂ029( NYy,. ’ 1817
1
2
(A10) +§ﬁ " gy O0sG(1)Y
(5) The DD; system: (2052 = OsT)G(I)Yy.
2
’ 1 "2 Ve = s (OZ—l—O ) +ﬂ(’)g( )Y
Vp = g,9rO;Y, +§ﬂ gvO,G(I)Yy, C =18z 2 5 6 o3 5 V3
h/2
Ve f [OSZZ +O0yTT + (’)10{’7 Z}] ( )sz. 6f2 [(’)HZZ +O0pLTT
T
(AL1) + O {T. ZYH(I) Y . (A12)
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(7) The D*Dj system:

014+ 0, @ +(9
VDZQGQG%Y " ﬂ//g%/ 1 14g( )
gk (O15+ 05 (916+Ol6
Z+ T
2. .0 (’)15—1—(’)15 016+ 0
- Z— T
3 gV( 2 2
xG(I)Yy,
. hgzz (’)17+(917Z Olg+0187
372 2 2
h*? Ol9+019 020+O
— P zz =2 _NTT
+ o [227 T2z O

/
+M{7,Z}] H()Y py

017+ 0O
_l_z:ligv 17"; 17g( )YV4' (A13)

In the above expressions, the operators are defined as
10,20 010 —

Z= Zarr o T = rm7m, and {T,Z} = TZ+ZT

Additionally, the variables ¢; are written as gy =mip-—

Mp, qy=Mp, —Mp, {y=MMp;s—Mp, (g3 =Mp, —Mp,

and 44 = mD; — Mp=.

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 # and ¢ exchanges [67]. In the
following, we collect the expressions of the effective
potentials for these discussed systems.

(i) The D,D, system:

1
v—-lpgy, (A14)
(ii)) The DD} system:

1
D= __ﬁ2g%/(91Y4,,
24°
T9s2
2

Ve = (0,2 +0OT)Y,

(iii) The D:D? system:
24 L,
V= 9f2 (OsZ+O6T)Y, - zﬂ eny

+§/1292V(2(952— OsT)Y,. (A16)
(iv) The D,D?, system:

= _ﬂﬁ/ Y(/;,

2h2
96 Y,

VC = 3f2 176

(A17)

(v) The DD’ system:

—

D=3 ﬂlg%/olydw

(B2 — 4G q3) O, 4

l\)l'—‘l\)

2
—SRHOE+OTY . (AIS)

(vi) The D;D%, system:
*ﬁﬂ/g O,Yy,
Ve = ) (529%/ 4 57.q3) 02 Y s
2
FIRR(OZ+OT . (A1)

(vii) The D;D’; system:

2 1
Vp = 9f2 (OsZ+OsT)Y, + iﬁﬂlg%/oﬂﬂp
— 5/1/1,9%/(2052 — O6T)Y¢,
2h*q3 1
Ve=- 3f29 (’)4Y,79 - ) (529%/ - 4ﬂ29%/6]§)06Y¢9

2
+ 2R R(O5Z + OT)Y . (A20)

Here, the variables g; are defined as g5 = mp: —mp ,
e = Mp: —Mp, g7 =Mp —Mp;, (g = Mp: —Mp;,
and g9 = mp —mp,. When performing the numerical
calculations, the operators O; will be replaced by the

corresponding numerical matrixes, which are summarized
in Table XIIL
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