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Abstract In this work, we preform a systematic
investigation about hidden heavy and doubly heavy molecu-
lar states from the D(∗) D̄(∗)/B(∗) B̄(∗) and D(∗)D(∗)/B̄(∗) B̄(∗)

interactions in the quasipotential Bethe–Salpeter equation
(qBSE) approach. With the help of Lagrangians with heavy
quark and chiral symmetries, interaction potentials are con-
structed within the one-boson-exchange model in which we
include the π , η, ρ, ω and σ exchanges, as well as J/ψ
or Υ exchange. Possible bound states from the interactions
considered are searched for as the pole of scattering ampli-
tude. The results suggest that experimentally observed states,
Zc(3900), Zc(4020), Zb(10610), and Zb(10650), can be
related to the DD̄∗, D∗ D̄∗, B B̄∗, and B∗ B̄∗ interactions
with quantum numbers I G(J P ) = 1+(1+), respectively. The
DD̄∗ interaction is also attractive enough to produce a pole
with 0+(0+)which is related to the X (3872). Within the same
theoretical frame, the existence of DD̄ and B B̄ molecular
states with 0(0+) are predicted. The possible D∗ D̄∗ molec-
ular states with 0(0+, 1+, 2+) and 1(0+) and their bottom
partners are also suggested by the calculation. In the doubly
heavy sector, no bound state is produced from the DD/B̄ B̄
interaction while a bound state is found with 0(1+) from
DD∗/B̄ B̄∗ interaction. The D∗D∗/B̄∗ B̄∗ interaction pro-
duces three molecular states with 0(1+), 0(2+) and 1(2+).

1 Introduction

In recent years, more and more XYZ particles were observed
in experiment [1,2]. Such particles inspire many theoretical
efforts to interpret their origin and internal structure [3–7].
Due to lack of high-precision experimental data and diffi-
culty to make a precise theoretical calculation, the origin of
XYZ particles is still in debate. Besides non-particle inter-
pretations, such as cusp effect and anomalous triangle sin-
gularity [7–9], molecular state and compact multiquark are
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the most important pictures to explain such particles [3–6].
The molecular state is a loosely bound states of two or more
hadrons. It has an obvious characteristic that its mass is close
to a threshold of hadrons. Interestingly, many XYZ parti-
cles were observed near a threshold [1]. Such phenomenon
is the physical basis of molecular state interpretation of the
XYZ particle, as well as the cusp effect and anomalous tri-
angle singularity. The characteristic suggests that we should
investigate possible molecular states in every threshold if
the molecular state picture is true. In the current work, we
focus on two important thresholds, D(∗)D(∗) and B(∗)B(∗),
where many important XYZ particles were observed, such as
X (3872), Zc(3900), Zc(4020), Zb(10610), and Zb(10650)

[1,3,4,6,7].
The charmonium-like and bottonnmium-like states near

the D(∗)D(∗)/B(∗)B(∗) thresholds has been widely studied
in the literature. The X (3872) is the first observed XYZ
particle, and was explained as a DD̄∗ molecular state very
soon after observation because it almost stands on the DD̄∗
threshold [10–12]. Though later studies suggest that the cc̄
component may be important to explain its property, in most
models, the DD̄∗ component is still very important [13–15].
The Zc(3900) and Zc(4020) are another two important XYZ
particles, which were interpreted as isovector DD̄∗ molec-
ular states in the literature [16–23]. However, some lattice
calculations do not support such assignment [24,25]. In the
bottom sector, the Zb(10610) and Zb(10650) are good candi-
dates of B B̄∗ and B∗ B̄∗ molecular states [26–32]. Generally
speaking, the observed charmonium-like and bottonnmium-
like states construct a quite good pattern for the hidden-
heavy (hidden-charm or hidden-bottom) molecular states
near D(∗)D(∗)/B(∗)B(∗) thresholds with some exceptions.

To confirm the molecular picture for the states near
D(∗)D(∗)/B(∗)B(∗) thresholds, more high-precision exper-
imental data and theoretical predictions are required. In Ref.
[33], a DD̄ bound state was proposed and experimentally
searched by the Belle Collaboration [34]. The existence of
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D(∗) D̄(∗)/B(∗) B̄(∗) molecular states with 0+ and 2+ are also
discussed in the literature [35–37]. In the other side, if we
find more states near these thresholds, the molecular state
interpretation of observed XYZ particles is also supported.
All possible charmonium-like and bottonnmium-like states
near D(∗)D(∗)/B(∗)B(∗) have been searched in the experi-
ment. If we want to find more states, it is a good way to
study the doubly heavy sector, which thresholds are almost
the same as the hidden heavy ones. Theoretically, the double
heavy sector can be obtained by replacing one constituent
particle by its antiparticle. The similarity between particle
and antiparticle guarantees the similarity of two interactions.
If the molecular states in the hidden heavy sector exist, the
existence of the doubly heavy states predicted in the same
model can be expected.

In the literature, the studies about doubly heavy molecu-
lar states are relatively scarce due to difficulty in experimen-
tal production. Barnes suggested that isoscalar BB∗ inter-
action is attractive and a vector state with spin parity 1+
maybe exist by solving the Schödinger equation [38]. The
DD∗ and B̄ B̄∗ interactions were studied within the frame-
work of heavy meson chiral effective field theory [39,40].
An isovector bound state was found from the DD∗ interac-
tion [40]. In Ref. [41], the one-boson-exchange model was
also applied to study the possible double-heavy molecular
states. Recently, the LHCb reported the observation of dou-
bly charmed baryon state Ξ++

cc [42], which raises the hope
of experimental observation of the doubly heavy molecular
states. In Ref. [43], possible B̄(∗) B̄(∗) molecular states were
studied in a constituent interchange model .

In our previous works, the molecular states from
D(∗) D̄(∗)/B(∗) B̄(∗) interactions were studied in different
approaches, non-relativistic Schrödinger equation and the
qBSE approach [22,27,44–46]. In the current work, we will
perform a systematic study of possible molecular states pro-
duced from the D(∗) D̄(∗)/B(∗) B̄(∗) and D(∗)D(∗)/B̄(∗) B̄(∗)

interactions in the qBSE approach combined with the one-
boson-exchange model. The hidden heavy molecular states
will be studied and related to the states observed in experi-
ment. In the same theoretical frame, one of two constituent
particles will be replaced by its antiparticle, and the doubly
heavy molecular state can be studied.

This article is organized as follows. After introduction,
we present the details of theoretical frame in Sect. 2, which
include flavor wave functions, effective Lagrangians, con-
struction of potential and a brief introduction of the qBSE
approach. The numerical results for the states produced from
the interaction considered will be given in Sect. 3. Finally,
article ends with a summary in Sect. 4.

2 Theoretical frame

First, we should construct flavor wave functions with definite
isospin under SU(3) symmetry. For the DD̄∗ states, we have
[27],

|X0
DD̄∗〉I=0 = 1

2

[(|D∗+D−〉
+ |D∗0 D̄0〉) + c

(|D+D∗−〉 + |D0 D̄∗0〉)
]
,

|X0
DD̄∗〉I=1 = 1

2

[(|D∗+D−〉
− |D∗0 D̄0〉) + c

(|D+D∗−〉 − |D0 D̄∗0〉)
]
,

|X+
DD̄∗〉I=1 = 1√

2

(|D∗+ D̄0〉 + c|D+ D̄∗0〉),

|X−
DD̄∗〉I=1 = 1√

2

(|D∗− D̄0〉 + c|D− D̄∗0〉), (1)

where c = ± corresponds to C parity C = ∓ respectively.
For the isovector state, the C parity can not be defined, so we
will use the G parity instead. For the DD̄ states, the wave
functions can be constructed as

|X0
DD̄

〉I=0 = 1√
2

(
|D+ D̄−〉 + |D0 D̄0〉

)
,

|X0
DD̄

〉I=1 = 1√
2

(
|D+ D̄−〉 − |D0 D̄0〉

)
,

|X+
DD̄

〉I=1 = |D+ D̄0〉,
|X−

DD̄
〉I=1 = |D− D̄0〉. (2)

Since G parity is definite for these states, there is no addi-
tional c in the definition of wave functions. The wave func-
tions of D∗ D̄∗ states have analogous forms as DD̄ states.

The wave functions for D(∗)D(∗) states can be also con-
structed under SU(3) symmetry. Since doubly charmed states
have no G parity, their wave functions are in forms analogous
to the DD̄ states as,

|X+
D(∗)D(∗)〉I=0 = 1√

2

(
|D(∗)+D(∗)0〉 + |D(∗)0D(∗)+〉

)
,

|X+
D(∗)D(∗)〉I=1 = 1√

2

(
|D(∗)+D(∗)0〉 − |D(∗)0D(∗)+〉

)
,

|X0
D(∗)D(∗)〉I=1 = |D(∗)0D(∗)0〉,

|X++
D(∗)D(∗)〉I=1 = |D(∗)+ D̄(∗)+〉. (3)

The wave functions of the hidden bottom and doubly bottom
states can be obtained analogously.

To obtain the interaction between the heavy mesons, we
adopt the one-boson-exchange model where the pseudoscalar
meson (P = π and η), vector meson (V = ρ and ω), and
scalar meson (σ ) are considered. According to the chiral
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symmetry and heavy quark limit, the Lagrangian for heavy
mesons interacting with light mesons reads [47–51]

LP∗P∗P = −i
2g

fπ
εαμνλv

αP∗μ
b P∗λ†

a ∂ν
Pba

+ i
2g

fπ
εαμνλv

αP̃∗μ†
a P̃∗λ

b ∂ν
Pab,

LP∗PP = − 2g

fπ

(
PbP∗†

aλ + P∗
bλP†

a

)
∂λ

Pba

+ 2g

fπ

(
P̃∗†
aλP̃b + P̃†

a P̃∗
bλ

)
∂λ

Pab.

LPPV = −√
2βgVPbP†

av · Vba + √
2βgV P̃†

a P̃bv · Vab,

LP∗PV = −2
√

2λgV vλελμαβ

(PbP∗μ†
a + P∗μ

b P†
a

)
(∂α

V
β)ba

− 2
√

2λgV vλελμαβ

(P̃∗μ†
a P̃b + P̃†

a P̃∗μ
b

)
(∂α

V
β)ab,

LP∗P∗V = √
2βgVP∗

b · P∗†
a v · Vba

− i2
√

2λgVP∗μ
b P∗ν†

a (∂μVν − ∂νVμ)ba

− √
2βgV P̃∗†

a P̃∗
b v · Vab

− i2
√

2λgV P̃∗μ†
a P̃∗ν

b (∂μVν − ∂νVμ)ab.

LPPV = −√
2βgVPbP†

av · Vba + √
2βgV P̃†

a P̃bv · Vab,

LP∗PV = −2
√

2λgV vλελμαβ

(PbP∗μ†
a + P∗μ

b P†
a

)
(∂α

V
β)ba

− 2
√

2λgV vλελμαβ

(P̃∗μ†
a P̃b + P̃†

a P̃∗μ
b

)
(∂α

V
β)ab,

LP∗P∗V = √
2βgVP∗

b · P∗†
a v · Vba

− i2
√

2λgVP∗μ
b P∗ν†

a (∂μVν − ∂νVμ)ba

− √
2βgV P̃∗†

a P̃∗
b v · Vab

− i2
√

2λgV P̃∗μ†
a P̃∗ν

b (∂μVν − ∂νVμ)ab.

LPPσ = −2gsPbP†
bσ − 2gsP̃bP̃†

bσ,

LP∗P∗σ = 2gsP∗
b · P∗†

b σ + 2gsP̃∗
b · P̃∗†

b σ, (4)

where the velocity v should be replaced by i
←→
∂ /2

√
mim f

with the mi, f being the mass of the initial or final heavy

meson. P(∗)T = (D(∗)0, D(∗)+, D(∗)+
s ) or (B(∗)−, B̄(∗)0,

B̄(∗)0
s ), and satisfy the normalization relations

〈0|P|Qq̄(0−)〉 = √
MP and 〈0|P∗

μ|Qq̄(1−)〉 = εμ

√
MP∗ .

The P and V are the pseudoscalar and vector matrices

P =

⎛
⎜⎜⎝

√
3π0+η√

6
π+ K+

π− −√
3π0+η√

6
K 0

K− K̄ 0 − 2η√
6

⎞
⎟⎟⎠ ,

V =

⎛
⎜⎜⎝

ρ0+ω√
2

ρ+ K ∗+

ρ− −ρ0+ω√
2

K ∗0

K ∗− K̄ ∗0 φ

⎞
⎟⎟⎠ . (5)

The parameters involved here were determined in the litera-
ture as g = 0.59, β = 0.9, λ = 0.56 GeV−1, and gs = 0.76
with gV = 5.9 and fπ = 132 MeV [52–55].

In Refs. [21,45], contribution from the J/ψ exchange
is found important in the DD̄∗ interaction to produce the

Zc(3900) observed at BESIII. In the current work, we also
consider such exchange with the couplings of heavy-light
charmed mesons to J/ψ , which are written with the help of
heavy quark effective theory as [51,56],

LD∗
(s) D̄

∗
(s) J/ψ

= −igD∗
(s)D

∗
(s)ψ

[
ψ · D̄∗←→∂ · D∗

−ψμ D̄∗ · ←→
∂ μD∗ + ψμ D̄∗ · ←→

∂ D∗μ)
]
,

LD∗
(s) D̄(s) J/ψ

= gD∗
(s)D(s)ψ εβματ ∂

βψμ(D̄
←→
∂ τ D∗α

+D̄∗α←→
∂ τ D),

LD(s) D̄(s) J/ψ
= igD(s)D(s)ψψ · D̄←→

∂ D, (6)

where the couplings are related to a single parameter g2 as

gD∗D∗ψ
mD∗

= gD(s)D(s)ψ

mD
= gD∗

(s)D(s)ψ = 2g2
√
mψ, (7)

with g2 = √
mψ/(2mD fψ) and fψ = 405 MeV. For the bot-

tom mesons, analogous Lagrangians can be obtained under
the heavy quark symmetry for Υ exchange. The parameters
can be obtained by similar relation in Eq. (7) by replacing the
mass by these of bottom mesons and fΥ = 715 MeV [57].

With the vertices obtained from the former Lagrangians,
the potential interaction can be constructed in the one-boson-
exchange model as [58]

VP,σ = f IΓ1Γ2PP,σ f (q2), VV = f IΓ1μΓ2νP
μν

V
f (q2),(8)

where the propagators are defined as usual as

PP,σ = i

q2 − m2
P,σ

, Pμν

V
= i

−gμν + qμqν/m2
V

q2 − m2
V

. (9)

We introduce a form factor f (q2) = Λ2
e/(q

2 −Λ2
e) to reflect

the off-shell effect of exchanged meson with q being the
momentum of the exchanged meson as in Refs. [45,59].

In our approach, we collect the coefficients for the inter-
action of a state as a flavor factor. As discussed in Ref. [22],
for the hidden heavy state, the cross diagram appears in the
DD̄∗ and B B̄∗ cases due to the coupling between the two
parts with and without c as shown in Eq. (1). Obviously, for
the states, DD̄/B B̄ nad D∗ D̄∗/B∗ B̄∗, there is no cross dia-
gram. For the doubly heavy states, there is no cross diagram
from the coupling in the DD̄∗ and B B̄∗ cases. However,
in such cases, the u channel is allowed, which will provide
cross diagrams. In Table 1, flavor factors I di and I ci of certain
meson exchange i of certain interaction are listed for direct
and cross diagrams, respectively.

In the above, we construct the potential of the interac-
tions considered in the current work. The scattering ampli-
tude can be obtained with the qBSE [22,45,46,60,61]. After
the partial-wave decomposition, the qBSE can be reduced to
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Table 1 The isospin factors I di
and I ci for direct and cross
diagrams and different exchange
mesons

I di I ci

π η ρ ω σ J/ψ π η ρ ω σ J/ψ

[PP̄]T – – − 1
2

1
2 1 1 – – – – – –

[PP̄]S – – 3
2

1
2 1 1 – – – – – –

[PP̄∗]T – – − 1
2

1
2 1 1 − c

2
c
6 − c

2
c
2 – c

[PP̄∗]S – – 3
2

1
2 1 1 3

2 c
c
6

3
2 c

c
2 – c

[P∗P̄∗]T − 1
2

1
6 − 1

2
1
2 1 1 – – – – – –

[P∗P̄∗]S 3
2

1
6

3
2

1
2 1 1 – – – – – –

[PP]T – – 1
2

1
2 1 1 – – 1

2
1
2 1 1

[PP]S – – − 3
2

1
2 1 1 – – 3

2 − 1
2 1 1

[PP∗]T – – 1
2

1
2 1 1 1

2
1
6

1
2

1
2 – 1

[PP∗]S – – − 3
2

1
2 1 1 3

2 − 1
6

3
2 − 1

2 – 1

[P∗P∗]T 1
2

1
6

1
2

1
2 1 1 1

2
1
6

1
2

1
2 1 1

[P∗P∗]S − 3
2

1
6 − 3

2
1
2 1 1 3

2 − 1
6

3
2 − 1

2 1 1

a 1-dimensional equation with a spin-parity J P as [45],

iMJ P

λ′λ(p
′, p) = iV J P

λ′,λ(p
′, p) +

∑
λ′′

∫
p′′2dp′′

(2π)3

· iV J P

λ′λ′′(p′, p′′)G0(p
′′)iMJ P

λ′′λ(p
′′, p),

(10)

where the MJ P
(p′, p) is partial-wave scattering amplitude,

and the G0(p′′) is reduced propagator with the specta-
tor approximation [45]. The partial wave potential can be
obtained from the potential in Eq. (8) as

V J P

λ′λ(p′, p) = 2π

∫
d cos θ [d J

λλ′(θ)Vλ′λ( p
′, p)

+ ηd J
−λλ′(θ)Vλ′−λ( p

′, p)], (11)

where η = PP1P2(−1)J−J1−J2 with P and J being parity
and spin for system, and two constituent heavy mesons. The
initial and final relative momenta are chosen as p = (0, 0, p)

and p′ = (p′ sin θ, 0, p′ cos θ). The d J
λλ′(θ) is the Wigner

d-matrix. An exponential regularization was also introduced
as a form factor into the reduced propagator as G0(p′′) →
G0(p′′)e−2(p′′2

l −m2
l )

2/Λ4
r [45].

3 Numerical results

With the input presented above, we can obtain the scattering
amplitudes of the D(∗) D̄(∗)/B(∗) B̄(∗) and D(∗)D(∗)/B̄(∗) B̄(∗)

interactions. Because we are only interesting in the pole of
the scattering amplitude, we only need to find the position
where |1 − V (W )G(W )| = 0 with W equaling to system

energy W [45,59]. In addition, we take two free parameters
Λe and Λr as Λ for simplification.

In Tables 2 and 3, we present the results in charm and
bottom sectors, respectively. In the current work, we only
consider the spin parities which can be produced in S-
wave, i.e., 0+ for DD̄/B B̄ and DD/B̄ B̄ interactions, 1+
for DD̄∗/B B̄∗ and DD∗/B̄ B̄∗ interactions, and 0+, 1+ and
2+ for D∗ D̄∗/B∗ B̄∗ and D∗D∗/B̄∗ B̄∗ interactions. Here we
scan the values of cutoff in a range smaller than 5 GeV and
present results with some selected values of cutoff Λ if there
is a bound state produced from the corresponding interaction.

Since the DD̄∗/B B̄∗ states can carry different G parities
(and different C parities for isoscalar state), we present the
results with different G parities in 2-3rd and 4-5th columns,
respectively. For other cases, the G parities are fixed for cer-
tain isospin and spin parity, we leave the forbidden states
blank in the tables. In the doubly heavy sector, the G parity
also does not involve, so we list the results with different
isospin, spin and parities I (J P ) in the last two columns of
the tables. Due to the heavy quark symmetry, the potentials
in the bottom sector are analogous to these in the charm sec-
tor. From Eq. (4), one can find that the potential in the charm
sector should have the same form as that in the bottom sector.
At first glance, the results in Table 2 are analogous to those
in Table 3 as expected. With the same cutoff, the interactions
in the bottom sector are stronger than the interactions in the
charm sector. It leads to smaller cutoff in the bottom sector
required to produce a bound state as shown in tables.

From tables, we can find that the bound states with quan-
tum numbers I G(J P ) = 1+(1+) can be produced from the
DD̄∗/B B̄∗ and D∗ D̄∗/B∗ B̄∗ interactions at cutoff about
2 GeV. These four states are usually related to the exper-
imentally observed Zc(3900), Zc(4020), Zb(10610), and
Zb(10650) in the literature [1,3,4,6,7]. An isoscalar sate

123



Eur. Phys. J. C (2020) 80 :1179 Page 5 of 8 1179

Table 2 The binding energy of the bound states from the D(∗) D̄(∗) and
D(∗)D(∗) interactions with some selected values of cutoff Λ. The “−−”
means that no bound state is found in the considered range of the cutoff,
and blank means that the quantum number is forbidden. The Λ and W
are in the units of GeV and MeV, respectively

I (J P ) DD̄(G = +) DD̄(G = −) DD

Λ W Λ W Λ W

0(0+) 0.6 2.1 – –

0.8 10.7 – –

0.9 18.0 – –

1(0+) 3.5 0.4 – –

3.9 11.0 – –

4.1 22.2 – –

DD̄∗(G = +) DD̄∗(G = −) DD∗

0(1+) 0.5 2.3 0.6 1.5 0.8 1.2

0.7 13.4 0.8 12.0 1.0 12.7

0.8 23.3 0.9 22.7 1.1 27.9

1(1+) 1.9 2.4 – – – –

2.0 7.1 – – – –

2.1 17.1 – – – –

D∗ D̄∗(G = +) D∗ D̄∗(G = −) D∗D∗

0(0+) 0.8 0.8 – –

1.4 14.0 – –

2.1 22.4 – –

0(1+) 0.6 1.0 0.9 1.0

1.0 13.0 1.1 14.6

1.2 23.5 1.2 33.7

0(2+) 0.5 2.4 0.7 0.3

0.7 14.0 1.0 15.2

0.8 25.6 1.1 27.5

1(0+) 1.8 1.9 – –

2.1 11.5 – –

2.3 23.1 – –

1(1+) 2.3 2.8 – –

2.6 10.2 – –

2.8 20.0 – –

1(2+) 4.5 1.6 1.75 1.0

4.9 10.4 1.80 5.9

5.0 18.2 1.90 41.4

0+(1+) is also produced from the DD̄∗ interaction, which
carries quantum numbers as the X (3872). Though the studies
in the literature do not support the X (3872) as a completely
molecular state, considerable DD̄∗ component is still impor-
tant to reproduce its property [13–15].

Besides above states, a state with 0−(1+) is also pro-
duced from the DD̄∗/B B̄∗ interaction. For D∗ D̄∗/B∗ B̄∗
interactions, three isoscalar states with 0+, 1+, and 2+ can

Table 3 The binding energy of the bound states from the B(∗) B̄(∗)

and B̄(∗) B̄(∗) interactions with some selected values of cutoff Λ. Other
notations are the same as in Table 3

I (J P ) B B̄(G = +) B B̄(G = −) B̄ B̄

Λ W Λ W Λ W

0(0+) 0.3 1.1 – –

0.5 9.2 – –

0.6 17.2 – –

1(0+) 3.5 1.7 – –

4.0 11.1 – –

4.3 22.9 – –

B B̄∗(G = +) B B̄∗(G = −) B̄ B̄∗

0(1+) 0.3 1.5 1.2 2.2 0.4 1.0

0.5 11.9 1.4 12.6 0.5 9.3

0.6 21.4 1.5 22.0 0.7 18.2

1(1+) 1.6 2.4 – – – –

1.9 10.9 – – – –

2.1 22.7 – – – –

B∗ B̄∗(G = +) B∗ B̄∗(G = −) B̄∗ B̄∗

0(0+) 0.4 1.3 – –

0.8 9.5 – –

1.2 20.9 – –

0(1+) 0.3 0.7 0.9 2.2

0.6 10.3 1.1 11.6

0.8 23.0 1.2 19.7

0(2+) 0.3 1.7 0.4 1.5

0.5 13.6 0.6 11.7

0.6 25.4 0.7 22.1

1(0+) 1.1 1.5 – –

1.5 12.3 – –

1.7 24.4 – –

1(1+) 1.5 0.8 – –

2.0 13.5 – –

2.2 21.1 – –

1(2+) 3.5 0.4 1.2 0.7

4.4 13.8 1.4 5.5

4.7 21.3 1.6 19.1

be produced, and an isovector state with spin parity 0+ is
also produced at a cutoff about 1. The D∗ D̄∗/B∗ B̄∗ state
with 1(2+) is produced at a cutoff larger than 4 GeV. It is
interesting to see that an isoscalar scalar state is produced
from the DD̄/B B̄ interaction, which was also predicted in
the chiral unitary approach [33]. As the D∗ D̄∗/B∗ B̄∗ state
with 1(2+), production of the DD̄/B B̄ state with 1(0+) also
requires considerably large value of the cutoff.

Now we turn to the doubly heavy sector. Compared with
the hidden heavy sector, fewer states are suggested as shown
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Table 4 The binding energy of
some bound states with selected
values of cutoff Λ. The results
for virtual (V) and bound (B)
states in full model and these
without and only with J/ψ(Υ )

exchange are listed 2 − 3rd ,
4 − 5th , 6 − 7th , 8 − 9th

columns, respectively. Other
notations are the same as in
Table 3

[I G(J P )] Full(V) Full(B) No J/ψ(Υ ) J/ψ(Υ )

Λ W Λ W Λ W Λ W

DD̄∗[0+(1+)] – – 0.5 2.3 0.5 1.5 – –

X (3872) – – 0.7 13.4 0.7 7.8 – –

0.2 2.6 0.8 23.3 0.8 15.3 – –

DD̄∗[1+(1+)] 1.4 22.8 1.9 2.4 – – 2.5 1.1

Zc(3900) 1.5 8.3 2.0 7.1 – – 2.6 6.6

1.6 2.3 2.1 17.1 – – 2.7 17.3

D∗ D̄∗[1+(1+)] 1.4 23.4 2.3 2.8 – – 3.6 1.7

Zc(4020) 1.6 5.3 2.6 10.2 – – 3.8 6.8

1.8 0.5 2.8 20.0 – – 4.0 18.4

B B̄∗[0+(1+)] – – 0.3 1.5 0.3 0.8 – –

– – 0.5 11.9 0.5 10.6 – –

0.1 4.4 0.6 21.4 1.5 20.2 – –

B B̄∗[1+(1+)] 0.9 19.5 1.6 2.4 2.2 0.8 3.6 1.2

Zb(10610) 1.0 4.4 1.9 10.9 2.6 8.4 3.9 9.8

1.1 1.2 2.1 22.7 3.0 25.4 4.1 21.5

B∗ B̄∗[1+(1+)] 0.8 16.3 1.5 0.8 2.2 1.2 4.1 0.8

Zb(10650) 0.9 7.9 2.0 13.5 2.7 8.3 4.6 9.4

1.0 1.4 2.2 21.1 3.1 20.4 5.0 23.2

in the tables. No bound state is produced from DD/B̄ B̄ inter-
action, and an isoscalar DD∗/B̄ B̄∗ state with 0(1+) is pro-
duced at cutoff about 1 GeV. In the D∗D∗/B̄∗ B̄∗ interaction,
two isosclar states with spin parities 1+ and 2+ and an isovec-
tor state with 2+ are produced.

In Table 4 we collect the results for five states which
can be related to the experimentally observed X (3872),
Zc(3900), Zc(4020), Zb(10610) and Zb(10650) and provide
more informations for reference. The results for the B B̄∗ state
with 0+(1+) is also presented for comparison.

The cutoffs to produce the DD̄∗ and D∗ D̄∗ states with
1+(1+) are about 2 GeV. It is larger than those to produce
0+(1+) state and some other states listed in Table 2, which
is consistent with the results in Ref. [45]. The possibility
of the Zc(3900) as a virtual state was suggested by some
authors in Refs. [46,62]. We present possible virtual states
in the 2nd − 3rd columns. If we assume that the Zc(3900)

and Zc(4020) are virtual states, the gap of the cutoff will
reduce. Such reduction is also found in the hidden-bottom
sector. Hence, considering the model uncertainties, a cut-
off about 1 GeV is reasonable to estimate the possibility
of existence of molecular states from the interactions in the
current work. With such criterion, the results in Tables 2
and 3 suggest that the PP̄∗[1−(0+)] and P∗P̄∗[1−(2+)]
states are disfavored and the bindings of statesP∗P̄[1+(1+)],
P∗P̄∗[1−(0+), 1+(1+)], B B̄∗[0−(1+)], andP∗P∗[1+(2+)]
are weaker than other states listed.

In the current work, we consider the heavy meson
exchange as in Refs. [21,45]. In Table 4, we give the results
without and only with J/ψ(Υ ) exchange of the six states as
example. Without the J/ψ exchange the two hidden-charm
states with 1+(1+) can not be produced while without the Υ

exchange the two hidden-bottom states are still found with
a little larger cutoff. Only with the J/ψ(Υ ) exchange, the
bound state can be found in both cases while the hidden-
bottom states requires larger cutoffs. It suggests that the J/ψ
exchange in the charm sector is more important than the Υ

exchange in the bottom sector due to the larger mass of Υ

meson. For the 0+(1+) state, because the sign of isospin fac-
tor (c in Table 1) changes, no bound state can be produced
only with J/ψ(Υ ) exchange.

4 Summary

In the current work, we preform a systematic study about
the molecular states produced from the hidden heavy and
doubly heavy systems. The potentials are constructed with
the help of the Lagrangians under heavy quark and chiral
symmetries, which lead to the similarity of the results in
charm and bottom sectors. With the potential, the scattering
amplitude is obtained within the qBSE approach, and the
molecular states can be searched for as the pole of the scat-
tering amplitude. The experimentally observed Zc(3900),
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Zc(4020), Zb(10610), and Zb(10650) can be reproduced
with quantum numbers I G(J P ) = 1+(1+).

The observation of the Pc(4312) is a surprise in the molec-
ular state picture because it can not be produced with only π

exchange. The vector exchange should be dominant in its for-
mation as a molecular state. In the current work, the vector
exchanges, including the heavy meson J/ψ(Υ ), are intro-
duced to mediate the interaction. The results suggest that
there exists an isoscalar scalar bound state produced from
the DD̄/B B̄ interaction. Such state has been suggested in
the chiral unitary approach [33]. However, an experimental
measurement at Belle can not observe a structure correspond-
ing to such state [34]. More theoretical analyses were done in
Refs. [63–65], which suggested more experimental efforts to
clarify the existence of such state. For the D∗ D̄∗/B∗ B̄∗ inter-
action, besides the states corresponding to the Zc(4020) and
Zb(10650) the isoscalar states with spin parities 0+, 1+, 2+
and isovector state with 0+ are also suggested by the calcu-
lation.

Now that the experimentally observed hidden heavy XY Z
particles can be interpreted generally, it is interesting to study
the doubly heavy molecular states. After replacing one of the
particle by its antiparticle, one can obtain the double heavy
system in the same theoretical frame. The results suggest
that an isoscalar state with 1+ is produced from DD∗/B̄ B̄∗
interaction, and two isoscalar states with spin parities 1+
and 2+ and a isovector state with 2+ are produced from the
D∗D∗/B̄∗ B̄∗ interaction. Such states can be stuided in future
high precision measurement at LHCb.
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