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We study the hadronic molecular states with the quark content bcs̄q̄ by investigating the interactions of the
B̄sD, B̄Ds, B̄�

sD, B̄�Ds, B̄sD�, B̄D�
s , B̄�

sD�, and B̄�D�
s systems. By solving the Bethe-Salpeter equation

within the extended local hidden gauge formalism, we find altogether six poles qualifying as possible
hadronic molecular states: one pole of JP ¼ 0þ below the B̄sD-B̄Ds threshold, one pole of JP ¼ 1þ below
the B̄�

sD-B̄�Ds threshold, one pole of JP ¼ 1þ below the B̄sD�-B̄D�
s threshold, and three poles of JP ¼

0þ=1þ=2þ below the B̄�
sD�-B̄�D�

s threshold. Their binding energies are calculated to be about 10–20 MeV
with the cutoff momentum qmax ¼ 600 MeV. Similarly, we study the hadronic molecular states with bsc̄q̄ by
investigating the interactions of the B̄D̄s, B̄cK̄, B̄�D̄s, B̄�

cK̄, B̄D̄�
s , B̄cK̄�, B̄�D̄�

s , B̄�
cK̄� systems, and the states

with bqc̄s̄ by investigating the interactions of the B̄sD̄, B̄cK, B̄�
sD̄, B̄�

cK, B̄sD̄�, B̄cK�, B̄�
sD̄�, B̄�

cK� systems.
However, no deeply bound poles are found in these systems.

DOI: 10.1103/PhysRevD.107.054041

I. INTRODUCTION

Recently, the LHCb Collaboration reported their obser-
vation of the first doubly charmed tetraquark state Tccð3875Þ
in the D0D0πþ mass spectrum just below the D�þD0 mass
threshold [1,2]. This state has the quark content ccūd̄. Its
spin-parity quantum numbers were determined to be
JP ¼ 1þ, and the LHCb experiment favors it to be an
isoscalar state. Based on the Breit-Wigner parametrization,
its mass and width were measured to be

MBW ¼ MD�þ þMD0 − ð273� 61� 5þ11
−14Þ keV;

ΓBW ¼ 410� 165� 43þ18
−38 keV: ð1Þ

A LHCb analysis of the data with a unitary amplitude and
considering the experimental resolution produces the reso-
nance pole at

ffiffiffi
s

p ¼ mpole − i
2
Γpole, where [2]

mpole ¼ MD�þ þMD0 − ð360� 40þ0
−4Þ keV;

Γpole ¼ 48� 2þ0
−14 keV: ð2Þ

The closeness of the Tccð3875Þ to the D�þD0 threshold
makes it a good candidate for the DD� hadronic molecular

state of IðJPÞ ¼ 0ð1þÞ, whose existence had been predicted
in Refs. [3–10] before the LHCb experiment.
Besides, the BESIII Collaboration observed an excess

of events near the D−
s D�0-D�−

s D0 mass thresholds in the
Kþ recoil-mass spectrum of the eþe− → KþðD−

s D�0 þ
D�−

s D0Þ process [11]. This structure, denoted as
Zcsð3985Þ, is expected to be the strange partner of the
Zcð3900Þ [12,13]. Its pole mass and width were measured
to be 3982.5þ1.8

−2.6 � 2.1 MeV and 12.8þ5.3
−4.4 � 3.0 MeV,

respectively. It is the first candidate for the hidden-charm
tetraquark state with strangeness.
Later the LHCb Collaboration reported their observation

of two exotic structures in the J=ψKþ mass distribution of
the Bþ → J=ψϕKþ decay [14]. The mass and width of the
lower-lying state, denoted as Zcsð4000Þ, were measured to
be 4003� 6þ4

−14 MeV and 131� 15� 26 MeV, respec-
tively. Its spin-parity quantum numbers were determined
to be JP ¼ 1þ. The mass and width of the higher-lying
state, denoted as Zcsð4220Þ, were measured to be 4216�
24þ43

−30 MeV and 233� 52þ97
−73 MeV, respectively. Its spin-

parity quantum numbers were determined to be either
JP ¼ 1þ or 1−.
The above Zcs states have the quark content cc̄sq̄ or

cc̄s̄q (q ¼ u=d). There have been extensive theoretical
studies, and their existence had been predicted in various
theoretical models before the BESIII and LHCb experi-
ments, based on the DD̄�

s-D�D̄s hadronic molecular
picture [15], the compact tetraquark picture [16,17], the
hadroquarkonium picture [18,19], and the initial-single-
chiral-particle-emission mechanism [20]. We refer to
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Refs. [21–46] for their detailed discussions, and the studies
on the Tccð3875Þ can also be found in these reviews.
The observation of the Tccð3875Þ with the quark content

ccūd̄ motivates us to investigate the hadronic molecular
states with the quark content bcq̄q̄, and the observations of
the three Zcs states with the quark contents cc̄sq̄=cc̄s̄q
motivate us to further investigate the hadronic molecular
states with the quark contents bcs̄q̄, bc̄sq̄, and bc̄s̄q.
Accordingly, in this paper we shall study the possibly
existing hadronic molecular states with these quark con-
tents. We shall use the extended local hidden gauge
symmetry approach [47–49], which has been widely
applied in the study of the meson-meson and meson-baryon
interactions [50–57]. We also refer to Refs. [58–62] for
more discussions.
For the possible hadronic molecular states with the quark

content bcs̄q̄, we shall investigate the interactions of the
B̄sD, B̄Ds, B̄�

sD, B̄�Ds, B̄sD�, B̄D�
s , B̄�

sD�, and B̄�D�
s

systems. We shall find six poles in these systems, which
may qualify as hadronic molecular states. Besides, we shall
study the hadronic molecular states with bc̄sq̄ by inves-
tigating the interactions of the B̄D̄s, B̄cK̄, B̄�D̄s, B̄�

cK̄, B̄D̄�
s ,

B̄cK̄�, B̄�D̄�
s , B̄�

cK̄� systems, and the states with bc̄s̄q by
investigating the interactions of the B̄sD̄, B̄cK, B̄�

sD̄, B̄�
cK,

B̄sD̄�, B̄cK�, B̄�
sD̄�, B̄�

cK� systems. However, we shall find
no deeply bound pole in these systems.
This paper is organized as follows. In Sec. II we apply

the local hidden gauge formalism to derive the potentials
for the interactions between charmed(-strange) mesons and
bottom(-strange) mesons. Based on the obtained potentials,
we solve the coupled-channel Bethe-Salpeter equation in
Sec. III to extract the poles, some of which can qualify as
hadronic molecular states. A brief summary is given
in Sec. IV.

II. LOCAL HIDDEN GAUGE FORMALISM

By using the unitary coupled-channel approach within
the local hidden gauge formalism, the interactions of the
Bð�ÞDð�Þ and Bð�ÞD̄ð�Þ systems have been systematically

studied in Ref. [63], and the interactions of the Bð�Þ
ðsÞB

ð�Þ
ðsÞ and

Bð�ÞKð�Þ systems have been systematically studied in
Refs. [64,65]. In this section we shall extend these

formalisms to the B̄ð�Þ
ðsÞD

ð�Þ
ðsÞ and B̄ð�Þ

ðsÞD̄
ð�Þ
ðsÞ systems:

(i) We shall investigate the B̄0
sDþ, B̄0Dþ

s , B̄�0
s Dþ,

B̄�0Dþ
s , B̄0

sD�þ, B̄0D�þ
s , B̄�0

s D�þ, and B̄�0D�þ
s chan-

nels to study the hadronic molecular states with the
quark content bcs̄d̄.

(ii) We shall investigate the B̄0D−
s , B−

c K̄0, B̄�0D−
s ,

B�−
c K̄0, B̄0D�−

s , B−
c K̄�0, B̄�0D�−

s , and B�−
c K̄�0 chan-

nels to study those with bc̄sd̄.
(iii) We shall investigate the B̄0

sD−, B−
c K0, B̄�0

s D−,
B�−
c K0, B̄0

sD�−, B−
c K�0, B̄�0

s D�−, and B�−
c K�0 chan-

nels to study those with bc̄s̄d.
The threshold masses of the above channels are tabulated in
Table I. Besides, we shall also study the hadronic molecular
states with the quark contents bcs̄ū, bc̄sū, and bc̄s̄u. It is
only the third component of isospin that changes, and the
threshold masses of these channels are also tabulated in
Table I.
Within the extended local hidden gauge symmetry

approach, the interactions between charmed(-strange)
mesons and bottom(-strange) mesons mainly proceed
through the exchange of the vector meson, as depicted
in Figs. 1(a)–1(c). Together with the contact term depicted
in Fig. 1(d), their corresponding Lagrangians can be
written as:

LVPP ¼ −igh½P; ∂μP�Vμi; ð3Þ

LVVV ¼ ighðVμ
∂νVμ − ∂νVμVμÞVνi; ð4Þ

LVVVV ¼ g2

2
hVμVνVμVν − VνVμVμVνi: ð5Þ

The coupling constant is defined as g ¼ MV=ð2fπÞ, where
MV is the mass of the exchanged vector meson and fπ ¼
93 MeV is the decay constant of pion. Especially, we shall

TABLE I. Threshold masses of the 48 channels considered in the present study, in units of MeV.

Channels B̄0
sDþ B̄0Dþ

s B̄�0
s Dþ B̄�0Dþ

s B̄0
sD�þ B̄0D�þ

s B̄�0
s D�þ B̄�0D�þ

s
Threshold 7236.6 7248.0 7285.1 7293.1 7377.2 7391.9 7425.7 7436.9
Channels B̄0

sD0 B−Dþ
s B̄�0

s D0 B�−Dþ
s B̄0

sD�0 B−D�þ
s B̄�0

s D�0 B�−D�þ
s

Threshold 7231.8 7247.7 7280.2 7293.1 7373.8 7391.5 7422.3 7436.9
Channels B̄0D−

s B−
c K̄0 B̄�0D−

s B�−
c K̄0 B̄0D�−

s B−
c K̄�0 B̄�0D�−

s B�−
c K̄�0

Threshold 7247.7 6772.1 7293.1 6828.6 7391.9 7170.0 7436.9 7226.6
Channels B−D−

s B−
c K− B�−D−

s B�−
c K− B−D�−

s B−
c K�− B�−D�−

s B�−
c K�−

Threshold 7247.7 6768.2 7293.1 6824.7 7391.9 7166.1 7436.9 7222.7
Channels B̄0

sD− B−
c K0 B̄�0

s D− B�−
c K0 B̄0

sD�− B−
c K�0 B̄�0

s D�− B�−
c K�0

Threshold 7236.6 6772.1 7285.1 6828.6 7377.2 7170.0 7425.7 7226.6
Channels B̄0

sD̄0 B−
c Kþ B̄�0

s D̄0 B�−
c Kþ B̄0

sD̄�0 B−
c K�þ B̄�0

s D̄�0 B�−
c K�þ

Threshold 7231.8 6768.2 7280.2 6824.7 7373.8 7166.1 7422.3 7222.7
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take MV ¼ 800 MeV for the mass of the exchanged light
vector meson.
Taking into account the standard η-η0 mixing, we can

write the matrices of the flavor SUð5Þ pseudoscalar and
vector mesons as follows,

P¼

0
BBBBBBBBBB@

ηffiffi
3

p þ η0ffiffi
6

p þ π0ffiffi
2

p πþ Kþ D̄0 Bþ

π− ηffiffi
3

p þ η0ffiffi
6

p − π0ffiffi
2

p K0 D− B0

K− K̄0 − ηffiffi
3

p þ
ffiffi
2
3

q
η0 D−

s B0
s

D0 Dþ Dþ
s ηc Bþ

c

B− B̄0 B̄0
s B−

c ηb

1
CCCCCCCCCCA
;

ð6Þ

V ¼

0
BBBBBBBB@

ωþρ0ffiffi
2

p ρþ K�þ D̄�0 B�þ

ρ− ω−ρ0ffiffi
2

p K�0 D�− B�0

K�− K̄�0 ϕ D�−
s B�0

s

D�0 D�þ D�þ
s J=ψ B�þ

c

B�− B̄�0 B̄�0
s B�−

c ϒ

1
CCCCCCCCA
: ð7Þ

Although the flavor SUð5Þ symmetry has been used here,
for the vector exchange between mesons which is the
dominant part in the large quark mass counting, one is only
using the q̄q character of the mesons [63]. Furthermore, in
this work the heavy quarks in the coupled-channels are
the bystanders according to the heavy quark symmetry, and
the light quarks are the participants in the reactions, so the
exchange of light vector mesons contributes dominantly to
the bcs̄q̄ system. As discussed in Ref. [66], the exchange of
light vector mesons can be well described by the SUð3Þ
flavor symmetry. We shall further investigate the contri-
bution from the exchange of heavy vector mesons in the
Appendix for the bc̄sq̄ and bc̄s̄q systems, where the
exchange of light vector mesons is not allowed.

We shall study the interaction of the bcs̄d̄ system as an
example, and separately investigate the vector meson
exchange between two pseudoscalar mesons, the vector
meson exchange between vector and pseudoscalar mesons,
and the vector meson exchange between two vector mesons
in the following subsections. Studies on the bc̄sq̄ and bc̄s̄q
systems can be found in the Appendix.

A. P-P interaction in the bcs̄d̄ system

In this subsection we study the interaction due to the
vector meson exchange between two pseudoscalar mesons
in the bcs̄d̄ system, and the bcs̄ū system can be similarly
investigated. There are only two coupled channels:

B̄0
sDþ; B̄0Dþ

s :

As shown in Fig. 2, the exchanged vector meson can be
either the K�0 or B�−

c meson. Since the latter B�−
c meson is

too massive, we do not take it into account in this work.
Based on Eq. (3), the transition potential VðsÞ due to the

vector meson exchange between two pseudoscalar mesons
can be written as

VPPðsÞ ¼ CPP × g2ðp1 þ p3Þðp2 þ p4Þ; ð8Þ

with p1ðp3Þ the four-momentum of the B̄0
sðB̄0Þ meson and

p2ðp4Þ the four-momentum of the DþðDþ
s Þ meson. The

matrix CPP for the bcs̄d̄ system is a 2 × 2 matrix:

CPP ¼

0
BBB@

J ¼ 0 B̄0
sDþ B̄0Dþ

s

B̄0
sDþ 0 1

m2
K�

B̄0Dþ
s

1
m2

K�
0

1
CCCA; ð9Þ

which does not contain any diagonal term.
As shown in Table I, the threshold masses of the B̄0

sDþ

and B̄0Dþ
s channels are quite close to each other. This

triggers us to consider their mixing:

jðB̄DÞþs ; J ¼ 0i ¼ 1ffiffiffi
2

p ðjB̄0
sDþiJ¼0 þ jB̄0Dþ

s iJ¼0Þ; ð10Þ

jðB̄DÞ−s ; J ¼ 0i ¼ 1ffiffiffi
2

p ðjB̄0
sDþiJ¼0 − jB̄0Dþ

s iJ¼0Þ; ð11Þ

and the matrix CPP in this basis transforms to be

(a) (b)

(c) (d)

FIG. 1. Feynman diagrams for the interactions between charmed
(-strange) mesons and bottom(-strange) mesons: (a) the vector
meson exchange between two pseudoscalar mesons, (b) the vector
meson exchange between vector and pseudoscalar mesons, (c) the
vector meson exchange between two vector mesons, and (d) the
contact term connecting four vector mesons.

FIG. 2. The vector meson exchange between two pseudoscalar
mesons in the bcs̄ d̄ system.
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C0
PP ¼

0
BBB@

J ¼ 0 ðB̄DÞþs ðB̄DÞ−s
ðB̄DÞþs 1

m2
K�

0

ðB̄DÞ−s 0 − 1
m2

K�

1
CCCA: ð12Þ

Accordingly, the attractive combination jðB̄DÞ−s ; J ¼ 0i
may produce a bound state, while the repulsive combina-
tion jðB̄DÞþs ; J ¼ 0i cannot.

B. V-P interaction in the bcs̄d̄ system

In this subsection we study the interaction due to the
vector meson exchange between vector and pseudoscalar
mesons in the bcs̄d̄ system. There are four coupled
channels:

B̄�0
s Dþ; B̄�0Dþ

s ; B̄0
sD�þ; B̄�0D�þ

s :

As shown in Fig. 3, the exchanged vector meson can still be
either the K�0 or B�−

c meson, and again we neglect the latter
due to its large mass.
Based on Eqs. (3) and (4), the transition potential VðsÞ

due to the vector meson exchange between vector and
pseudoscalar mesons can be written as

VVPðsÞ ¼ CVP × g2ðp1 þ p3Þðp2 þ p4Þϵ⃗ · ϵ⃗0; ð13Þ

with the 4 × 4 matrix

CVP ¼

0
BBBBBBBBBB@

J ¼ 1 B̄�0
s Dþ B̄�0Dþ

s B̄0
sD�þ B̄0D�þ

s

B̄�0
s Dþ 0 1

m2
K�

0 0

B̄�0Dþ
s

1
m2

K�
0 0 0

B̄0
sD�þ 0 0 0 1

m2
K�

B̄0D�þ
s 0 0 1

m2
K�

0

1
CCCCCCCCCCA
:

ð14Þ

Since the three-momenta of the external vector mesons
can be ignored compared to their masses when working at
the threshold, we approximate ϵ0 ≈ 0 for these external
vector mesons. This makes the VP → VP transition poten-
tial similar to the PP → PP transition potential, and we just
need to add an extra factor ϵ⃗ · ϵ⃗0, with ϵ⃗ðϵ⃗0Þ the polarization
vector of the initial(final) vector meson.
As shown in Table I, the threshold masses of the B̄�0

s Dþ

and B̄�0Dþ
s channels are close to each other, and the

threshold masses of the B̄0
sD�þ and B̄0D�þ

s channels are
also close to each other. Accordingly, we consider the four
mixed channels:

jðB̄�DÞþs ; J ¼ 1i ¼ 1ffiffiffi
2

p ðjB̄�0
s DþiJ¼1 þ jB̄�0Dþ

s iJ¼1Þ; ð15Þ

jðB̄�DÞ−s ; J ¼ 1i ¼ 1ffiffiffi
2

p ðjB̄�0
s DþiJ¼1 − jB̄�0Dþ

s iJ¼1Þ; ð16Þ

jðB̄D�Þþs ; J ¼ 1i ¼ 1ffiffiffi
2

p ðjB̄0
sD�þiJ¼1 þ jB̄0D�þ

s iJ¼1Þ; ð17Þ

jðB̄D�Þ−s ; J ¼ 1i ¼ 1ffiffiffi
2

p ðjB̄0
sD�þiJ¼1 − jB̄0D�þ

s iJ¼1Þ; ð18Þ

and the matrix CVP in this basis transforms to be

C0
VP¼

0
BBBBBBBBBB@

J¼ 1 ðB̄�DÞþs ðB̄�DÞ−s ðB̄D�Þþs ðB̄D�Þ−s
ðB̄�DÞþs 1

m2
K�

0 0 0

ðB̄�DÞ−s 0 − 1
m2

K�
0 0

ðB̄D�Þþs 0 0 1
m2

K�
0

ðB̄D�Þ−s 0 0 0 − 1
m2

K�

1
CCCCCCCCCCA
:

ð19Þ

Accordingly, the attractive combinations jðB̄�DÞ−s ; J ¼ 1i
and jðB̄D�Þ−s ; J ¼ 1i may produce two bound states,
while the repulsive combinations jðB̄�DÞþs ; J ¼ 1i and
jðB̄D�Þþs ; J ¼ 1i cannot.

C. V-V interaction in the bcs̄d̄ system

In this subsection we study the interaction due to the
vector meson exchange between two vector mesons in the
bcs̄d̄ system. There are two coupled channels:

B̄�0
s D�þ; B̄�0D�þ

s :

As shown in Fig. 4, the exchanged vector meson can be
either the K�0 or B�−

c meson, and we again neglect the
contribution from the B�−

c meson exchange due to its large
mass. Besides, we also need to take into account the contact

FIG. 3. The vector meson exchange between vector and
pseudoscalar mesons in the bcs̄ d̄ system.
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term connecting four vector mesons, so the complete VV
transition potential consists of two terms:

VVVðsÞ ¼ VVVðsÞex þ VVVðsÞco: ð20Þ

Based on Eq. (4), the transition potential VVVðsÞex due to
the vector meson exchange between two vector mesons can
be written as

VVVðsÞex ¼ CVV × g2ðp1 þ p3Þðp2 þ p4Þϵ1 · ϵ3ϵ2 · ϵ4;
ð21Þ

where p1ðp3Þ is the four-momentum of the B̄�0
s ðB̄�0Þ

meson, p2ðp4Þ is the four-momentum of the D�þðD�þ
s Þ

meson, ϵ1ðϵ3Þ is the polarization vector of the B̄�0
s ðB̄�0Þ

meson, and ϵ2ðϵ4Þ is the polarization vector of the
D�þðD�þ

s Þ meson. The matrix CVV for the bcs̄d̄ system
is a 2 × 2 matrix:

CVV ¼

0
BBB@

J ¼ 0; 1; 2 B̄�0
s D�þ B̄�0D�þ

s

B̄�0
s D�þ 0 1

m2
K�

B̄�0D�þ
s

1
m2

K�
0

1
CCCA; ð22Þ

which does not contain any diagonal term.
In addition, the transition potential VVVðsÞco can be

extracted from Eq. (5) to be

VVVðsÞco¼m2
K� ·CVVg2ð−2ϵμϵμϵνϵνþϵμϵνϵ

μϵνþϵμϵνϵ
νϵμÞ:
ð23Þ

By using the spin projection operators,

Pð0Þ ¼ 1

3
ϵμϵ

μϵνϵ
ν

Pð1Þ ¼ 1

2
ðϵμϵνϵμϵν − ϵμϵνϵ

νϵμÞ

Pð2Þ ¼ 1

2
ðϵμϵνϵμϵν þ ϵμϵνϵ

νϵμÞ − 1

3
ϵμϵ

μϵνϵ
ν; ð24Þ

Eq. (23) can be written separately for the spin J ¼ 0=1=2
channels as

VVVðsÞco ¼ m2
K� · CVV ×

8><
>:

−4g2 for J ¼ 0;

0 for J ¼ 1;

2g2 for J ¼ 2:

ð25Þ

As shown in Table I, the threshold masses of B̄�0
s D�þ and

B̄�0D�þ
s channels are close to each other, so we consider the

two mixed channels as we did in the previous subsections:

jðB̄�D�Þþs ; J ¼ 0; 1; 2i

¼ 1ffiffiffi
2

p ðjB̄�0
s D�þiJ¼0;1;2 þ jB̄�0D�þ

s iJ¼0;1;2Þ; ð26Þ

jðB̄�D�Þ−s ; J ¼ 0; 1; 2i

¼ 1ffiffiffi
2

p ðjB̄�0
s D�þiJ¼0;1;2 − jB̄�0D�þ

s iJ¼0;1;2Þ: ð27Þ

The matrix CVV in this basis transforms to be

C0
VV ¼

0
BBB@

J ¼ 0; 1; 2 ðB̄�D�Þþs ðB̄�D�Þ−s
ðB̄�D�Þþs 1

m2
K�

0

ðB̄�D�Þ−s 0 − 1
m2

K�

1
CCCA: ð28Þ

It is worth mentioning that the contribution of the contact
term VVVðsÞco, subleading in the heavy quark mass
counting, is much smaller than the vector meson exchange
term VVVðsÞex, so the combinations jðB̄�D�Þ−s ; J ¼ 0; 1; 2i
are still attractive, while the combinations jðB̄�D�Þþs ; J ¼
0; 1; 2i are always repulsive.

III. NUMERICAL RESULTS

In this section we perform numerical analyses to study
the hadronic molecular states with the quark contents bcs̄q̄,
bc̄sq̄, and bc̄s̄q. Again we use the bcs̄d̄ system as an
example. Based on Eqs. (8), (13), (20), (21), and (25), we
can solve the Bethe-Salpeter equation to obtain the scatter-
ing amplitude

TPP=VP=VVðsÞ ¼
VPP=VP=VVðsÞ

1 − VPP=VP=VVðsÞGðsÞ
; ð29Þ

where GðsÞ is the diagonal loop function

GiiðsÞ ¼ i
Z

d4q
ð2πÞ4

1

q2−m2
1þ iϵ

1

ðp−qÞ2 −m2
2þ iϵ

: ð30Þ

Here s ¼ p2 with p the total four-momentum; m1 and m2

are the masses of the two mesons involved in the present
channel.

FIG. 4. The vector meson exchange between two vector mesons
in the bcs̄ d̄ system as well as the contact term connecting four
vector mesons.
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We regularize Eq. (30) through the cutoff method as

GiiðsÞ ¼
Z

qmax

0

d3q
ð2πÞ3

ω1 þ ω2

2ω1ω2

1

s − ðω1 þ ω2Þ2 þ iϵ
; ð31Þ

with ω1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

1 þ q⃗2
p

and ω2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

2 þ q⃗2
p

. In this work
we take two values for the cutoff momentum, qmax ¼
400 MeV and qmax ¼ 600 MeV, meanwhile the similar
cutoff momentum qmax is used to study the meson-meson
interaction with heavy flavors in Refs. [63,64,67].
Equation (31) holds on the physical sheet, i.e., the first

Riemann sheet. Sometimes we also need to search for poles
on the second Riemann sheet. In the latter case we define
GII

ii ðsÞ as

GII
ii ðsÞ ¼ GiiðsÞ þ i

k
4π

ffiffiffi
s

p ; ð32Þ

with kðsÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðs − ðm1 þm2Þ2Þðs − ðm1 −m2Þ2Þ

p
=ð2 ffiffiffi

s
p Þ

for ImðkÞ > 0.
In order to express the coupling strength of the pole to

different channels, we introduce the coupling gi and define
it in the vicinity of the pole as

TijðsÞ ¼
gigj
s − s2p

: ð33Þ

Here sp is the position of pole on the
ffiffiffi
s

p
complex plane,

and the coupling gi is coupling constant between the pole
and the channel i. We can also write it in the residue form as

g2i ¼ limffiffi
s

p
→sp

ðs − s2pÞTiiðsÞ: ð34Þ

First, we use the cutoff momentum qmax ¼ 600 MeV
to perform numerical analyses. We find altogether six
bound states in the bcs̄d̄ system with the binding energies
about 10–20 MeV: one state of JP ¼ 0þ below the
B̄0
sDþ-B̄0Dþ

s threshold, one state of JP ¼ 1þ below the
B̄�0
s Dþ-B̄�0Dþ

s threshold, one state of JP ¼ 1þ below
the B̄0

sD�þ-B̄0D�þ
s threshold, and three states of JP ¼

0þ=1þ=2þ below the B̄�0
s D�þ-B̄�0D�þ

s threshold. We sum-
marize their results in Table II. Besides, we have investigated
the bcs̄ū system, where we also find six bound states.
Similar to Eq. (10), we denote them as jðB̄ð�ÞDð�ÞÞ−s ; Ji0, and
summarize their results also in Table II. The parameter jgij is
about 20 GeV for all the channels, indicating that the mixing
is roughly balanced, e.g., the couplings of the mixing state
jðB̄DÞ−s ; J ¼ 0i to both the B̄0

sDþ and B̄0Dþ
s channels are

roughly equivalent.
Note that all these bound states have zero width. This is

partly because: (a) we do not consider the widths of the
initial and final states, and (b) we do not consider the box
diagrams with pion exchanges, e.g., see Ref. [64,65] for
discussions on these diagrams. Besides, we have neglected

the exchange of the B�
c meson, so the bound state

jðB̄D�Þ−s ; J ¼ 1i located at 7361 MeV only couples to
the B̄0

sD�þ and B̄0D�þ
s channels, while it does not couple

to the B̄�0
s Dþ and B̄�0Dþ

s channels, even if it lies above the
thresholds of the B̄�0

s Dþ and B̄�0Dþ
s channels.

Second, we use the cutoff momentum qmax ¼ 400 MeV
to perform numerical analyses. In this case we do not find
any bound state, i.e., we do not find any pole in the first
Riemann sheet below their corresponding thresholds.
However, we find on the second Riemann sheet six poles
for the bcs̄d̄ system, and the other six poles for the bcs̄ū
system. As summarized in Table III, all these poles are
below their corresponding thresholds, indicating their
nature as the near-threshold virtual states.
We use the combination jðB̄�D�Þ−s ; J ¼ 2i as an exam-

ple, and show its pole position in Fig. 5 as a function of the
cutoff momentum qmax. We find that this pole becomes a

TABLE II. The binding energies EB and the couplings gi of the
bound states on the physical (first Riemann) sheet for the bcs̄ d̄
and bcs̄ ū systems, with the cutoff momentum qmax ¼ 600 MeV.
The binding energies for the bcs̄ d̄ system are relevant to the

lower B̄ð�Þ0
s Dð�Þþ channels other than the higher B̄ð�Þ0Dð�Þþ

s

channels, and the binding energies for the bcs̄ ū system are

relevant to the lower B̄ð�Þ0
s Dð�Þ0 channels other than the higher

Bð�Þ−Dð�Þþ
s channels.

Content: bcs̄ d̄ IðJPÞ EB (MeV) Channel jgij (GeV)
jðB̄DÞ−s ; J ¼ 0i 1

2
ð0þÞ 15.7 B̄0

sDþ 19
B̄0Dþ

s 21
jðB̄�DÞ−s ; J ¼ 1i 1

2
ð1þÞ 17.3 B̄�0

s Dþ 20
B̄�0Dþ

s 21
jðB̄D�Þ−s ; J ¼ 1i 1

2
ð1þÞ 16.4 B̄0

sD�þ 20
B̄0D�þ

s 23
jðB̄�D�Þ−s ; J ¼ 0i 1

2
ð0þÞ 13.6 B̄�0

s D�þ 19
B̄�0D�þ

s 21
jðB̄�D�Þ−s ; J ¼ 1i 1

2
ð1þÞ 18.2 B̄�0

s D�þ 21
B̄�0D�þ

s 23
jðB̄�D�Þ−s ; J ¼ 2i 1

2
ð2þÞ 20.5 B̄�0

s D�þ 22
B̄�0D�þ

s 24

Content: bcs̄ ū IðJPÞ EB (MeV) Channel jgij (GeV)
jðB̄DÞ−s ; J ¼ 0i0 1

2
ð0þÞ 14.3 B̄0

sD0 19
B−Dþ

s 22
jðB̄�DÞ−s ; J ¼ 1i0 1

2
ð1þÞ 15.7 B̄�0

s D0 19
B�−Dþ

s 22
jðB̄D�Þ−s ; J ¼ 1i0 1

2
ð1þÞ 15.8 B̄0

sD�0 20
B−D�þ

s 23
jðB̄�D�Þ−s ; J ¼ 0i0 1

2
ð0þÞ 12.7 B̄�0

s D�0 19
B�−D�þ

s 21
jðB̄�D�Þ−s ; J ¼ 1i0 1

2
ð1þÞ 17.2 B̄�0

s D�0 21
B�−D�þ

s 23
jðB̄�D�Þ−s ; J ¼ 2i0 1

2
ð2þÞ 19.5 B̄�0

s D�0 22
B�−D�þ

s 24

WEN-YING LIU, HUA-XING CHEN, and EN WANG PHYS. REV. D 107, 054041 (2023)

054041-6



bound state when qmax > 410 MeV, while it becomes a
virtual state when qmax < 410 MeV. We also show its
transition amplitude

tðsÞ≡ T jðB̄�D�Þ−s ;J¼2i→jðB̄�D�Þ−s ;J¼2i
VV ðsÞ; ð35Þ

in Fig. 6 for the cutoff momentum qmax ¼ 700, 600, 500,
400, and 300 MeV. This pole is identified as a bound state
in Figs. 6(a)–6(c), which appears as the singularity under
the threshold. Differently, this pole is identified as a virtual
state in Figs. 6(d) and 6(e), which can significantly enhance
the near-threshold cusp effect to produce a sharp peak at the
threshold. More discussions on the near-threshold virtual
states can be found in Refs. [68,69].

IV. SUMMARY

In this paper we systematically study the possible
hadronic molecular states with the quark contents bcs̄q̄,
bc̄sq̄, and bc̄s̄q (q ¼ u=d) within the extended local hidden
gauge formalism. We solve the Bethe-Salpeter equation to
search for poles on both the physical (first Riemann) sheet
and the second Riemann sheet.
We study the bcs̄d̄ system by investigating the inter-

actions of the B̄0
sDþ, B̄0Dþ

s , B̄�0
s Dþ, B̄�0Dþ

s , B̄0
sD�þ,

B̄0D�þ
s , B̄�0

s D�þ, and B̄�0D�þ
s channels. Since the threshold

masses of the B̄0
sDþ and B̄0Dþ

s channels are quite close to
each other, we take into account their mixing as

jðB̄DÞþs ; J ¼ 0i ¼ 1ffiffiffi
2

p ðjB̄0
sDþiJ¼0 þ jB̄0Dþ

s iJ¼0Þ;

jðB̄DÞ−s ; J ¼ 0i ¼ 1ffiffiffi
2

p ðjB̄0
sDþiJ¼0 − jB̄0Dþ

s iJ¼0Þ;

Similar combinations are considered for all the other
channels. With the cutoff momentum qmax ¼ 600 MeV,
we find six bound states in this system with the binding
energies about 10–20 MeV, as summarized in Table II.
These six bound states change to be six near-threshold
virtual poles when using the cutoff momentum qmax ¼
400 MeV, as summarized in Table III. Similar results are
obtained for the bcs̄ū system, which are also summarized
in Tables II and III.
In the above bcs̄q̄ system the interactions are mainly

caused by the exchange of the light vector meson K�.
However, in the bc̄sq̄ and bc̄s̄q systems one cannot
exchange light vector mesons, and there only the exchanges
of the heavy vector mesonsD�,D�

s , B�, and B�
s are allowed.

Consequently, the interactions of the bc̄sq̄ and bc̄s̄q
systems are expected to be significantly smaller, and we
do not find any deeply bound pole in these systems.
To end this paper, we would like to emphasize that the

bcs̄d̄ and bcs̄ū systems are rather “clean” since there are
only limited numbers of coupled channels. We propose to
search for these possibly existing hadronic molecular
states in the ϒ decays. Besides, we propose to search
for jðB̄�D�Þ−s ; J ¼ 2i through its D-wave two-body
decay patterns jðB̄�D�Þ−s ; J ¼ 2i → B̄sD=B̄Ds, jðB̄�D�Þ−s ;
J ¼ 1i through its P-wave three-body decay patterns
jðB̄�D�Þ−s ; J ¼ 1i → B̄sDπ=B̄Dsπ, and jðB̄�DÞ−s ; J ¼ 1i

TABLE III. The pole positions on the second Riemann sheet for
the bcs̄ d̄ and bcs̄ ū systems as well as their corresponding
threshold masses, with the cutoff momentum qmax ¼ 400 MeV.
Pole positions and threshold masses are both in units of MeV.

Content: bcs̄ d̄ IðJPÞ Pole Channel Threshold

jðB̄DÞ−s ; J ¼ 0i 1
2
ð0þÞ 7235.2þ i0 B̄0

sDþ 7236.6
B̄0Dþ

s 7248.0
jðB̄�DÞ−s ; J ¼ 1i 1

2
ð1þÞ 7284.9þ i0 B̄�0

s Dþ 7285.1
B̄�0Dþ

s 7293.1
jðB̄D�Þ−s ; J ¼ 1i 1

2
ð1þÞ 7375.7þ i0 B̄0

sD�þ 7377.2
B̄0D�þ

s 7391.9
jðB̄�D�Þ−s ; J ¼ 0i 1

2
ð0þÞ 7423.0þ i0 B̄�0

s D�þ 7425.7
B̄�0D�þ

s 7436.9
jðB̄�D�Þ−s ; J ¼ 1i 1

2
ð1þÞ 7425.4þ i0 B̄�0

s D�þ 7425.7
B̄�0D�þ

s 7436.9
jðB̄�D�Þ−s ; J ¼ 2i 1

2
ð2þÞ 7425.6þ i0 B̄�0

s D�þ 7425.7
B̄�0D�þ

s 7436.9

Content: bcs̄ ū IðJPÞ Pole Channel Threshold

jðB̄DÞ−s ; J ¼ 0i0 1
2
ð0þÞ 7226.7þ i0 B̄0

sD0 7231.8
B−Dþ

s 7247.7
jðB̄�DÞ−s ; J ¼ 1i0 1

2
ð1þÞ 7278.4þ i0 B̄�0

s D0 7280.2
B�−Dþ

s 7293.1
jðB̄D�Þ−s ; J ¼ 1i0 1

2
ð1þÞ 7370.8þ i0 B̄0

sD�0 7373.8
B−D�þ

s 7391.5
jðB̄�D�Þ−s ; J ¼ 0i0 1

2
ð0þÞ 7415.6þ i0 B̄�0

s D�0 7422.3
B�−D�þ

s 7436.9
jðB̄�D�Þ−s ; J ¼ 1i0 1

2
ð1þÞ 7421.2þ i0 B̄�0

s D�0 7422.3
B�−D�þ

s 7436.9
jðB̄�D�Þ−s ; J ¼ 2i0 1

2
ð2þÞ 7421.9þ i0 B̄�0

s D�0 7422.3
B�−D�þ

s 7436.9

FIG. 5. The pole position s0p ¼ sp −MB̄�0
s
−MD�þ of the

combination jðB̄�D�Þ−s ; J ¼ 2i as a function of the cutoff mo-
mentum qmax ¼ 300–800 MeV.
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through its weak decay patterns jðB̄�DÞ−s ; J ¼ 1i → DDsπ
and its semileptonic decay patterns jðB̄�DÞ−s ; J ¼ 1i →
ðD�Ds=DD�

sÞl−ν̄l.
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APPENDIX: INTERACTIONS IN THE
bc̄sq̄=bc̄s̄q SYSTEMS

In this appendix, we study the interactions of the bc̄sq̄
and bc̄s̄q systems. As shown in Figs. 7 and 8, there can
only exist the exchange of the heavy vector mesonsD�,D�

s ,
B�, and B�

s , while there does not exist the exchange of the
light vector meson K�. Therefore, the interactions of the
bc̄sq̄ and bc̄s̄q systems are expected to be much smaller
than the interaction of the bcs̄q̄ system.

When investigating the exchange of the light vector
meson K� in Sec. II, we have taken its momentum to be
q2 → 0 so that its propagator is reduced to be

1

q2 −m2
V þ iϵ

≈ −
1

m2
V
: ðA1Þ

However, this reduction does not work well when inves-
tigating the exchange of heavy mesons, due to the large
mass difference between the initial and final mesons.
Similar to Ref. [70], in this paper we adopt the following
modification to account for the impact of this effect

(a)

(d) (e)

(b) (c)

FIG. 6. The shape of the transition amplitude jtðsÞj2 ≡ jT jðB̄�D�Þ−s ;J¼2i→jðB̄�D�Þ−s ;J¼2i
VV ðsÞj2 for the cutoff momentum

qmax ¼ ðaÞ 700 MeV, (b) 600 MeV, (c) 500 MeV, (d) 400 MeV and (e) 300 MeV. The B̄�0
s D�þ threshold is indicated by a dotted

line. The pole is identified as a bound state in the subfigures (a)–(c), while it is identified as a near-threshold virtual state in the subfigures
(d),(e).

FIG. 7. The exchange of the vector mesons D�
s and B̄� between

two pseudoscalar mesons in the bc̄sq̄ system.

FIG. 8. The exchange of the vector mesons D� and B̄�
s between

two pseudoscalar mesons in the bc̄ s̄ q system.
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1

ðq0Þ2 −m2
V þ iϵ

≃ −λ
1

m2
V
; ðA2Þ

where ðq0Þ2 ¼ ðΔMÞ2 ¼ ðMi −MjÞ2 and ΔM is the mass
difference between the two external mesons. Since the B−

c
meson is quite massive, we have neglected its three-
momentum and approximated the transferred momentum
as q2 ≈ ðq0Þ2 ¼ ðΔMÞ2. Take the processes depicted in
Fig. 7 as examples, in the left panel Mi and Mj are the
masses of the B̄0

s and B−
c mesons, and in the right panelMi

and Mj the masses of the D̄ and B−
c mesons. Numerically,

we obtain

λtB̄sD̄→B−
c K

¼ −m2
D�

s

ðmBc
−mBs

Þ2 −m2
D�

s

¼ 1.23; ðA3Þ

λuB̄sD̄→B−
c K

¼ −m2
B�

ðmBc
−mDÞ2 −m2

B�
¼ 3.17; ðA4Þ

where the superscripts t and u describe the t and u channels,
respectively. We note that the contribution from the heavy
meson exchange is still quite small compared to the light
meson exchange, after the above modifications.
In the calculations we have taken into account the width

of the K� meson, i.e., we have taken into account the K� →
Kπ decay in the B̄cK� loop, as depicted in Fig. 9. This
provides an imaginary part to the unitarized B̄cK� scatter-
ing amplitude, so it can provide a nonzero width to the
possibly existing states generated from the BcK� interac-
tion. To take into account this effect in the BcK� and B�

cK�
channels, we write Eq. (31) for the loop function GðsÞ as

GðsÞ ¼
Z

qmax

0

q2dq
4π2

ω
Bð�Þ
c
þ ωK�

ω
Bð�Þ
c
ωK�

1ffiffiffi
s

p þ ω
Bð�Þ
c
þ ωK�

×
1ffiffiffi

s
p

− ωK� − ω
Bð�Þ
c
þ i

ffiffiffi
s0

p
2ωK�

ΓK� ðs0Þ
; ðA5Þ

where s0 ¼ ð ffiffiffi
s

p
− ω

Bð�Þ
c
Þ2 − q⃗2 and

ΓK� ðs0Þ ¼ ΓK� ðm2
K�Þm

2
K�

s0

�
pπðs0Þ
pπðm2

K� Þ
�

3

× Θð
ffiffiffiffi
s0

p
−mK −mπÞ; ðA6Þ

with ΓK� the width of the K� meson.
The rest of the calculations are the same as those used to

study the interaction of the bcs̄q̄ system. However, for the
bc̄sq̄ and bc̄s̄q systems, we do not find any pole in both the
first and second Riemann sheets, indicating that there do
not exist deeply bound states in these systems due to the
weak attraction from the heavy meson exchange.
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