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Recently the LHCb Collaboration reported a new exotic state Tþ
cc which is conjectured to be a molecular

state of D0D�þ (or D�0Dþ) theoretically. Belle Collaboration also searched for tetraquark state Xccss in
DsDs (D�

sD�
s) final states but no significant signals were observed, which did not rule out the existence of

Xccss as a molecular state of DsDs (D�
sD�

s ). Inspired by these experimental results on double charmed

exotic state, in this paper we study whether the molecular bound states of Dð�Þ
s Dð�Þ

s and Bð�Þ
s Bð�Þ

s can exist
with the Bethe-Salpeter (BS) equation approach. We employ heavy meson chiral perturbation theory and
one-boson-exchange approximation to calculate the interaction kernels in the BS equations. Our numerical
results suggest that two B�

s mesons perhaps form a 0þ molecular state. Future experimental search for Xccss

and Xbbss states in other decay channels may shed light on the structure of double charmed exotic state.

DOI: 10.1103/PhysRevD.105.114019

I. INTRODUCTION

Several months ago the LHCb Collaboration declared a
new exotic state Tþ

cc from the D0D0πþ final state, which
indicates Tþ

cc possesses a ccū d̄ flavor component. Since its
mass is very close to the mass threshold of D0D�þ and its
width is very narrow [1,2], many authors suggested that Tþ

cc

could be a looseD0D�þ (DþD�0) bound state [3–15]. Since
2003, many exotic states [16–22] have been observed, such
as Xð3872Þ, Xð3940Þ, Yð3940Þ, Zð4430Þ�, Zcsð4000Þ,
Zcsð4220Þ, Zb, Z0

b, Pcð4312Þ, Pcð4440Þ, and Pcð4457Þ,
but heavy quarks in them are hidden. If Tþ

cc is confirmed,
it will be the first exotic state with two open heavy
quarks.
Given a potential Tþ

cc state, naturally one would ask
whether the exotic states with ccs̄ s̄ flavor component can
also exist. Some theoretical works have explored these
exotic states [23–26]. Recently Belle Collaboration
searched for tetraquark state Xccss in DsDsðD�

sD�
sÞ final

states but no significant signals were observed [27].
However, we cannot rule out the existence of Xccss as a
DsDs (D�

sD�
s) molecular state from Belle’s experiment

because a ground molecular state cannot decay to its
two components.

In a recent paper [28], we study the possible bound states
of D0Dþ, D0D�þ, and D�0D�þ (B0Bþ, B0B�þ, and
B�0B�þ) systems within the Bethe-Salpeter (BS) frame-
work, where the relativistic corrections are automatically
included. In this work we follow the same approach to
explore the possible bound state of DsDs, DsD�

s , or D�
sD�

s
(BsBs, BsB�

s , or B�
sB�

s) system.
Apart from the bound state of two fermions, the BS

equation has also been employed to explore the bound state
made of one fermion and one boson [29–31] and the system
composed of two bosons [32–39]. In Refs. [32–36] two
components in the bound state are one particle and one
antiparticle. In Ref. [28] the systems composed of two
charmed (or bottomed) hadrons are studied. Following the
approach in Ref. [28], we investigate the possible bound
state of Dð�Þ

s Dð�Þ
s (Bð�Þ

s Bð�Þ
s ).

In this work we use the heavy meson chiral perturbation
theory [40–45] to describe the interaction between con-
stituent mesons. Then we apply one-boson-exchange
approximation of effective interaction to calculate the
interaction kernels for the BS equation. For Dð�Þ

s Dð�Þ
s and

Bð�Þ
s Bð�Þ

s systems, the exchanged particles are light mesons,
such as η and ϕ. We ignore the contribution from σ
exchange because some authors indicated that makes a
secondary contribution [40]. By calculating the corre-
sponding Feynman diagrams for the effective interaction,
one can obtain the analytical form of interaction kernel and
deduce the BS equation. With input parameters, the BS
equation is solved numerically in momentum space. In
the case where we cannot find a solution that satisfies the
equation given a reasonable range of parameters, the
proposed bound state cannot exist. On the contrary, a
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solution of the BS equation with reasonable parameters
implies that the interaction between two constituents is
attractive and large enough, i.e., the corresponding bound
state could be formed.
After the Introduction, we deduce the BS equations and

the corresponding kernels for the DsDs, DsD�
s , and D�

sD�
s

(BsBs, BsB�
s , and B�

sB�
s) systems with defined quantum

numbers. Then in Sec. III we present our numerical results
along with explicitly displaying all input parameters.
Section IV is devoted to a brief summary.

II. THE BETHE-SALPETER FORMALISM

In this work we are only concerned with the ground state
where the orbital angular momentum between two con-
stituent mesons is zero (i.e., l ¼ 0). For a system made of
Ds and D�

s (or Bs and B�
s), its JP is 1þ. For the molecular

state that consists ofDs andDs (Bs and Bs), their JP may be
0þ. However, for the molecular state that consists ofD�

s and
D�

s (B�
s and B�

s), their JP may be 0þ or 2þ rather than 1þ
because the total wave function for the combined system of
D�

s and D�
s (B�

s and B�
s) must be symmetric under group

Oð3Þ × SUSð2Þ, where SUSð2Þ is the spin group.

A. The BS equation of 0+ that is composed
of two pseudoscalars

The BS wave function for the bound state jSi of two
pseudoscalar mesons can be defined as follows:

h0jTϕ1ðx1Þϕ2ðx2ÞjSi ¼ χSðx1; x2Þ; ð1Þ

where ϕ1ðx1Þ and ϕ2ðx2Þ are the field operators of two
mesons, respectively.
After some manipulations, we obtain the BS equation in

the momentum space

χSðpÞ ¼ Δ1

Z
d4p0

ð2πÞ4KSðp; p0ÞχSðp0ÞΔ2; ð2Þ

where Δ1 ¼ i
p2
1
−m2

1

and Δ2 ¼ i
p2
2
−m2

2

are the propagators of

two pseudoscalar mesons.
The relative momenta and the total momentum of the

bound state in the equation are defined as

p ¼ η2p1 − η1p2; p0 ¼ η2p0
1 − η1p0

2;

P ¼ p1 þ p2 ¼ p0
1 þ p0

2; ð3Þ

where ηi ¼ mi=ðm1 þm2Þ, P denotes the total momentum
of the bound state, and mi (i ¼ 1, 2) is the mass of the ith
constituent meson.
Since only l ¼ 0 is considered and the total wave

function of DsDs is symmetric, the JP of the DsDs system
is 0þ. According to heavy meson chiral perturbation theory
[40–45], the exchanged mesons between the two pseudo-
scalars are vector mesons, and here we only keep the
lightest vector meson ϕ [35,36].
With the Feynman diagrams depicted in Fig. 1 and the

effective interactions shown in the Appendix, we obtain the
interaction kernel

KSðp; p0Þ ¼
ffiffiffi
2

p
KS0ðp; p0; mϕÞ;

KS0ðp; p0; mVÞ ¼ iCS0g2DDV
ðp1 þ p0

1Þ · ðp2 þ p0
2Þ − ðp1 þ p0

1Þ · qðp2 þ p0
2Þ · q=m2

V

q2 −m2
V

FðqÞ2; ð4Þ

where q ¼ p1 − p0
1, CS0 ¼ 1, andmV stands for the mass of

the vector meson. Because two Ds mesons are identical
particles, p0

1 and p0
2 can exchange positions in Fig. 1 an

additional
ffiffiffi
2

p
factor appears in the right side of the first

equation (a similar factor also applies to theD�
sD�

s systems in
Sec. II D). Since the constituentmeson is not a point particle, a
form factor at each interaction vertex among hadronsmust be
introduced to reflect the finite-size effects of these hadrons.
The form factor is assumed to be in the following form:

FðkÞ ¼ Λ2 −M2
ex

Λ2 − k2
; ð5Þ

where Λ is a cutoff parameter, and Mex is the mass of
intermediate particle.
Solving Eq. (2) is rather difficult. In general, one needs to

use the so-called instantaneous approximation: p0
0 ¼ p0 ¼ 0

for K0ðp; p0Þ by which the BS equation can be reduced to

FIG. 1. The leading-order interaction diagram of a bound state
composed of two pseudoscalars.
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E2−ðE1þE2Þ2
ðE1þE2Þ=E1E2

ψSðpÞ¼
i
2

Z
d3p0

ð2πÞ3KSðp;p0ÞψSðp0Þ; ð6Þ

where Ei ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 þm2

i

p
, E ¼ P0, and the equal-time wave

function is defined as ψSðpÞ ¼
R
dp0χSðpÞ. For exchange of

a light vector between the mesons, the kernel is

KSðp;p0Þ ¼
ffiffiffi
2

p
KS0ðp;p0; mϕÞ; ð7Þ

where the expressions of KS0ðp;p0; mVÞ can be found
in Ref. [28].

B. The BS equation of 1+ that is composed
of a pseudoscalar and a vector

The BS wave function for the bound state jVi
composed of one pseudoscalar and one vector meson is

defined as follows:

h0jTϕ1ðx1Þϕμ
2ðx2ÞjVi ¼ χVðx1; x2Þϵμ; ð8Þ

where ϵ is the polarization vector of the bound state, μ is
Lorentz index, and ϕ1ðx1Þ and ϕμ

2ðx2Þ are the field
operators of the pseudoscalar and vector mesons, respec-
tively. The equation for the BS wave function is

χVðpÞϵμ ¼ Δ1

Z
d4p0

ð2πÞ4KVαβðp; p0ÞχVðp0ÞϵβΔ2μα: ð9Þ

HereΔ1 ¼ i
p2
1
−m2

1

andΔ2μα ¼ i
p2
2
−m2

2

ðp2μp2α

m2
2

− gμαÞ. We multi-

ply an ϵ�μ on both sides and sum over the polarizations, and
then we deduce the following equation:

χVðpÞ ¼
−1

3ðp2
1 −m2

1Þðp2
2 −m2

2Þ
Z

d4p0

ð2πÞ4 KVαβðp; p0ÞχVðp0Þ
�
pμ
2p

α
2

m2
2

− gμα
��

PμPβ

M2
− gβμ

�
: ð10Þ

With the Feynman diagrams depicted in Figs. 2 and 3, we eventually obtain

KVαβðp;p0Þ¼KV1αβðp;p0;mϕÞþKV2αβðp;p0;mϕÞþKV3αβðp;p0;mηÞ;

KV1αβðp;p0;mVÞ¼CV1gDDV

�
gD�D�V

�
gαβðp2þp0

2Þ ·ðp1þp0
1Þþgαβ

q ·ðp1þp0
1Þq ·ðp2þp0

2Þ
m2

V

�

þ2g0D�D�V ½qαðp1þp0
1Þβ−qβðp1þp0

1Þα�
�

i
q2−m2

V
FðqÞ2;

KV2αβðp;p0;mVÞ¼CV2ε
μνβτðq0νgλμ−q0μgλνÞðp0

2−p1Þτεμ0ν0ατ0 ðq0μgλ0ν−q0νgλ0μÞðp2−p0
1Þτ0

i
q02−m2

V
ð−gλλ0 þq0λq0λ0=m2

VÞFðq0Þ2;

KV3αβðp;p0;mPÞ¼CV3g2DD�P
i

q2−m2
P
qαqβFðqÞ2; ð11Þ

where q0 ¼ p1 − p0
2, mV represents the mass of vector

meson (e.g., ϕ), and mP represents the mass of pseudo-
scalar meson (e.g., η). The contributions from Fig. 2
are included in KV3αβðp; p0; mηÞ, and those from Figs. 3(a)
and 3(b) are included in KV1αβðp; p0; mϕÞ and

KV2αβðp; p0; mϕÞ, respectively. The coefficients CV1,
CV2, and CV3 are 1, 1, and 2

3
, respectively.

Defining KVðp; p0Þ ¼ KVαβðqÞðp
μ
2
pα
2

m2
2

− gμαÞðPμPβ

M2 − gβμÞ
and setting p0 ¼ q0 ¼ 0, we derive the BS equation that
is similar to Eq. (6) but possesses a different kernel,

E2 − ðE1 þ E2Þ2
ðE1 þ E2Þ=E1E2

ψVðpÞ ¼
i
2

Z
d3p0

ð2πÞ3KVðp;p0ÞψVðp0Þ;

ð12Þ

where

KVðp;p0Þ ¼ KV1ðp;p0; mϕÞ þ KV2ðp;p0; mϕÞ
þ KV3ðp;p0; mηÞ; ð13ÞFIG. 2. The leading-order interaction diagram of a bound state

composed of a pseudoscalar and a vector by exchanging η.
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where the expressions of KV1ðp;p0; mϕÞ, KV2ðp;p0; mϕÞ,
and KV3ðp;p0; mηÞ can be found in Ref. [28].

C. The bound state (0+ ) composed of two vector mesons

The quantum number JP of the bound state composed of
two vector mesons can only be 0þ or 2þ since the total
wave function should be symmetric. The BS wave function
of 0þ state jS0i is defined as follows:

h0jTϕμ
1ðx1Þϕν

2ðx2ÞjS0i ¼ χ0ðx1; x2Þgμν: ð14Þ

The equation for the BS wave function is given by

χ0ðpÞ ¼
1

4
Δ1μλ

Z
d4p0

ð2πÞ4K
αα0μμ0
0 ðp; p0Þχ0ðp0ÞΔ2μ0λ0gαα0gλλ

0
;

ð15Þ

where Δjμλ ¼ i
p2
j−m

2
j
ðpjμpjλ

m2
j

− gμλÞ.
With the effective interaction Feynman diagrams

depicted in Fig. 4, we obtain

Kαα0μμ0
0 ðp; p0Þ ¼

ffiffiffi
2

p
Kαα0μμ0

01 ðp; p0; mϕÞ þ
ffiffiffi
2

p
Kαα0μμ0

03 ðp; p0; mηÞ;

Kαα0μμ0
01 ðp; p0; mVÞ ¼ iC01

qνqν
0
=mV

2 − gνν
0

q2 −m2
V

½gD�D�Vgαμðp1 þ p0
1Þν − 2g0D�D�Vðqαgμν − qμgανÞ�

½gD�D�Vgα
0μ0 ðp2 þ p0

2Þν0 þ 2g0D�D�Vðqα
0
gμ0ν0 − qμ

0
gα0ν0 Þ�FðqÞ2;

Kαα0μμ0
03 ðp; p0; mPÞ ¼ C03g2D�D�Pε

αβμνqνðp1 þ p0
1Þβεα

0β0μ0ν0qν0 ðp2 þ p0
2Þβ0

−i
q2 −M2

π
FðqÞ2: ð16Þ

The contribution from vector-meson-exchange (ϕ) is in-
cluded in Kαα0μμ0

01 ðp; p0; mVÞ and that for exchanging

pseudoscalar (η) is included inKαα0μμ0
03 ðp; p0; mPÞ (the labels

K01;03 are based on the definition of functions in Ref. [28]).
The coefficients C01 and C03 are 1 and 2

3
, respectively.

Defining K0ðp; p0Þ ¼ 1
4
Kαα0μμ0

0 ðp; p0Þðp2μ0p2λ0
m2

2

− gμ0λ0 Þ
ðp1μp1λ

m2
1

− gμλÞ, we derive the BS equation that is similar

to Eq. (6) but possesses a different kernel.
The BS equation can be reduced to

E2−ðE1þE2Þ2
ðE1þE2Þ=E1E2

ψ0ðpÞ¼
i
2

Z
d3p0

ð2πÞ3K0ðp;p0Þψ0ðp0Þ; ð17Þ

where

K0ðp;p0Þ ¼
ffiffiffi
2

p
K01ðp;p0; mϕÞ þ

ffiffiffi
2

p
K03ðp;p0; mηÞ: ð18Þ

The expressions of K01ðp;p0; mVÞ and K03ðp;p0; mPÞ also
can be found in Ref. [28].

D. The BS equation of 2+ state jT0i that is
composed of two vectors

The BS wave function of the 2þ state composed of two
axial vectors is written as

h0jTϕαðx1Þϕα0 ðx2ÞjT 0i ¼ 1ffiffiffi
5

p χ2ðx1; x2Þεαα0 ; ð19Þ

where εαα
0
is the polarization tensor of the 2þ state.

Summation over the polarizations of εαα
0
ε�ββ0 is ðQαβQα0β0þ

Qαβ0Qα0βÞ=2 −Qαα0Qββ0=3 with Qαβ ¼ PαPβ=M2 − gαβ.
The BS equation can be expressed as

χ2ðpÞ ¼
1

5
ελλ

0Δ1μλ

Z
d4q
ð2πÞ4 K

αα0μμ0
2 ðp; p0Þεαα0χ2ðqÞΔ2μ0λ0 ;

ð20Þ

where Kαα0μμ0
2 ðp; p0Þ is the same as Kαα0μμ0

0 ðp; p0Þ
in Eq. (16).

(a) (b)

FIG. 3. The leading-order interaction diagrams of a bound state composed of a pseudoscalar and a vector by direct (a) and cross (b) ϕ
meson exchange.
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Defining K2ðp; p0Þ ¼ Kαα0μμ0
2

ðp;p0Þ
5

ελλ
0 ðp2μ0p2λ0

m2
2

− gμ0λ0 Þ
ðp1μp1λ

m2
1

− gμλÞεαα0 , we reduce the BS equation to the follow-

ing form:

E2−ðE1þE2Þ2
ðE1þE2Þ=E1E2

ψ2ðpÞ¼
i
2

Z
d3p0

ð2πÞ3K2ðp;p0Þψ2ðp0Þ; ð21Þ

where

K2ðp;p0Þ ¼
ffiffiffi
2

p
K21ðp;p0; mϕÞ þ

ffiffiffi
2

p
K23ðp;p0; mηÞ: ð22Þ

The expressions of K21ðp;p0; mϕÞ and K23ðp;p0; mηÞ are
presented in Ref. [28].

III. NUMERICAL RESULTS

In this section, we solve the BS equations (6), (12), (17),
and (21) to study whether these bound states can exist.
Since we only focus on the ground state of a bound state,
the function ψJðpÞ (J represents S, V, 0, or 2) only depends
on the norm of the three-momentum. Therefore, we can
first integrate over the azimuthal angle of the function in
(6), (12), (17), or (21),

i
2

Z
d3p0

ð2πÞ3 KJðp;p0Þ

to obtain a potential form UJðjpj; jp0jÞ. After that, the BS
equation turns into a one-dimensional integral equation

ψJðjpjÞ ¼
ðE1 þ E2Þ=E1E2

E2 − ðE1 þ E2Þ2
Z

djp0jUJðjpj; jp0jÞψJðjp0jÞ:

ð23Þ
When the potential UJðp;p0Þ is attractive and strong
enough, the corresponding BS equation has one or multiple
solutions and we can obtain the spectrum (or spectra) of the
possible bound state(s). In general, the standard way of
solving such integral equation is to discretize the variable
and then perform algebraic operations. The detail of this
approach can be found in [28,32,33].
In our calculation, the values of the parameters gDsDsV ,

gDsD�
sP, gDsD�

sV , gD�
sD�

sV , and g0D�
sD�

sV
are presented in the

Appendix. In Ref. [28], which suggested Tþ
cc is a D0D�þ

molecular state, Λ was fixed to be 1.134 GeV. For the

Dð�Þ
s Dð�Þ

s and Bð�Þ
s Bð�Þ

s systems, we adjust Λ around that
value. The masses of the concerned constituent mesons
mDs

, mD�
s
, mBs

, and mB�
s
are directly taken from a booklet

by the Particle Data Group [46].

A. The results of Dð�Þ
s Dð�Þ

s system

Here we calculate the eigenvalues of bound states
DsDsð0þÞ, DsD�

sð1þÞ, D�
sD�

sð0þÞ, and D�
sD�

sð2þÞ, respec-
tively. For fixed parameters Λ ¼ 1.134 GeV and above-
mentioned coupling constants, all BS equations are unsolv-
able, so we try to vary the parameter Λ or coupling
constants to search for the solutions of these equations.
We can obtain a solution with the binding energy ΔE ¼
1 MeV when we set Λ ¼ 2.564 GeV or coupling constants
to be 3.261 times the original. It implies the effective
interaction between the two constituents is relatively weak.
In Table I we list the values of Λ for different bound state of
Dð�ÞDð�Þ where the binding energy ΔE is 1 MeV. We find
the value of Λ for the D�

sD�
s with Jp ¼ 0þ is closest to the

value 1.134 GeV that we fixed in Ref. [28]. In order to
study the sensitivity of our results on the choice of the
coupling constants that are determined by the flavor SU(3)
symmetry, we multiply all coupling constants by 1.2 or 0.8,
and the corresponding Λ is marked as Λ1.2 or Λ0.8 in
Table I, where the ellipses mean the BS equation has no
solution. We find that, for bound states DsDsð0þÞ,
DsD�

sð1þÞ, and D�
sD�

sð2þÞ, the value of Λ is significantly
affected by variations of coupling constants, indicating the
instability of solutions. ForD�

sD�
sð0þÞ, we find the solution

is reasonably stable under the perturbation of coupling
constants. To further confirm its stability, we also vary the
binding energy of theD�

sD�
s state from 0.1 to 2MeVand the

corresponding values of Λ are collected in Table II. We can

(a) (b)

FIG. 4. A bound state composed of two vectors. (a) η is exchanged. (b) ϕ is exchanged.

TABLE I. The Λ, Λ1.2, and Λ0.8 for the ground D
ð�Þ
s Dð�Þ

s system
with fixed binding energy ΔE ¼ 1 MeV (in units of GeV).

DsDsð0þÞ DsD�
sð1þÞ D�

sD�
sð0þÞ D�

sD�
sð2þÞ

Λ 2.848 2.564 1.511 13.78
Λ1.2 2.143 2.056 1.376 3.308
Λ0.8 7.564 4.068 1.743 � � �
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see that Λ is not sensitive to the change of the binding
energy.
The possible molecular states of the Dð�Þ

s Dð�Þ
s system

have been explored in previous works [23,24,26] and we
summarize these results in Table III. Here and below, the
ellipses mean there is no solution for the bound state. In
Ref. [23], the authors derived the effective potential for the

Dð�Þ
s Dð�Þ

s system in the momentum space and computed
binding energy of bound states by solving the Schrödinger
equation. To compute the effective potential, they
employed a one-boson-exchange model, where the
Lagrangians are given by chiral perturbation theory with
SU(3) flavor symmetry in the heavy quark limit. They
suggested that DsDsð0þÞ, DsD�

sð1þÞ, D�
sD�

sð0þÞ, and
D�

sD�
sð2þÞ might not be molecules. In Ref. [24], the author

also solved the BS equation in on-shell formalism. To
derive the effective Lagrangians, they applied a local
hidden gauge approach and SU(4) flavor symmetry (u,

d, s, c). They found the interaction of theDð�Þ
s Dð�Þ

s system is
repulsive; hence it is impossible to form bound states.
In Ref. [26], the authors suggested it is important to
include the contribution of J=ψ exchange in the

one-meson-exchange model of Dð�Þ
s Dð�Þ

s systems. They
also found DsD�

sð1þÞ and D�
sD�

sð2þÞ can form when Λ
is larger than 3 GeV. Combing these results (Λ is too large

or the interaction of the Dð�Þ
s Dð�Þ

s system is repulsive), we

suggest it is unlikely to find a bound state in Dð�Þ
s Dð�Þ

s

systems.

B. The results of the Bð�Þ
s Bð�Þ

s system

To solve the BS equation in the Bð�Þ
s Bð�Þ

s system, we
define coupling constants by applying flavor SU(3) sym-
metry and heavy quark limit, where gBsBsV , gBsB�

sP, gBsB�
sV ,

gB�
sB�

sV , and g0B�
sB�

sV
are approximately equal to gDsDsV ,

gDsD�
sP, gDsD�

sV , gD�
sD�

sV , and g0D�
sD�

sV
, respectively. We then

set the binding energy to be 1 MeV and solve for the
eigenvalue of the BS equation by varying the parameters Λ.
To test the sensitivity of solutions on coupling constants,
we also rescale all coupling constants by a factor of 1.2 and
0.8, and repeat the computation. We summarize the
numerical results in Tables IV and V. We find the values
of Λ are relatively stable under variations of coupling
constants, which suggests the reliability of numerical

computations for the Bð�Þ
s Bð�Þ

s system. Additionally, we
find that the Λ value of the B�

sB�
s system with 0þ is a little

larger than 1.134 GeV. In Refs. [47,48], the authors
suggested a relation Λ ¼ mþ αΛQCD, where m is the mass
of the exchanged meson, α is a number of Oð1Þ, and
ΛQCD ¼ 220 MeV. We also notice that the values of Λ for

the Bð�Þ
s Bð�Þ

s system (see Table VI) are smaller than those for

the Dð�Þ
s Dð�Þ

s system (see Table III) in Refs. [23,26] if they
exist. Overall, our results suggest that two B�

s mesons
perhaps can form a loose bound state with JP ¼ 0þ.
The possible bound states of the Bð�Þ

s Bð�Þ
s system have

been studied based on different phenomenological models
[23,25,26]. Their results are listed in Table VI. In Ref. [23],
the authors suggested BsBsð0þÞ, BsB�

sð1þÞ, B�
sB�

sð0þÞ, and
B�
sB�

sð2þÞ might be candidates of molecular states
(Table VI). The corresponding Λ and binding energies
are approximately consistent with our results. In Ref. [26],
the authors also explored these systems in a quasipotential
BS equation approach. They found that only BsB�

sð1þÞ and
B�
sB�

sð2þÞ can form molecular states. Their deviation from
our results may be due to the difference in interaction
kernels, where they also included the contributions of ϒ
meson exchange. Another potential source of difference
may come from different approximations in solving the BS
equation. Future study is required to compare numerical
precision of these approximations. In Ref. [25], the authors
claimed bound states cannot exist because the interaction

between Bð�Þ
s and Bð�Þ

s is repulsive. The discrepancy
between their results and ours may be due to the different

TABLE II. The values of Λ for the ground D�
sD�

sð0þÞ system
with different binding energies.

ΔE (MeV) 0.1 0.2 0.5 1 1.5 2

Λ (GeV) 1.501 1.502 1.506 1.511 1.516 1.519

TABLE III. The Λ and the binding energy ΔE (in parentheses)

for the ground Dð�Þ
s Dð�Þ

s system in references [in units of GeV
(MeV)].

DsDsð0þÞ DsD�
sð1þÞ D�

sD�
sð0þÞ D�

sD�
sð2þÞ

[23] 2.76 (2.43) 2.62 (0.41) 2.76 (2.43) 2.60 (0.86)
[24] � � � � � � � � � � � �
[26] � � � 3.40 (0.1) � � � 3.0 (0.9)

TABLE IV. The Λ, Λ1.2, and Λ0.8 for the ground Bð�Þ
s Bð�Þ

s

system with fixed binding energy ΔE ¼ 1 MeV (in units of
GeV).

BsBsð0þÞ BsB�
sð1þÞ B�

sB�
sð0þÞ B�

sB�
sð2þÞ

Λ 1.677 1.653 1.293 2.231
Λ1.2 1.666 1.505 1.179 1.852
Λ0.8 2.574 1.929 1.483 3.532

TABLE V. The value of Λ for the ground B�
sB�

sð0þÞ system
with varying binding energies ΔE.

ΔE (MeV) 0.1 0.2 0.5 1 1.5 2

Λ (GeV) 1.273 1.276 1.284 1.293 1.301 1.308
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forms of effective interactions used in the BS equation. In
summary, so far there is no consensus on possible bound

states in theBð�Þ
s Bð�Þ

s system, and future explorations in both
theory and experiment will be crucial to elucidate the nature

of the Bð�Þ
s Bð�Þ

s system.

IV. A BRIEF SUMMARY

Following the approach in our recent work, we study
whether two Dð�Þ

s or Bð�Þ
s mesons can form a hadronic

moleculewithin the BS framework. In Refs. [32–36], the BS
equation was applied to the systems of one particle and one
antiparticle. In Ref. [28], we studied the possible bound
states of a particle-particle system (twoDð�Þ orBð�Þmesons).

In this work, we extend this framework to the Dð�Þ
s Dð�Þ

s or

Bð�Þ
s Bð�Þ

s systems and compute the binding energy of such
hadronic molecules by solving BS equations.
We employ heavy meson chiral perturbation theory and

leading-order (one-boson-exchange) approximation to cal-
culate the interaction kernels of the BS equations for the

Dð�Þ
s Dð�Þ

s or Bð�Þ
s Bð�Þ

s systems, where η or ϕ is exchanged.
All coupling constants are taken from relevant references.
Adopting the fixed value of Λ from the analysis of Tþ

cc

under the hypothesis that Tþ
cc is a bound state of D0D�þ

with I ¼ 0 and J ¼ 1, we find all these BS equations have
no solution. Then we set the binding energy ΔE ¼ 1 MeV
and test different values of Λ or coupling constants for

Dð�Þ
s Dð�Þ

s or Bð�Þ
s Bð�Þ

s systems with defined quantum num-

ber. We find that, for the Dð�Þ
s Dð�Þ

s system, a larger Λ or
coupling constants are needed to form bound states. In light
of previous studies [23,24,26] and our results, we suggest

the chance of forming molecular states of Dð�Þ
s Dð�Þ

s is low.
For the B�

sB�
s system, we find our results are reasonably

stable under variation of parameters and roughly agree with
Ref. [23]. It is noted that, in our computations, the Λ values
of B�

sB�
s with JP ¼ 0þ is close to that fixed from Tþ

cc, which
supports the existence of such a molecular bound state.
Overall, our results suggest that B�

sB�
s might form a 0þ

molecular state. We also notice there are still some discrep-

ancies on possible molecular states of Bð�Þ
s Bð�Þ

s [23,25,26].
Thesemay come fromdifferent approximations in solvingBS
equations or different forms of the effective Lagrangians in
the models. We admit that, in our calculations, both the

approximation of BS equations and estimation of model
parameters can potentially cause errors in numerical results.
However, the major goal of this work is to qualitatively

analyze whether two Dð�Þ
s or Bð�Þ

s mesons can form a
molecular state. Even if the numerical estimation is not
perfectly precise, our result can still provide a useful guidance
for the future studyof the double charmed hadronicmolecular
state. Eventually, further theoretical and experimental works
are needed for gaining a better understanding of the double
charmed/bottomed exotic states.
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APPENDIX: THE EFFECTIVE INTERACTIONS

The effective interactions can be found in [40–42],

LDDV ¼ gDDVðDb ∂
↔

βD
†
aÞðVβÞba; ðA1Þ

LDD�V ¼ igDD�Vε
αβμνð∂αVβ − ∂βVαÞba

ð∂νDbD
�μ†
a − ∂νD

�μ†
b DaÞ; ðA2Þ

LDD�P ¼ gDD�PDbð∂μMÞbaD�μ†
a þ gDD�PD

�μ
b ð∂μMÞbaD†

a;

ðA3Þ

LD�D�P ¼ gD�D�PðD�μ
b ∂

↔β
D�α†

a Þð∂νMÞbaενμαβ; ðA4Þ

LD�D�V ¼ igD�D�VðD�ν
b ∂

↔

μD
�†
aνÞðVÞμba

þ ig0D�D�VðD�μ
b D�ν†

a −D�μ†
b D�ν

a Þð∂μVν − ∂νVμÞba;
ðA5Þ

where a and b represent the index of the SU(3) flavor group
for three light quarks. In Ref. [40], M and V are 3 × 3
Hermitian and traceless matrices

0
BBBBB@

π0ffiffi
2

p þ ηffiffi
6

p πþ Kþ

π− − π0ffiffi
2

p þ ηffiffi
6

p K0

K− K̄0 −
ffiffi
2
3

q
η

1
CCCCCA

and

TABLE VI. The Λ and the binding energy ΔE (in the

parentheses) for the ground Bð�Þ
s Bð�Þ

s system in references [in
units of GeV (MeV)].

BsBsð0þÞ BsB�
sð1þÞ B�

sB�
sð0þÞ B�

sB�
sð2þÞ

[23] 1.90 (2.27) 1.82 (0.83) 1.90 (2.27) 1.82 (0.22)
[25] � � � � � � � � � � � �
[26] � � � 2.84 (1.5) � � � 2.1 (0.2)
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0
BB@

ρ0ffiffi
2

p þ ωffiffi
2

p ρþ K�þ

ρ− − ρ0ffiffi
2

p þ ωffiffi
2

p K�0

K�− K̄�0 ϕ

1
CCA;

respectively.

In the flavor SU(3) symmetry and heavy quark limit, the
above coupling constants are given by gDsDsV ¼ βgVffiffi

2
p ,

gDsD�
sV ¼ λgVffiffi

2
p , gD�

sD�
sP ¼ g

fπ
, gDsD�

sP ¼ gDD�P ¼
− 2g

fπ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MDMD�

p
, gD�

sD�
sV ¼ − βgVffiffi

2
p , g0D�

sD�
sV

¼ g0D�D�V ¼
−

ffiffiffi
2

p
λgVMD� with fπ ¼ 132 MeV [41], g ¼ 0.64 [42],

κ ¼ g, β ¼ 0.9, gV ¼ 5.9 [49], and λ ¼ 0.56 GeV−1 [50].
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