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We interpret the scalar B�
s0ð5725Þ as an S-wave B �K molecular bound state in the Bethe-Salpeter

approach. In the ladder and instantaneous approximation, with the kernel induced by � and ! exchanges,

we establish the Bethe-Salpeter equation for B�
s0ð5725Þ. We find that the bound state of B �K can exist. We

also calculate the isospin-violating decay width of the process B�
s0ð5725Þ ! Bs�

0 through exchanging K�

and B� mesons including the �� �0 mixing effect. We hope that the obtained decay width is instructive

for the forthcoming experiment.

DOI: 10.1103/PhysRevD.83.016003 PACS numbers: 11.10.St, 13.25.Hw, 14.40.Nd

I. INTRODUCTION

The hadron state D�
s0ð2317Þþ was reported by BABAR

[1] in the Dþ
s �

0 invariant mass distribution. Its narrow
decay width stimulates both experimental and theoretical
interests. In order to understand the structure of this new
state, various pictures for its structure are assumed such as
the traditional c�s state [2–7], the exotic meson state [8–10],
and the DK bound state [11–16]. By analyzing the experi-
mental data, it is suggested that the quantum numbers of
D�

s0ð2317Þþ are IðJPÞ ¼ 0ð0þÞ. In our previous work [16],

we analyzed the structure of D�
s0ð2317Þþ in the Bethe-

Salpeter (BS) approach and found that DK can indeed
form a bound state. We also calculated the isospin-
violating decay width of the process D�

s0ð2317Þþ !
Dþ

s �
0 including the �� �0 mixing effect. We found

that the decay width is in the range of the resolution of
the experimental detector.

Recently, two bottom-strange mesons
Bs1ð5830Þ(JP ¼ 1þ) [17] and Bs2ð5840Þ(JP ¼ 2þ)
[17,18] have been detected. However, the b-partner of
D�

s0ð2317Þ, B�
s0 has not been observed. Many physicists

have studied it theoretically using different models. In
Refs. [3,14], the mass spectrum and strong decay width
were predicted. Using the heavy chiral Lagrangian and the
unitarized coupled-channel, authors in Ref. [14] predicted
the mass of B�

s0, MB�
s0ð5725Þ ¼ 5725� 39 MeV. We adopt

the same notation, B�
s0ð5725Þ. In Refs. [14,19], the state

B�
s0ð5725Þ was considered as a B �K bound state. The au-

thors in Refs. [3,20–22] supposed that it can be a b�s state.
In Ref. [23], it was interpreted as a tetraquark state. The
quantum numbers of B�

s0ð5725Þ were suggested as IðJPÞ ¼
0ð0þÞ [3,14]. In this paper, we will analyze the state
B�
s0ð5725Þ in the BS approach which has been applied to

many theoretical studies including heavy mesons and
heavy baryons [24–29]. Because the mass of B�

s0ð5725Þ

lies below the B �K threshold, we assume that it is an S-wave
B �K bound state. Besides investigating whether the B �K
bound state exists or not, we also study the isospin-
violating decay B�

s0ð5725Þ ! Bs�
0. We find that B �K can

indeed form the bound state with reasonable binding en-
ergy and form factor cutoff.
In the remaining of this paper, we proceed as follows. In

Sec. II, we establish the BS equation for a bound state
containing two pseudoscalar mesons, then derive the BS
equation for the state B�

s0ð5725Þ and obtain the numerical

result of the BS equation. In Sec. III, we calculate the
decay width of B�

s0ð5725Þ ! Bs�
0 including the �� �0

mixing effect. In Sec. IV, we present a short summary.

II. BS EQUATION FOR B �K SYSTEM

A. The BS equation for a bound state containing two
pseudoscalar mesons

In this section we will review the general formalism of
the BS equation for the system composed of two pseudo-
scalar mesons. We start by defining the BS wave function
for the bound state of two pseudoscalar mesons jPi as

�Pðx1; x2Þ ¼ h0jT�1ðx1Þ�2ðx2ÞjPi ¼ e�iPX�PðxÞ; (1)

and its conjugate

�� Pðx1; x2Þ ¼ hPjT�y
1 ðx1Þ�y

2 ðx2Þj0i ¼ eiPX ��PðxÞ; (2)

where �1ðx1Þ and �2ðx2Þ are the field operators of the two
pseudoscalar mesons, respectively, P denotes the total
momentum of the bound state, x and X are the relative
coordinate and the center-of-mass coordinate which are,
respectively, defined as

x ¼ x1 � x2; X ¼ �1x1 þ �2x2; (3)

where �1 ¼ m1=ðm1 þm2Þ, �2 ¼ m2=ðm1 þm2Þ, with
m1 and m2 being the masses of the constituent particles.
We can obtain the equation for the BS wave function

with the help of the four-point Green function which is
defined as the following:
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Gðx1; x2; y1; y2Þ ¼ h0jT�1ðx1Þ�2ðx2Þð�1ðy1Þ�2ðy2ÞÞyj0i:
(4)

From Eq. (4), we can express the four-point Green function
in terms of the four-point truncated two-particle irreducible
kernel, �K,

Gðx1; x2; y1; y2Þ ¼ G0ðx1; x2; y1; y2Þ
þ

Z
d4u1d

4u2d
4v1d

4v2G0ðx1; x2; u1; v2Þ
� �Kðu1; u2;v2; v1ÞGðv1; v2; y2; y1Þ; (5)

where G0 is related to the forward scattering disconnected
four-point amplitude,

G0ðx1; x2; y1; y2Þ ¼ �1ðx1; y1Þ�2ðx2; y2Þ; (6)

with �iðxi; yiÞ being the complete propagator of the i-th
constituent particle,

�iðxi; yiÞ ¼ h0jT�iðxÞ�iðyÞyj0i

¼
Z d4k

ð2�Þ4 e
�ikðx�yÞ�iðk;miÞ: (7)

From Eqs. (1), (5), and (6) one can derive the following BS
equation for the bound state of two pseudoscalar particles:

Z
d4y1d

4y2G
�1
0 ðx1; x2; y1; y2Þ�Pðy1; y2Þ

¼
Z

d4v1d
4v2

�Kðx1; x2;v2; v1Þ�Pðv1; v2Þ: (8)

It is convenient to study a two-particle system with relative
momentum between the two constituent particles, pðp0Þ,
which is defined as

p ¼ �2p1 � �1p2; p0 ¼ �2p
0
1 � �1p

0
2; (9)

where p1ðp0
1Þ and p2ðp0

2Þ are momenta of the two constitu-
ent particles, respectively. The total momentum of the
bound state is P ¼ p1 þ p2ðP0 ¼ p0

1 þ p0
2). Therefore,

p1ðp0
1Þ and p2ðp0

2Þ can be expressed inversely as

p1 ¼ �1Pþ p; p2 ¼ �2P� p;

p0
1 ¼ �1Pþ p0; p0

2 ¼ �2P� p0:
(10)

Using Eq. (1), in momentum space, the BS wave function
is obtained as

�Pðp1; p2Þ ¼
Z

d4x1d
4x2e

ipx1þipx2�Pðx1; x2Þ
¼ ð2�Þ4�4ðp1 þ p2 � PÞ�PðpÞ: (11)

The four-point Green functions in momentum and
coordinate spaces are related by the following Fourier
transformation:

Gðx1; x2; y1; y2Þ ¼
Z d4p1d

4p2d
4p0

1d
4p0

2

ð2�Þ16
� e�ip1x1�ip2x2þip0

1y1þip0
2y2

�Gðp1; p2;p
0
1; p

0
2Þ: (12)

Similarly, for the irreducible kernel we have

�Kðx1; x2; y1; y2Þ ¼
Z d4p1d

4p0
1d

4p2d
4p0

2

ð2�Þ16
� e�ip1x1�ip2x2þip0

1
y1þip0

2
y2

� �Kðp1; p2;p
0
1; p

0
2Þ: (13)

Because of momentum conservation, we have

�Kðp1; p2;p
0
1; p

0
2Þ ¼ ð2�Þ4�4ðP� P0Þ �Kðp; p0Þ:

�Gðp1; p2;p
0
1; p

0
2Þ ¼ ð2�Þ4�4ðP� P0Þ �Gðp; p0Þ:

(14)

With Eq. (6) and (14), the homogeneous Eq. (8) in
momentum space becomes

��1
1 ðp1;m1Þ��1

2 ðp2;m2Þ�PðpÞ ¼
Z d4p0

ð2�Þ4
�Kðp;p0Þ�Pðp0Þ:

(15)

Because the irreducible kernel involves nonperturbative
strong interactions, the BS equation becomes very compli-
cated. To proceed we use the so-called instantaneous
approximation for the kernel. Since the energy exchanged
between the constituents in the B �K binding system is
small, it can be neglected, i.e. �Kðp; p0Þ ¼ �Kðp;p0Þ.
Furthermore, the propagators of the constituent particles
are set to have the forms of the free ones. Then, the BS
Eq. (15) becomes

�ðp2
1 �m2

1Þðp2
2 �m2

2Þ�PðpÞ ¼
Z d4p0

ð2�Þ4
�KPðp;p0Þ�Pðp0Þ:

(16)

Dividing by the two propagators on both sides of Eq. (16)
and performing the integration over p0 and p00, we have

E2 � ðE1 þ E2Þ2
ðE1 þ E2Þ=E1E2

~�PðpÞ ¼ i

2

Z d3p0

ð2�Þ3
�KPðp;p0Þ~�Pðp0Þ;

(17)

where Ei �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 þm2

i

q
, E ¼ P0, and the equal-time wave

function is defined as

~�PðpÞ ¼
Z dp0

2�
�Pðp0;pÞ: (18)

For convenience we define the following potential:

Vðp;p0Þ ¼ i

E1E2ðE1 þ E2Þ
�KPðp;p0Þ: (19)

Then, the BS Eq. (17) can be written as
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�
E2

ðE1 þ E2Þ2
� 1

�
~�PðpÞ ¼ 1

2

Z d3p0

ð2�Þ3 Vðp;p
0Þ~�Pðp0Þ:

(20)

From Eqs. (16), (19), and (20) we can express �PðpÞ in
terms of ~�PðpÞ,

�Pðp0;pÞ ¼ i

�

1

ðp2
1 �m2

1 þ i�Þðp2
2 �m2

2 þ i�Þ

� E2 � ðE1 þ E2Þ2
ðE1 þ E2Þ=E1E2

~�PðpÞ; (21)

where p2
1 �m2

1 ¼ ð�1Eþ p0Þ2 � E2
1, p

2
2 �m2

2 ¼ ð�2E�
p0Þ2 � E2

2.

B. Structure of B�
s0ð5725Þ

As stated in the Introduction, we assume that B�
s0ð5725Þ

is an S-wave B �K bound state. Based on this picture, we use
the field doublets ðB0; �B0Þ, ðBþ; B�Þ, ðKþ; K�Þ, and
ðK0; �K0Þ which have the following expansions:

B1 ¼
Z d3p

ð2�Þ3 ffiffiffiffiffiffiffiffiffiffi
2EB0

p ðaB0e�ipx þ ay�B0e
ipxÞ;

B2 ¼
Z d3p

ð2�Þ3 ffiffiffiffiffiffiffiffiffiffiffi
2EB�

p ðaBþe�ipx þ ayB�eipxÞ;

K1 ¼
Z d3p

ð2�Þ3 ffiffiffiffiffiffiffiffiffiffiffiffi
2EK�

p ðaKþe�ipx þ ayK�eipxÞ;

K2 ¼
Z d3p

ð2�Þ3 ffiffiffiffiffiffiffiffiffiffiffi
2EK0

p ðaK0e�ipx þ ay�K0e
ipxÞ:

(22)

For the B �K system, the isoscalar bound state can be written
as jPið0;0Þ ¼ 1ffiffi

2
p ðjBþK�i þ jB0 �K0iÞ, the subscript (0,0) re-

fers to the isospin and its third component ðI; I3Þ ¼ ð0; 0Þ.
After projecting the bound states jPiðI;I3Þ on the field

operators B1, B2, K1, and K2, we have

h0jTBiðx1ÞKjðx2ÞyjPiðI;I3Þ ¼ Cij
ðI;I3Þ�Pðx1; x2Þ; (23)

where Cij
ðI;I3Þði; j ¼ 1; 2Þ is the isospin coefficient. For

the isoscalar state only i ¼ j contributes and C11
ð0;0Þ ¼

C22
ð0;0Þ ¼ 1ffiffi

2
p .

In order to obtain the interaction kernel for the B �K
system, we use the following PPV-type Lagrangian as in
Refs. [30–34]:

L PPV ¼ � 1ffiffiffi
2

p iGV Trð½P; @�P�V�Þ; (24)

where P and V stand for the fields of pseudoscalar and
vector mesons, respectively, and they have the following
forms:

P ¼
1ffiffi
2

p �0 þ 1ffiffi
6

p � �þ Kþ

�� � 1ffiffi
2

p �0 þ 1ffiffi
6

p � K0

K� �K0 � 2ffiffi
6

p �

0
BB@

1
CCA; (25)

V ¼
1ffiffi
2

p �0 þ 1ffiffi
2

p ! �þ K�þ

�� � 1ffiffi
2

p �0 þ 1ffiffi
2

p ! K�0

K�� �K�0 �

0
B@

1
CA: (26)

From expressions (24)–(26), we obtain the interactions
corresponding to K meson

L KK� ¼ igKK�½ �K ~	ð@�KÞ � ð@� �KÞ ~	K� � ~��; (27)

L KK! ¼ igKK!½ �Kð@�KÞ � ð@� �KÞK�!�; (28)

L KK� ¼ igKK�½ �Kð@�KÞ � ð@� �KÞK���; (29)

where

K ¼ Kþ
K0

� �
; �K ¼ ðK� �K0 Þ; (30)

with ~	 are usual Pauli matrices and ~�� represent the
field operators of � mesons. In SUð3Þf limit, coupling

constants gKK�, gKK!, and gKK� are related to g���, which

is determined by the KSRF relation [35]: g��� ’
M�=ð

ffiffiffi
2

p
f�Þ ’ 6, where M� and f� denote the mass of �

meson and the pion weak decay constant, respectively.
When considering the interactions related to B meson,

the authors in Ref. [36] assume that the coupling of a vector
meson with two pseudoscalar mesons originates from the
coupling of quarks inside them. The vector mesons � and
! couple to u and d quarks inside the pseudoscalar
mesons, while � only couples to s quark. B meson has
the same u and d quark content asK meson, and it does not
contain s quark. Therefore, Bmeson only couples to � and
! mesons. We define the coupling constants as follows:

gBB�

mB
¼ gKK�

mK

¼ GV;
gBB!
mB

¼ gKK!

mK

¼ GV: (31)

Then the interactions about B meson take the following
form:

L BB� ¼ igBB�½B~	ð@� �BÞ � ð@�BÞ ~	 �B� � ~��; (32)

L BB! ¼ igBB!½Bð@� �BÞ � ð@�BÞ �B�!�; (33)

where

B ¼ Bþ
B0

� �
; �B ¼ ðB� �B0 Þ: (34)

The kernel of the B �K system induced by � and !
exchanges is depicted in Fig. 1. With the interactions listed
in Eqs. (27), (28), (32), and (33), we have
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�Kðp1; p2;p
0
1; p

0
2Þ ¼ cIG

2
Vðp1 þ p0

1Þ�ðp2 þ p0
2Þ


� ��
ðp1 � p0
1;MVÞð2�Þ4�4ðP� P0Þ;

(35)

where cI is the isospin coefficient, cI ¼ 3 for � and cI ¼ 1
for !, ��
 denotes the massive vector meson propagator

��
ðk;MVÞ ¼ �i

k2 �M2
V

�
g�
 � k�k


M2
V

�
; (36)

where k ¼ p1 � p0
1, MV is the mass of the exchanged

meson. With Eq. (19) one can write down the potential in
the ladder approximation

VðIÞðp;p0;MVÞ
¼cIUðp;p0;MVÞ

�cI
�G2

V

E1E2ðE1þE2Þ
ðpþp0Þ2þ4�1�2E

2þðp�p0Þ2=M2
V

ðp�p0Þ2þM2
V

:

(37)

In order to reflect the effects of the nonpoint interaction of
the hadrons, we introduce the following form factor at each
vertex as in Ref. [30]:

FðkÞ ¼ 2�2 �M2
V

2�2 þ k2
; k ¼ p� p0; (38)

where � is a phenomenological cutoff which will be
adjusted to give the solution of the BS equation. With the
potential defined in Eq. (37), the BS Eq. (20) can be written
in the form

�
E2

ðE1 þ E2Þ2
� 1

�
~�PðpÞ

¼ 1

2

Z d3p0

ð2�Þ3 ½3Uðp;p0;M�Þ þUðp;p0;M!Þ�
� Fðp� p0Þ2 ~�Pðp0Þ: (39)

Since the BS wave function ~�PðpÞ is a Lorentz scalar, it
only depends on the norm of the three-momentum. After
performing the azimuthal integration, the BS equation
becomes a one-dimensional integral equation

~� PðjpjÞ ¼
Z

djp0j½3Uðjpj; jp0j;M�Þ
þUðjpj; jp0j;M!Þ�~�Pðjp0jÞ; (40)

where Uðjpj; jp0j;MVÞ is the one-dimensional potential

Uðjpj; jp0j;MVÞ ¼ �G2
V

4ð2�Þ2
E1 þ E2

E1E2½E2 � ðE1 þ E2Þ2�
� jp0j

jpj ðU1 þU2 þU3Þ; (41)

with

U1 ¼ �4jpjjp0jð2�2 �M2
VÞ

2�2 þ 2ð2�1�2E
2 þ jpj2 þ jp0j2Þ þ ðjpj2 � jp0j2Þ2=M2

V

½2�2 þ ðjpj þ jp0jÞ2�½2�2 þ ðjpj � jp0jÞ2� ;

U2 ¼ ½M2
V þ 2ð2�1�2E

2 þ jpj2 þ jp0j2Þ þ ðjpj2 � jp0j2Þ2=M2
V� ln

M2
V þ ðjpj þ jp0jÞ2

M2
V þ ðjpj � jp0jÞ2 ;

U3 ¼ �½M2
V þ 2ð2�1�2E

2 þ jpj2 þ jp0j2Þ þ ðjpj2 � jp0j2Þ2=M2
V� ln

2�2 þ ðjpj þ jp0jÞ2
2�2 þ ðjpj � jp0jÞ2 :

(42)

C. Normalization and solution of the BS
equation for B�

s0ð5725Þ
In order to see whether the B �K bound state exists or not,

we need to solve the homogeneous BS equation. When
we calculate physical quantity such as the decay width, we
need to normalize the BS wave function. Following
Refs. [28,37], one can write down the normalization
condition as

i
Z d4pd4p0

ð2�Þ8 ��ðpÞ @

@P0
½Iðp;p0Þ þ �Kðp;p0Þ��ðp0Þ ¼ 1; (43)

where P0 ¼ E, Iðp;p0Þ ¼ �ð2�Þ4�4ðp�p0Þ�
��1

1 ðp1;m1Þ��1
2 ðp2;m2Þ, �Kðp; p0Þ is the two-particle

irreducible kernel. After we carry out p0 and azimuthal
integration, Eq. (43) takes the form

� 1

2�4

Z
djpjjpj2 ~�PðjpjÞ2R

�
Z �1�2E

8�6
djpjdjp0jjpjjp0j~�PðjpjÞ~�Pðjp0jÞT ¼ 1;

(44)

where

FIG. 1. One-particle exchange diagrams induced by � and !
mesons.
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R ¼ �E½�2E2ðE2
1 � E2

2ÞðE1�1 � E2�2Þ
þ E4ðE1�1 þ E2�2Þ þ ðE2

1 � E2
2ÞðE3

1�1 þ 3E1E
2
2�1

� 3E2
1E2�2 � E3

2�2Þ�f2E1E2½E4 þ ðE2
1 � E2

2Þ2
� 2E2ðE2

1 þ E2
2Þ�2g�1; (45)

and T ¼ 3TðM�Þ þ TðM!Þ, which has the following ex-

plicit expression:

TðMVÞ ¼G2
V

�
2�2 �M2

V

2�2 þðjpj þ jpj0Þ2 �
2�2 �M2

V

2�2 þðjpj� jpj0Þ2

þ ln
2�2 þðjpj� jpj0Þ2
2�2 þðjpjþ jpj0Þ2 � ln

M2
V þðjpj� jpj0Þ2

M2
V þðjpjþ jpj0Þ2

�
:

(46)

The BS wave function satisfies a homogeneous equation.
For the B �K system, it can be solved numerically by dis-
cretizing the integration region ð0;1Þ into n pieces (n is
large enough). After using the n-point Gauss quadrature
rule to evaluate the integral, Eq. (40) becomes an eigen-
value equation. The numerical results for ~�PðjpjÞ can be
obtained by solving the eigenvalue equation. It can be seen
from Eqs. (40)–(46) that there is only one parameter, the
cutoff �, which contains the information about the non-
point interaction due to the structure of hadrons. The value
of � is a model dependent parameter. In Ref. [30] it is
taken to be � ¼ 4:5 GeV for the KK� interaction, � ¼
2:103 GeV for the DK molecule bound state in the effec-
tive potential model [36], and in Ref. [28] � varies from
1.17 GeV to 4.5 GeV to form the K �K bound state, we use
�min ¼ 1:858 GeV and �max ¼ 4:151 GeV [16] to form

the DK bound state. The values of � are about 1.27 GeV
[25,26,38] in the quark-diquark picture for baryons. In the
rest frame of the bound state P ¼ ðE; 0Þ, the binding
energy of the B �K system is defined as Eb ¼ E� ðMB þ
MKÞ. We vary Eb from�15 MeV to�85 MeV, the cutoff
� from 1.0 GeV to 4.0 GeV. For a specific Eb, we find
the solution of the eigenvalue equation corresponding
to the BS Eq. (40) with the eigenvalue 1. There are
several values of � corresponding to one value of Eb.
We list the values of � and the corresponding Eb in
Table I. The relation between �min and Eb is depicted in
Fig. 2. In our case, the binding energy Eb ¼ MB�

s0
ð5725Þ �

ðMB þMKÞ ’ �50 MeV, where we have used the
mass B�

s0ð5725Þ as 5725 MeV, and the averaged

masses of B and K obtained from MB� ¼ 5279:15 MeV,
MB0 ¼ 5279:53 MeV, MK� ¼ 493:68 MeV, and MK0 ¼
497:61 MeV [39]. When Eb ¼ �50 MeV, we find that
there are three values of �, 1.579 GeV, 2.481 GeV, and
3.602 GeV, from which we can get solutions of the BS
equation. The numerical result of the BS wave function
~�PðjpjÞ is plotted in Fig. 3. It can be seen that the numerical
solution of the BS wave function for different values
of � are very close to each other.

III. THE DECAY WIDTH FOR B�
s0ð5725Þ ! Bs�

0

In this section, we will calculate the decay width of the
decay B�

s0ð5725Þ ! Bs�
0 through exchanging K� and B�

mesons. Since this decay is an isospin-violating process,

TABLE I. Values of Eb and corresponding �.

Eb(MeV) �15 �20 �25 �30 �35 �40 �45 �50 �55 �60 �65 �70 �75 �80 �85

�min(GeV) 1.490 1.511 1.527 1.541 1.552 1.563 1.571 1.579 1.587 1.593 1.600 1.606 1.611 1.617 1.621

�(GeV) 2.432 2.443 2.452 2.460 2.465 2.471 2.476 2.481 2.486 2.490 2.494 2.497 2.500 2.503 2.506

�(GeV) 3.576 3.583 3.588 3.591 3.594 3.596 3.599 3.602 3.605 3.607 3.610 3.613 3.616 3.619 3.622

FIG. 3. Numerical result for the BS wave function ~�PðjpjÞ for
the bound state of B �K. The solid, dashed, and dotted lines
correspond to � ¼ 1:579 GeV, 2.481 GeV, and 3.602 GeV,
respectively.FIG. 2. Relation of the cutoff �min and the binding energy Eb.
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we also include the �� �0 mixing effect. In Ref. [16],
we calculated the decay width from two parts, one is
originated directly from the transition D�

s0ð2317Þþ !
Dþ

s �
0, while the other is originated from the �� �0

mixing. The Lagrangian which gives mass to pseudoscalar
octet is [40,41]

L mass ¼ �f2�
4

Trð�mq�þ �ymq�
yÞ; (47)

where � ¼ m2
�

muþmd
is related to the condensate parameter,

� ¼ expðiM=f�Þ with M representing the pseudoscalar
octet matrix which has the form in Eq. (25); mq refers to

the light quark current mass matrix

mq ¼
mu 0 0
0 md 0
0 0 ms

0
@

1
A: (48)

One can obtain the �� �0 mixing from Eq. (47). On the
other hand, the mixing effect can also be introduced by
modifying the � and �0 fields to a new form [41,42]

�0 ! �0 cos�� � sin�; � ! �0 sin�þ � cos�;

(49)

where � is the mixing angle

tan2� ¼
ffiffiffi
3

p
2

md �mu

ms � m̂
; (50)

with m̂ ¼ ðmd þmuÞ=2.
As in Ref. [19], one can include the �� �0 mixing by

applying the pure �-coupling form with the modified
flavor structure in Eq. (49). In other words, we replace

�0	3 by �0ð	3 cos�þ I sin�=
ffiffiffi
3

p Þ for the coupling to BB�,
and by �0ð	3 cos�þ I sin�

ffiffiffi
3

p Þ for the coupling to KK�.
Then, the interactions among a vector meson and two
pseudoscalar mesons are given by the following:

LB�B�ðxÞ ¼ gB�B�

2
ffiffiffi
2

p B�y
� ðxÞ�̂Bi@

$�
BðxÞ þ H:c:;

LK�K�ðxÞ ¼ gK�K�ffiffiffi
2

p K�y
� ðxÞ�̂Ki@

$�
KðxÞ þ H:c:;

LB�BsKðxÞ ¼ gB�BsKB
y
�ðxÞKðxÞi@

$�
B0
sðxÞ þ H:c:;

LK�BsBðxÞ ¼ gK�BsBK
y
�ðxÞBðxÞi@

$�
�B0
sðxÞ þ H:c:;

(51)

where �̂B ¼ �1	1 þ �2	2 þ �3ð	3 cos�þ I sin�=
ffiffiffi
3

p Þ,
�̂K ¼ �1	1 þ �2	2 þ �3ð	3 cos�þ I sin�

ffiffiffi
3

p Þ, �3 refers
to �0, I is the identity matrix, and the doublets B� and
K� have the following form:

B� ¼ B�þ
B�0

� �
; K� ¼ K�þ

K�0
� �

: (52)

The coupling constant gK�K� is 4.61 [39], and the
coupling constants gD�D� ¼ 17:9 [39]. gD�DsKð¼ 2:02Þ
has been estimated using the light-cone QCD sum rules
in Ref. [43], and gDDsK

� ð¼ 3:787Þ is related to the strong

coupling of heavy mesons with � meson in terms of
chiral and heavy quark symmetry [44]. With the help of
heavy hadron chiral perturbation theory [41,45], the
coupling constants corresponding to B meson are related
to those of D meson, gB�B� ¼ gD�D�mB=mD, gB�BsK ¼
gD�DsKmB=mD, gK�BsB ¼ gK�DsDmB=mD.

The decay B�
s0ð5725Þ ! Bs�

0 induced by B� exchange
is shown in Fig. 4; we can get the amplitude according to
interactions in Eq. (51)

MB� ¼ gB�B�gB�BsK

ffiffiffiffi
E

p
2

Z d4p

ð2�Þ4 C
ij
ð0;0ÞFðjkjÞ2

� ½ð2�1Pþ pþ qÞ�ð2�2P� p� qÞ
�
� ð	3 cos�þ I sin�=

ffiffiffi
3

p Þji��
ðk;MB� Þjk¼p�qð2�Þ4
� �4ðp1 þ p2 � PÞ�PðpÞ: (53)

After azimuthal integration, the integration part in Eq. (53)
becomes

Z d4p

ð2�Þ4 ½ð2�1Pþ pþ qÞ�ð2�2P� p� qÞ
�
� ��
ðkÞjk¼p�q�PðpÞ

¼ i

ð2�Þ3
Z þ1

�1
dp0

Z þ1

0
djpjjpj2f1ðp0Þ�Pðp0; jpjÞ;

(54)

where q � �2q1 � �1q2, q1 and q2 are the four-momenta
of �0 and B0

s , respectively; f1ðp0Þ takes the form

FIG. 5. Feynman diagrams for the strong decay B�
s0ð5725Þ !

Bs�
0 induced by K� exchange.

FIG. 4. Feynman diagrams for the strong decay B�
s0ð5725Þ !

Bs�
0 induced by B� exchange.
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f1ðp0Þ ¼ ðM2
B� � 2�2Þ2

ðjpj2 � 2p0q0 þ jqj2 þ u4 þ 2�2Þ2

�
�
2ðjpj2 � 2p0q0 þ jqj2 þ u4 þ 2�2Þðjpj2 � 2p0q0 þ jqj2 � u1 þ u2u3=M

2
B� þ 2�2Þ

ðjpj2 � 2jpjjqj þ jqj2 þ 2�2Þðjpj2 þ 2jpjjqj þ jqj2 þ 2�2Þ

þ
�
u1 þ u4 � u2u3=M

2
B�

2jpjjqj
�
ln
2p0q0 þ 2jpjjqj � u4
2p0q0 � 2jpjjqj � u4

jpj2 � 2jpjjqj þ jqj2 þ 2�2

jpj2 þ 2jpjjqj þ jqj2 þ 2�2

�
; (55)

where

u1 ¼ 2p � Pþ 2q � P� p2 � q2 � 4�1p � P� 4�1q � P� q2 þ 4P2ð1� �1Þ;
u2 ¼ 2p � P� 2q � P� p2 þ q2 � 2�1p � Pþ 2�1q � P;
u3 ¼ p2 � q2 þ 2�1p � P� 2�1q � P;
u4 ¼ p2 þ q2 �M2

B� :

(56)

Similarly, the diagrams for B�
s0ð5725Þ ! Bs�

0 through
exchanging K� meson are shown in Fig. 5, and the ampli-
tude can be written as

MK� ¼ gK�K�gK�BsK

ffiffiffiffi
E

p Z d4p

ð2�Þ4 C
ij
ð0;0ÞFðjkjÞ2

� ½ð2�1Pþ pþ qÞ�ð2�2P� p� qÞ
�
� ð	3 cos�þ I sin�

ffiffiffi
3

p Þji
� ��
ðk;MK� Þjk¼�2P��1P�p�qð2�Þ4
� �4ðp1 þ p2 � PÞ�PðpÞ: (57)

Taking the same procedure as Eq. (53), we obtain

Z d4p

ð2�Þ4 ½ð2�1Pþ pþ qÞ�ð2�2P� p� qÞ
�
� ��
ðkÞjk¼�2P��1P�p�q�PðpÞ

¼ i

ð2�Þ3
Z þ1

�1
dp0

Z þ1

0
djpjjpj2f2ðp0Þ�Pðp0; jpjÞ;

(58)

where f2ðp0Þ has the following expression:

f2ðp0Þ ¼ ðM2
K� � 2�2Þ2

ðjpj2 � 2p0q0 þ jqj2 þ u4 þ 2�2Þ2

�
�
2ðjpj2 � 2p0q0 þ jqj2 þ u4 þ 2�2Þðjpj2 � 2p0q0 þ jqj2 � u1 þ u2u3=M

2
K� þ 2�2Þ

ðjpj2 � 2jpjjqj þ jqj2 þ 2�2Þðjpj2 þ 2jpjjqj þ jqj2 þ 2�2Þ

þ
�
u1 þ u4 � u2u3=M

2
K�

2jpjjqj
�
ln
2p0q0 þ 2jpjjqj � u4
2p0q0 � 2jpjjqj � u4

jpj2 � 2jpjjqj þ jqj2 þ 2�2

jpj2 þ 2jpjjqj þ jqj2 þ 2�2

�
; (59)

with

u1 ¼ p2 þ q2 � P2;

u2 ¼ p2 � q2 � 2�1p � P� 2�1q � P� ð2�1 � 1ÞP2 þ 2p � P;
u3 ¼ p2 � q2 þ 2�1p � P� 2�1q � Pþ ð2�1 � 1ÞP2 þ 2q � P;
u4 ¼ p2 þ q2 �M2

K� þ ð2�1 � 1Þ2P2 � 4�1p � Pþ 2p � Pþ 4�1q � P� 2q � P:

(60)

In the isospin limit ðmu ¼ mdÞ, the mixing angle � van-
ishes; the masses of B0 and Bþ, B�0 and B�þ, K0 and Kþ,
K�0 and K�þ are equal to each other, respectively. The
contribution from B� exchange in the left panel of Fig. 4
cancels with that in the right one. Similar cancellation also
occurs in Fig. 5. In the calculation, we use the physical
mass values of BðB�Þ and KðK�Þ.

In the numerical calculation, we use the following input
parameters as in Ref. [39]: MB� ¼ 5325:0 MeV, MK�0 ¼
896:00 MeV, MK�� ¼ 891:66 MeV, M�0 ¼ 134:98 MeV,
MB0

s
¼ 5366:3 MeV. After applying the numerical solu-

tion of the BS equation for B�
s0ð5725Þ to the strong decay

B�
s0ð5725Þ ! B0

s�
0, we obtain the total decay width for

different values of �
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� ¼ 1:579 GeV; � ¼ 39:64 KeV;

� ¼ 2:481 GeV; � ¼ 92:20 KeV;

� ¼ 3:602 GeV; � ¼ 112:34 KeV:

(61)

When Eb ¼ �15 MeV, the decay width for different val-
ues of � are as following:

� ¼ 1:490 GeV; � ¼ 2:98 KeV;

� ¼ 2:432 GeV; � ¼ 5:89 KeV;

� ¼ 3:576 GeV; � ¼ 7:16 KeV:

(62)

When Eb ¼ �85 MeV, corresponding to different val-
ues of �, the decay width is

� ¼ 1:621 GeV; � ¼ 237:6 KeV;

� ¼ 2:506 GeV; � ¼ 513:4 KeV;

� ¼ 3:622 GeV; � ¼ 662:2 KeV:

(63)

We note that when Eb � �50 MeV, the bound state is not
B�
s0ð5725Þ.
Because of the smaller binding energy the spatial extent

of hadron molecules, which are characterized by their rms
radius, is expected to be much larger than that of normal
hadrons which are composed of compact quarks and anti-
quarks. With the numerical results for the BS wave func-
tions in coordinate space which are obtained by Fourier
transformation of the wave functions in momentum space,
we calculate the rms radius for different values of Eb and

�. When Eb ¼ �50 MeV,
ffiffiffiffiffiffiffiffiffiffiffiffiffi
<r2>

p
is 5.17 fm, 5.45 fm,

and 5.55 fm corresponding to� ¼ 1:579 GeV, 2.481 GeV,
and 3.602 GeV, respectively. When Eb ¼ �15 MeV,

ffiffiffiffiffiffiffiffiffiffiffiffiffi
<r2>

p
is 7.53 fm, 7.60 fm, and 7.63 fm, while when Eb ¼

�85 MeV,
ffiffiffiffiffiffiffiffiffiffiffiffiffi
<r2>

p
is 4.17 fm, 4.21 fm, and 4.23 fm for

corresponding values of �.
The strong decay width of B�

s0ð5725Þ ! Bs�
0 has also

been calculated by several groups. In Table II, we list their
results for comparison. In Ref. [3], the authors use the
heavy hadron chiral perturbation theory. The result in
Ref. [14] is based on the heavy chiral Lagrangian and the
unitarized coupled-channel method. In Ref. [19], the ef-
fective Lagrangian approach is employed, and the result in
Ref. [46] is from light-cone QCD sum rules.

IV. SUMMARY

The scalar charm-strange state D�
s0ð2317Þ has been

studied extensively in many papers. It is predicted that
the b-partner ofD�

s0ð2317Þ, B�
s0ð5725Þ, may exist. The state

B�
s0ð5725Þ has been studied theoretically, and the suggested

quantum numbers of B�
s0ð5725Þ are IðJPÞ ¼ 0ð0þÞ.

Because the mass of B�
s0ð5725Þ is below the threshold of

B �K, we assume that B�
s0ð5725Þ is an S-wave B �K molecular

bound state, just like the state D�
s0ð2317Þþ in which the

mass is below the DK threshold. Based on this picture, we
use the BS equation to analyze this possible structure of
B�
s0ð5725Þ. We find that B �K can form a bound state.

In addition, we also calculate the decay width of
B�
s0ð5725Þ ! Bs�

0 including the �� �0 mixing effect.

We predict that the decay width is in the range 39.64–
112.34 KeV. We expect forthcoming experimental results
to test our model for the B �Kmolecular structure of the state
B�
s0ð5725Þ.
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