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We investigate the possiblemolecules composed of two heavyflavor baryons such as ‘‘AQBQ’’ (Q ¼ b, c)

within the one-pion-exchange model (OPE). Our results indicate that the long-range � exchange force is

strong enough to form molecules such as ½�Q�
0
Q�I¼1=2

S¼1 (Q ¼ b, c), ½�Q�Q�I¼1
S¼1 (Q ¼ b, c), ½�b�

0
b�I¼3=2

S¼1 ,

and ½�b�
0
b�I¼0

S¼1 where the S-Dmixing plays an important role. In contrast, the� exchange does not form the

spin-singletAQBQ bound states. If we consider the heavier scalar and vector meson exchanges as well as the

pion exchange, some loosely bound spin-singlet S-wave states appear while results of the spin-triplet AQBQ

system do not change significantly, which implies the pion exchange plays an dominant role in forming the

spin-triplet molecules. Moreover, we perform an extensive coupled channel analysis of the �Q�Q system

within the OPE and one-boson-exchange framework and find that there exist loosely bound states of�Q�Q

(Q ¼ b, c) with quantumnumbers IðJPÞ ¼ 0ð0þÞ, 0ð0�Þ, and 0ð1�Þ. The binding solutions of�Q�Q system

mainly come from the coupled-channel effect in the flavor space. Besides the OPE force, the medium- and

short-range attractive force also plays a significant role in the formation of the loosely bound �c�c and

�b�b states. Once produced, theywill bevery stable because such a systemdecays viaweak interactionwith

a very long lifetime around 10�13–10�12 s.

DOI: 10.1103/PhysRevD.86.014020 PACS numbers: 12.39.Pn, 14.20.�c, 12.40.Yx

I. INTRODUCTION

In the past few years, many exotic charmonium-like
states have been reported by the Belle, BABAR, CDF, and
D0 Collaborations, such as Xð3872Þ [1], Xð4160Þ [2],
Yð4260Þ [3], and Zþð4430Þ [4]. Recently, the Belle
Collaboration observed two charged bottomonium-like reso-
nances Zbð10 610Þ and Zbð10 650Þ in the hidden-bottom
decay channels ���ðnSÞ (n ¼ 1, 2, 3) and ��hbðmPÞ
(m ¼ 1, 2) of �ð5SÞ [5]. Since many of these states do not
fit into the conventional q �q picture in the quark model easily,
how to interpret these ‘‘exotic’’ states becomes a challenging
problem. The prominent feature of these states is that they are
near the threshold of two charmed or bottomed mesons. For
example, X(3872) lies close to the threshold ofD0 �D�0 while
Zbð10610Þ and Zbð10 650Þ are near the threshold ofB �B� and
B� �B�, respectively. Inspired by this striking feature of these
exotic states, many physicists attempted to interpret them as
hadronic molecules composed of heavy mesons.

A hadronic molecular state is a loosely bound state of
hadrons. Voloshin and Okun began to investigate the
existence of the bound states composed of charmed meson
and antimeson [6]. De Rujula et al. proposed c ð4040Þ
might be a D� �D� molecular state [7]. Törnqvist explored
the possible deuteron-like meson-antimeson bound states
with the pion exchange potential [8,9]. Liu et al. investigated

the possible molecular states composed of heavy mesons
within the framework of the one-boson-exchange model
(OBE) [10]. Ding et al. also gave a dynamic study of
meson-meson molecular states with the one-boson-exchange
model at the quark level [11]. Sun et al. interpreted the
newly observed Zbð10610Þ and Zbð10 650Þ asB �B� andB� �B�
molecular states, respectively [12].
Actually, the idea of the loosely bound molecular states is

not new in nuclear physics. It is well known that the deuteron
is a very loosely bound state composed of a proton and
neutron. The interaction between the proton and neutron
comes from the color-singlet meson exchange. Besides the
long-range attraction from the pion exchange, the S-D mix-
ing, the medium-range attraction from the correlated two-
pion exchange (or in the formof the sigmameson exchange),
and the short-range interaction in terms of the vector meson
exchange combine to form the loosely bound deuteron.
It is quite natural to extend the same formalism to the

heavy baryon sector. Since the heavy baryon contains a
charm or bottom quark, its large mass reduces the kinetic
energy and helps the formation of the bound states. Fröemel
et al. investigated the bound states composed of heavy
hyperon and nucleon by rescaling the nucleon-nucleon
potential in [13]. Juliá-Diaz et al. explored the bound states
composed of double-charmed hyperons [14]. In our previous

work [15], we performed a study of the systems �c�cð ��cÞ,
�c�cð ��cÞ, �c�cð ��cÞ, �0

c�
0
cð ��0

cÞ, and�c�cð ��cÞ.
In the present work we shall study the systems with two

different heavyflavor baryons. For simplicity,we denote the
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systemswith two same baryons as ‘‘AQAQ’’ and the systems

with two different baryons as ‘‘AQBQ.’’ The difference

between the two systems is that the ‘‘AQBQ’’ system con-

tains the contributions coming from the K�, K0, �K0, K��,
K�0, and �K�0 exchange while the AQAQ system does not.

Among the possible loosely bound states composed of
a pair of heavy baryons, the �Q�Q (Q ¼ b, c) system is

particularly interesting since it is the heavy analogue of the
well-known H dibaryon. Since it was proposed by Jaffe in
Ref. [16], there have been a lot of theoretical and experi-
mental efforts. Recent investigations include the Lattice
QCD calculation [17], calculations using the chiral effec-
tive field theory [18], and the quarkmodel [19]. In thiswork,
we shall perform an extensive coupled channel analysis of
the�Q�Q (Q ¼ b, c) system and investigate the role of the

one-pion-exchange (OPE) and sigma/omega/rhomeson ex-
change in the formation of the possible loosely bound state.

This work is organized as follows. After the introduc-
tion, we present the formalism in Sec. II which contains the
Lagrangians, the coupling constants, and the effective
interaction potentials. The formalism for the coupled chan-
nel analysis of the �Q�Q system is given in Sec. III. In

Secs. IVand V, we show the numerical results for ‘‘AQBQ’’

and�Q�Q systems, respectively. The last Sec. VI is a brief

summary. Some useful formulas and functions are given in
the first section of the Appendix. As a by-product, we also
collect the numerical results for the loosely bound states
composed of a pair of heavy baryon and antibaryon in the
third section of the Appendix.

II. FORMALISM

A. The Lagrangian

The heavy flavor baryon contains a charm or bottom quark
and a diquark (two light quarks). In the heavy quark limit
(mQ ! 1), the charm or bottom quark can be viewed as a

static color source. The SU(3) flavor symmetry of the baryon
is determined by the diquark. The heavy flavor baryons can
be classified in terms of the symmetry of the diquark. The
symmetric one belongs to the 6-representation while the
antisymmetric one belongs to the �3-representation. On
the other hand, the spin of the diquark is either 0 or 1 which
is antisymmetric or symmetric under the exchange of its two
light quark spins. The baryon is a fermion system. Its total
wave function should be antisymmetric under the exchange
of its two light quarks. Therefore, the spin and the flavor of
the diquark are correlated with each other. Taking the

color wave function into account, the diquark in the
6-representation should be spin-triplet while the one in
the �3-representation should be spin-singlet. The spin of the
baryon in the 6-representation is either 12 or

3
2while the spin of

the baryon in the �3-representation is only 1
2 .

In the following, we follow the notations in Ref. [20] and
list the heavy flavor baryon matrices and the exchanged
meson matrices. The heavy flavor baryons are

B6 ¼
�þ1

Q
1ffiffi
2

p �0
Q

1ffiffi
2

p �0þð1=2Þ
Q

1ffiffi
2

p �0
Q ��1

Q
1ffiffi
2

p �0�ð1=2Þ
Q

1ffiffi
2

p �0þð1=2Þ
Q

1ffiffi
2

p �0�ð1=2Þ
Q �Q

0
BBBBB@

1
CCCCCA;

B�
6 ¼

��þ1
Q

1ffiffi
2

p ��0
Q

1ffiffi
2

p ��0þð1=2Þ
Q

1ffiffi
2

p ��0
Q ���1

Q
1ffiffi
2

p ��0�ð1=2Þ
Q

1ffiffi
2

p ��0þð1=2Þ
Q

1ffiffi
2

p ��0�ð1=2Þ
Q ��

Q

0
BBBBB@

1
CCCCCA;

B�3 ¼
0 �Q �þð1=2Þ

Q

��Q 0 ��ð1=2Þ
Q

��þð1=2Þ
Q ���ð1=2Þ

Q 0

0
BBBB@

1
CCCCA:

(1)

The spin 3
2 baryon is marked with �. The superscript is the

third component of its isospin. Q ¼ b or c denotes the
corresponding heavy quark. The exchanged bosons are

M ¼

�0ffiffi
2

p þ �ffiffi
6

p �þ Kþ

�� � �0ffiffi
2

p þ �ffiffi
6

p K0

K� �K0 � 2ffiffi
6

p �

0
BBBB@

1
CCCCA;

V� ¼

�0ffiffi
2

p þ !ffiffi
2

p �þ K�þ

�� � �0ffiffi
2

p þ !ffiffi
2

p K�0

K�� �K�0 �

0
BBBB@

1
CCCCA

�

:

(2)

The exchanged bosons include the pseudoscalar and vector
mesons given in Eq. (2) and the scalar meson �. The
Lagrangians built under the SU(3)-flavor symmetry read as

L ¼ Lphh þLvhh þL�hh;

where

Lphh ¼ gpB6B6
Tr½ �B6i�5MB6� þ gpB�3B�3

Tr½ �B�3i�5MB�3�
þ fgpB6B�3

Tr½ �B6i�5MB�3� þ H:c:g; (3)

Lvhh ¼ gvB6B6
Tr½ �B6��V�B6� þ

fvB6B6

2m6

Tr½ �B6���@
�V �B6� þ gvB�3B�3

Tr½ �B�3��V�B�3� þ
fvB�3B�3

2m�3

Tr½ �B�3���@
�V �B�3�

þ
�
gvB6B�3

Tr½ �B6��V�B�3� þ
fvB6B�3

2
ffiffiffiffiffiffiffiffiffiffiffiffi
m6m�3

p Tr½ �B6���@
�V �B�3� þ H:c:

�
; (4)

L �hh ¼ g�B6B6
Tr½ �B6�B6� þ g�B�3B�3

Tr½ �B�3�B�3�: (5)
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M and V� are the exchanged pseudoscalar and vector
meson matrices, respectively, which are given in Eq. (2).
B6 and B�3 are the heavy baryon matrices shown in Eq. (1).
m6 and m�3 are the masses of the heavy baryons belonging
to the 6-representation and �3-representation, respectively.
‘‘gpB6B6

, gvB6B6
; . . .’’ are the coupling constants.

B. Coupling constants

We derive the coupling constants in Eqs. (3)–(5)
from those between the nucleon and the light meson

within the quark model. For the vector meson exchange,
we adopt the Lagrangian without the anomalous mag-
netic term at the quark level as in Ref. [21]. One can refer
to Ref. [15] for the specific expressions of the couplings
at the quark level in terms of those between the nucleon
and the exchanged mesons. We list the coupling con-
stants we need below and collect their numerical results
in Table I.

pseudoscalar exchange; gpB6B6
¼ 4

ffiffiffi
2

p
5

g�NN

mi þmf

2mN

; gpB6B�3
¼ � 2

ffiffiffi
3

p
5

g�NN

mi þmf

2mN

; gpB�3B�3
¼ 0: (6)

scalar exchange; g�B6B6
¼ 2

3
g�NN; g�B�3B�3

¼ 1

3
g�NN: (7)

vector exchange; gvB6B6
¼ 2

ffiffiffi
2

p
g�NN; fvB6B6

¼ 4
ffiffiffi
2

p
5

ðg�NN þ f�NNÞ
ffiffiffiffiffiffiffiffiffiffiffiffi
mimf

p
mN

� 2
ffiffiffi
2

p
g�NN;

gvB�3B�3
¼ ffiffiffi

2
p

g�NN; fvB�3B�3
¼ � ffiffiffi

2
p

g�NN;

gvB6B�3
¼ 0; fvB6B�3

¼ � 2
ffiffiffi
3

p
5

ðg�NN þ f�NNÞ
ffiffiffiffiffiffiffiffiffiffiffiffi
mimf

p
mN

:

(8)

In the above expressions, g�NN , g�NN , g�NN , and f�NN

are the coupling constants between the nucleon and the

exchanged mesons. Their numerical values are known

quite well. mN is the mass of the nucleon. mi and mf

are the masses of the ingoing and outgoing baryons,

respectively. From Eqs. (6) and (8), the value of the

same coupling constant is slightly different for different

systems if one takes into account the mass difference

of the baryons of the same representation. For example,

gpB6B6
¼ ðð4 ffiffiffi

2
p Þ=ð5ÞÞg�NNððm�c

þm�c
Þ=2mNÞÞ for the in-

teraction vertex �c�c� while gpB6B6
¼ðð4 ffiffiffi

2
p Þ=ð5ÞÞg�NN�

ððm�0
c
þm�0

c
Þ=2mNÞÞ for the �0

c�
0
c� vertex. The masses of

the baryons and exchanged mesons are summarized in
Table II. The values of the coupling constants are [21,23,24]

g2�NN=4�¼13:6, g�NN ¼0:4, g2�NN=4�¼5:69, g2�NN=

4�¼0:84, f�NN=g�NN ¼ 	� ¼ 6:1, g2!NN=4� ¼ 20:0,

f!NN=g!NN ¼ 	! ¼ 0. In our case, we assume the SU(3)
symmetry. Therefore we need only three couplings for the

TABLE I. The numerical results of the coupling constants. ‘‘�’’ means such a vertex does not exist.

Vertex Q ¼ c Q ¼ b

gpB6B6
g�B6B6

gvB6B6
fvB6B6

gpB6B6
g�B6B6

gvB6B6
fvB6B6

�Q�Qðp;�; vÞ 38.69 5.64 9.19 59.08 91.64 5.64 9.19 152.51

�q�
0
Qðp;�; vÞ 39.65 � 9.19 60.76 92.66 � 9.19 154.30

�Q�Qðp;�; vÞ 40.61 � 9.19 62.39 93.68 � 9.19 156.08

�0
Q�

0
Qðp;�; vÞ 40.62 5.64 9.19 62.48 93.68 5.64 9.19 156.18

�0
Q�Qðp;�; vÞ 41.58 � 9.19 64.15 94.71 � 9.19 157.91

�Q�Qðp;�; vÞ 42.53 5.64 9.19 65.86 95.73 5.64 9.19 159.73

gpB6B�3
g�B6B�3

gvB6B�3
fvB6B�3

gpB6B�3
g�B6B�3

gvB6B�3
fvB6B�3

�Q�Qðp;�; vÞ �22:89 � 0 �40:36 �55:19 � 0 �97:37
�Q�Qðp;�; vÞ �23:77 � 0 �41:95 �56:01 � 0 �98:84
�0

Q�Qðp;�; vÞ �23:48 � 0 �41:35 �55:82 � 0 �98:46
�0

Q�Qðp;�; v) �24:36 � 0 �42:98 �56:64 � 0 �99:94
�Q�Qðp;�; vÞ �24:95 � 0 �43:98 �57:27 � 0 �101:02

gpB�3B�3
g�B�3B�3

gvB�3B�3
fvB�3B�3

gpB�3B�3
g�B�3B�3

gvB�3B�3
fvB�3B�3

�Q�Qðp;�; vÞ 0 2.82 4.59 �4:59 0 2.82 4.59 �4:59
�Q�Qðp;�; vÞ 0 � 4.59 �4:59 0 � 4.59 �4:59
�Q�Qðp;�; vÞ 0 2.82 4.59 �4:59 0 2.82 4.59 �4:59
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pseudoscalar, scalar, and vector meson exchange, respec-
tively. We adopt the three independent ones as g�NN , g�NN,
and g�NN , since they do not vary much among different

models. Generally speaking, the physical results of the
loosely bound deuteron system are very sensitive to the
vector meson coupling constants. The recently proposed
renormalization approach, which uses a regularized bound-
ary condition, can decrease the dependence on the coupling
constants [25].

C. Effective potential

Applying the Lagrangians in Eqs. (3)–(5) one can derive
the effective interaction potential in the momentum space.
Given the hadrons are not fundamental particles, we
employ a monopole form factor at each vertex to roughly
describe the structure effect of the baryon

F ðQÞ ¼ �2 �m2
ex

�2 �Q2
¼ �2 �m2

ex


2 þQ2
; (9)

TABLE II. The masses of the relevant mesons and baryons
[22]. The bottomed baryons �0

b, �
00
b , and �0�

b (marked with �)
have not been observed experimentally. Their masses are fixed to
be: m�0

b
¼½m�þ

b
þm��

b
�=2 and m�00

b
¼ m�0�

b
¼ ½m�b

þm�b
�=2.

Meson

Mass

(MeV) Baryon

Mass

(MeV) Baryon

Mass

(MeV)

�� 139.57 �þ
c 2286.5 �0

b 5620.2

�0 134.98 �þ
c 2467.9 �0

b 5790.5

� 547.85 �0
c 2471.0 ��

b 5790.5

� 775.49 �þþ
c 2454.02 �þ

b 5807.8

! 782.65 �þ
c 2452.9 ��0

b 5811.5

� 1019.46 �0
c 2453.8 ��

b 5815.2

K� 493.68 �0þ
c 2575.7 ��00

b 5941.3

K0 497.61 �00
c 2578.0 ��0�

b 5941.3

K�� 891.66 �0
c 2697.5 ��

b 6071.0

K�0 895.94

� 600

FIG. 1. The exchanged mesons for different systems.
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where � is the cutoff parameter by which we can regulate
the exchanged momentum. mex and Q are the mass and
four momentum of the exchanged meson, respectively, and

2 ¼ �2 �Q2

0. Making the Fourier transformation,

V ðrÞ ¼ 1

ð2�Þ3
Z

dQ3eiQ�rV ðQÞF 2ðQÞ; (10)

one obtains the effective interaction potential in the coor-
dinate space, which are given below. One can refer to the
Appendix for some formulas. Since the hadronic molecule
is a loosely bound state, the hadrons are not expected to be
very close to each other. We neglect the contact interaction
piece �ðrÞ in the potential. The detailed information of the
delta term is given in the Appendix.

We expand the effective interaction potential in terms of
1
m (m is the heavy baryon mass) up to order of 1

m2 . We also

adopt the approximation 1=m2
A � 1=m2

B � 1=ðmAmBÞ due
to the large masses (mA, mB) of the heavy baryons. The

effective potentials have four terms: the central potential
term V C, the spin-spin term V SS, the spin-orbit term
V LS, and the tensor term V T :

V pðr;n; �Þ ¼ V p
SSðr; n; �Þ þV p

Tðr;n; �Þ;
V sðr;n ¼ 1; �Þ ¼ V s

Cðr;n ¼ 1; �Þ þV s
LSðr;n ¼ 1; �Þ;

V vðr; n;Þ ¼ V v
Cðr;n; Þ þV v

LSðr; n; Þ
þV v

SSðr; n;Þ þV v
Tðr; n;Þ;

where the superscripts, p, s, and v, denote the pseudosca-
lar, scalar, and vector meson exchange, respectively.
� ¼ �, �, K�, K0, �K0, and  ¼ !, �, �, K��, K�0,
�K�0. n ¼ 1, 2 denotes the direct and cross diagrams,
respectively. For the scalar exchange, ‘‘n ¼ 1’’ means
that the � exchange only occurs in the direct diagram.
The specific expressions read

pseudoscalar exchange; V p
SSðr; n; �Þ ¼ Cp

n;�
g1pg2p
4�

u3�
12mAmB

H0ð�; m�; rÞ�A � �B;

V p
Tðr; n; �Þ ¼ Cp

n;�
g1pg2p
4�

u3�
12mAmB

H3ð�; m�; rÞSABðr̂Þ;
(11)

when u2� ¼ m2
� � ðmf �miÞ2 < 0, they change into

V p
SSðr;n; �Þ ¼ Cp

n;�
g1pg2p
4�

�3�
12mAmB

M0ð�; m�; rÞ�A � �B;

V p
Tðr;n; �Þ ¼ Cp

n;�
g1pg2p
4�

�3�
12mAmB

M3ð�; m�; rÞSABðr̂Þ;
(12)

with �2� ¼ �½m2
� � ðmf �miÞ2�,

vector exchange; V v
Cðr;n;Þ ¼ Cv

n;

u
4�

�
g1vg2vH0ð�;m; rÞþ

u2
8mAmB

ðg1vg2v þ 2g1vf2v þ 2g2vf1vÞH0ð�;m; rÞ
�
;

V v
SSðr;n;Þ ¼ Cv

n;½g1vg2v þg1vf2v þ g2vf1v þ f1vf2v� 1

4�

u3
6mAmB

H0ð�;m; rÞ�A ��B;

V v
Tðr;n;Þ ¼�Cv

n;½g1vg2v þ g1vf2v þg2vf1v þ f1vf2v� 1

4�

u3
12mAmB

H3ð�;m; rÞSABðr̂Þ;

V v
LSðr;n;Þ ¼�Cv

n;

1

4�

u3
2mAmB

H2ð�;m; rÞ½3g1vg2vL �Sþ 4g1vf2vL �SA þ 4gv2f1vL �SB�;
(13)

scalar exchange; V s
Cðr; n ¼ 1; �Þ ¼ �Cs

n;�u�
g1sg2s
4�

�
H0ð�; m�; rÞ � u2�

8mAmB

H0ð�; m�; rÞ
�
;

V s
LSðr; n ¼ 1; �Þ ¼ �Cs

n;�

g1sg2s
4�

u3�
2mAmB

H2ð�; m�; rÞL � S:
(14)

Cp
n;�, Cv

n;, and Cs
n;� are the isospin factors. Their numerical values are given in Table III, and the exchanged mesons are

shown in Fig. 1. L is the relative orbit momentum operator between the two baryons ‘‘AQ’’ and ‘‘BQ.’’ SA, SB are the spin
operators of the two baryons while S ¼ SA þ SB is the total spin operator. SABðr̂Þ ¼ 3�A � r�B � r=r2 � �A � �B is the
tensor operator. g1p, g2p; . . . are the coupling constants given in Eqs. (6)–(8). The values of ui read

HADRONIC MOLECULAR STATES COMPOSED OF HEAVY . . . PHYSICAL REVIEW D 86, 014020 (2012)

014020-5



direct diagram; u� ¼ u� ¼ u ¼ 0;

cross diagram; u2� ¼ m2
� � ðmA �mBÞ2; �2� ¼ �½m2

� � ðmA �mBÞ2�; u2 ¼ m2
 � ðmA �mBÞ2:

(15)

Substituting the masses of the corresponding baryons for mA and mB in Eqs. (11)–(14), one obtains the effective
interaction potentials. Besides Eqs. (11) and (12) in the OPE model, we need include the contributions from the other
heavier exchanged mesons in the OBE model. The potential within the OBE model reads

V ðrÞ ¼ V CðrÞ þV SSðrÞ þV LSðrÞ þV TðrÞ
¼
�
V s

Cðr;n ¼ 1; �Þ þX
n;

V v
Cðr; n; Þ

�
þ
�X
n;�

V p
SSðr; n;�Þ þ

X
n;

V v
SSðr; n; Þ

�

þ
�
V s

LSðr; n ¼ 1; �Þ þX
n;

V v
LSðr;n; Þ

�
þ
�X
n;�

V p
Tðr;n; �Þ þ

X
n;

V v
Tðr;n; Þ

�
: (16)

The systemswith two spin-half particles are either spin-singlet (S ¼ 0) or spin-triplet (S ¼ 1). For the spin-singlet,we focus
on theground state 1S0while for the spin-triplet,we take both

3S1 and
3D1 into account. Thewave functions canbe expressed as

�ðrÞS ¼ ySSðrÞj1S0>; �ðrÞT ¼ yTS ðrÞ
0

� �
j3S1 >þ 0

yTDðrÞ
� �

j3D1>;

where ySSðrÞ, yTS ðrÞ, and yTD are the radial wave functions. The operators can be written in the following matrix form:

spin singlet; �A � �B ¼ �3; L � S ¼ 0; L � SA ¼ 0; L � SB ¼ 0; SABðr̂Þ ¼ 0; (17)

spin triplet; �A � �B ¼ 1 0

0 1

 !
; SABðr̂Þ ¼ 0

ffiffiffi
8

p
ffiffiffi
8

p �2

 !
; L � S ¼ 0 0

0 �3

 !
;

L � SA ¼ 0 0

0 � 3
2

 !
; L � SB ¼ 0 0

0 � 3
2

 !
:

(18)

III. THE COUPLED CHANNEL ANALYSIS OF THE �Q�Q SYSTEM

The�Q�Q½0ð0þÞ� system is very interesting, which can be viewed as the heavy analogue of theH dibaryon. The heavy

quark massmb;c, the S-Dwave mixing and the coupled channel effect in the flavor space all may play an important role in

the formation of the possible loosely bound states. Investigation and comparison of the�b�b,�c�c, and�� systems may
reveal which underlying mechanism is dominant.

In the present work we shall perform an extensive analysis of �Q�Q with quantum numbers IðJPÞ ¼ 0ð0þÞ, 0ð0�Þ, and
0ð1�Þ. We list the flavor channels which we take into account in Table IV. Besides the Lagrangians given in Eqs. (3)–(5),
we also need the following effective Lagrangians:

TABLE III. The isospin factors. The superscript in the first column is the isospin of the system. The values outside the square
brackets are for the direct diagram while the ones inside the square brackets are for the crossed diagram.

States Cp
n;� Cp

n;� Cp
n;K Cv

n;� Cv
n;! Cv

n;� Cp
n;K� Cs

n;�

½�Q�
0
Q�I ¼ 1=2 �1=2 �1=12 ½�1=4� �1=2 1=4 ½�1=4� 1

½�Q�
0
Q�I ¼ 3=2 1=4 �1=12 ½1=2� 1=4 1=4 ½1=2� 1

½�0
Q�Q�I ¼ 1=2 1=6 ½1=2� 1=2 ½1=2� 1

½�Q�Q�I ¼ 1=2 �1=3 1

½�Q�Q�I ¼ 1=2 1 [1] 4

½�Q�Q�I ¼ 1 [1] [1] 1 2

½�Q�Q�I ¼ 1=2 ½�1=2� �1 1=2 ½�1=2� 2

½�Q�Q�I ¼ 3=2 ½1� 1=2 1=2 [1] 2

½�0
Q�Q�I ¼ 1=2 ½1=2� 1=2 ½1=2� 2

½�Q�
0
Q�I ¼ 0 ½3=4� ½�3=4� �3=4½3=4� 1=4½�1=4� 1=2½�1=2� 2

½�Q�
0
Q�I ¼ 1 ½1=4� ½3=4� 1=4½1=4� 1=4½1=4� 1=2½1=2� 2

½�Q�Q�I ¼ 1=2 [1] 1 [1] 2

½�Q�Q�I ¼ 0 2
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pseudoscalar exchange ; Lp ¼
�
� g3ffiffiffi

2
p

f�
Trð �B�

6�@
�MB6Þ þ H:c:

�
þ
�
� g4ffiffiffi

2
p

f�
Trð �B�

6�@
�MB�3Þ þ H:c:

�
(19)

� g5ffiffiffi
2

p
f�

Trð �B�
6����5@

�MB
��
6 Þ (20)

scalar exchange ; Ls ¼ lsTrð �B�
6��B

��
6 Þ; (21)

vector exchange; Lv ¼ sgvffiffiffi
2

p Trð �B�
6���V

�B
��
6 Þ þ i
sgvffiffiffi

2
p Tr½ �B�

6�ð@�V� � @�V�ÞB�
6��

þ
�
� i
sgvffiffiffi

6
p Tr½ �B�

6�ð@�V� � @�V�Þ���5B6� þ H:c:

�
þ f�i

ffiffiffi
2

p

IgvTr½B�

6�ð@�V� � @�V�Þ���5B�3� þ H:c:g: (22)

The coupling constants are g4 ¼ 0:999, g3 ¼
ffiffiffi
6

p
g4, g5 ¼ � ffiffiffi

2
p

g4, ls ¼ 6:2, f� ¼ 92:3 MeV, ðsgvÞ ¼ 12, ð
sgvÞ ¼
19:2 GeV�1 and ð
IgvÞ ¼ �ð
sgvÞ=

ffiffiffi
8

p
[26]. Besides the potentials in Eqs. (11)–(14), we also need the following potentials:

V pðrÞ ¼ Cpði; jÞ u3

24�
½H3ð�; mex; rÞ�ten þH0ð�; mex; rÞ�SS�; (23)

V vðrÞ ¼ Cv
1 ði; jÞ

u

4�
H0ð�; mex; rÞ þ Cv

2 ði; jÞ
u3

12�
½�H3ð�; mex; rÞ�ten þ 2H0ð�; mex; rÞ�SS�; (24)

V sðrÞ ¼ Csði; jÞm�

4�
H0ð�; m�; rÞ; (25)

where �ten and �SS denote the tensor and spin-spin operators, respectively. They are channel-dependent. Their specific
expressions are given inTableV. For the baryonmasses, we usem��

c
¼ 2518:0 MeV andm��

b
¼ 5832:5 MeV [22].Due to the

conservation of the energy andmomentum,we keep the nonvanishing zeroth component of the exchanged fourmomentumQ0

and define u as the following:

�Q�
�
Q $ ��

Q�Q; u2 ¼ m2
ex � ðm��

Q
�m�Q

Þ2; �Q�Q $ �Q�
�
Q; u2 ¼ m2

ex �
�m2

��
Q
�m2

�Q

4m�Q

�
2
;

�Q�Q $ �Q�
�
Q; u2 ¼ m2

ex �
�m2

��
Q
�m2

�Q

4m�Q

�
2
; ��

Q�
�
Q $ �Q�

�
Q; u2 ¼ m2

ex �
�m2

��
Q
�m2

�Q

4m�
�Q

�
2
;

Other channels; u2 ¼ m2
ex:

TABLE IV. The flavor channels for the �Q�Q system, where Q ¼ b or c.

Channels 1 2 3 4 5 6 7

IðJPÞ ¼ 0ð0þÞ �Q�Qð1S0Þ �Q�Qð1S0Þ ��
Q�

�
Qð1S0Þ �Q�

�
Qð5D0Þ ��

Q�
�
Qð5D0Þ

IðJPÞ ¼ 0ð0�Þ �Q�Qð3P0Þ �Q�Qð3P0Þ ��
Q�

�
Qð3P0Þ �Q�

�
Qð3P0Þ ��

Q�
�
Qð7F0Þ

IðJPÞ ¼ 0ð1�Þ �Q�Qð3P1Þ �Q�Qð3P1Þ ��
Q�

�
Qð3P1Þ ��

Q�
�
Qð7F1Þ �Q�

�
Qð3P1Þ �Q�

�
Qð5P1Þ �Q�

�
Qð5F1Þ

TABLE V. The specific expressions of operators �ten and �SS for the individual channels. St
and 3

2�rs � � 3
2 St��S

t� are the transition matrix and the spin operator of the spin- 32 baryons,

respectively. One can refer to Ref. [26] for their definitions.

Channels �ten �SS

�Q�Q $ ��
Q�

�
Q �Q�Q $ ��

Q�
�
Q 3Sy

t1 � r̂Sy
t2 � r̂� Sy

t1 � Sy
t2 Sy

t1 � Sy
t2

�Q�Q $ �Q�
�
Q �Q�Q $ �Q�

�
Q 3�1 � r̂Sy

t2 � r̂� �1 � Sy
t2 �1 � Sy

t2

��
Q�

�
Q $ ��

Q�
�
Q 3�rs1 � r̂�rs2 � r̂� �rs1 � �rs2 �rs1 � �rs2

�Q�
�
Q $ �Q�

�
Q 3�1 � r̂�rs2 � r̂� �1 � �rs2 �1 � �rs2

�Q�
�
Q $ ��

Q�Q 3Sy
t1 � r̂St2 � r̂� Sy

t1 � St2 Sy
t1 � St2
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IV. NUMERICAL RESULTS FOR THE
AQBQ SYSTEMS

In our numerical analysis, we apply the Fortran program
FESSDE [27] to solve the multichannel Schrödinger equa-
tion. Solving the Schrödinger equations with the potentials
derived in the previous sections, we obtain the numerical
results including the binding energy (B.E.), the root-mean-
square radius (rrms), and the probabilities of the individual
channels. We also plot the dependence of the binding
energy on the cutoff parameter in the Appendix.

The hadronic molecule is a loosely bound state. Its
constituents are expected to be well separated. One expects
that the size of the molecules should be much larger
than that of the conventional q �q and qqq hadrons. Recall
that the size of the deuteron is about 1.96 fm [28].
Törnqvist argued that the size of the meson-meson mole-
cule is even up to 3 fm [29]. We expect the size of the
hadronic molecules composed of two heavy baryons should
be comparable to the size of the deuteron. The size of the
molecular system may tell us whether the present frame-
work and numerical results are self-consistent or not. To be
more specific, the size of the molecular states composed of
two charmed (or bottomed) baryons is expected to be larger
than that of J=c (or Upsilon).

Generally the value of the cutoff parameter is deter-
mined through fit to experimental data. In our case, there
is almost no information on the heavy baryon-baryon
interaction through which we can extract the cutoff
parameter. Fortunately, the one-boson-exchange model is
very successful in explaining the deuteron with the cutoff
parameter 0:80 GeV< cutoff < 1:5 GeV, which provides
us a good benchmark.

The present OBE model is rather crude. For example,
we adopt the same cutoff parameter for all the meson
exchange. We plot the interaction potentials of the deu-
teron with the OBE model in Fig. 2. We present the
numerical results in Table VI. In order to study the effect
of the contact interaction, we compare the results (1) when
the �ðrÞ function is omitted and (2) when the �ðrÞ function
is explicitly kept. Without the contact interaction piece,
the binding energy of the deuteron is 9.31 MeV and the
root-mean-square radius is 2.14 fm when the cutoff is
0.8 GeV. If we include the contact interaction, the binding
energy decreases to 1.87 MeV and the root-mean-square
radius increases to 4.06 fm. In other words, both
approaches roughly reproduce the qualitative feature of
the loosely bound deuteron. In the following, we present
the numerical results without the contact interaction. For
comparison, we collect the results with the contact inter-
action in the Appendix.
However, if we shut down the 3D1 channel, we can not

find the binding solutions, which means that the S-D mix-
ing effect is very important in the formation of the loosely
deuteron bound state although the probability of the D
wave is as small as �6%. One can refer to Fig. 3 for the
variations of the binding energy and the root-mean-square
radius of the deuteron with the cutoff parameter.
It is interesting to investigate whether the long-range

pion-exchange interaction plays a dominant role in form-
ing the hadronic molecules. Therefore, in the first part we
give the numerical results with the OPE potential for the
systems where the pion exchange is allowed. In the second
part we take into account the scalar and vector boson
exchanges, which account for the medium- and short-range
interactions, as well as the � exchange.

FIG. 2. The interaction potentials of the deuteron within the OBEmodel. V11, V12, and V22 are for the transitions
3S1 $ 3S1,

3S1 $ 3D1,
and 3D1 $ 3D1, respectively.

TABLE VI. The numerical result of the deuteron with the OBE potential. ‘‘�’’ is the cutoff parameter. ‘‘B.E.’’ means the binding
energy. ‘‘PS’’ and ‘‘PD’’ are the probabilities of the S wave and D wave, respectively.

Without contact term With contact term

� (GeV) B.E. (MeV) rrms (fm) PSð%Þ PDð%Þ � (GeV) B.E. (MeV) rrms (fm) PSð%Þ PDð%Þ
0.80 9.31 2.14 93.19 6.81 0.80 1.87 4.06 95.00 5.00

0.85 18.77 1.65 92.40 7.60 0.85 2.58 3.59 94.14 5.86

0.90 29.45 1.39 92.14 7.86 0.90 2.88 3.37 93.82 6.18
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A. The results of the ‘‘AQBQ’’ systems with
the OPE potential

From Fig. 1 and Table III, we can see that there
exists the one-pion-exchange force for five systems:

½�Q�
0
Q�ðI¼1=2;3=2Þ

S , ½�Q�Q�I¼1
S , and ½�Q�

0
Q�ðI¼0;1Þ

S . For

½�Q�
0
Q�I¼1=2

S and ½�Q�
0
Q�3=2S , the pion exchange exists

in the direct channel while the pion exchange occurs in

the cross channel for the other three systems.
There are no binding solutions for the five spin-singlet

(S ¼ 0) systems. For the spin-triplet (S ¼ 1) case, we list
the numerical results in Table VII and plot the dependence
of the binding energy on the cutoff parameter in Fig. 4. We
obtain binding solutions for all the states except for
½�c�

0
c�I¼1

S¼1; see Table VII. In the charmed sector, loosely

bound states ½�c�
0
c�I¼1=2

S¼1 and ½�c�c�I¼1
S¼1 have small bind-

ing energy around a few MeV for a reasonable cutoff
parameter about 1.20–1.50 GeV. They are good candidates

of molecules. For these two states, the D wave contribution

is less than 13%. For the states ½�c�
0
c�I¼3=2

S¼1 and ½�c�
0
c�I¼0

S¼1,

the binding solutions exist with the cutoff parameter around
2.0 and 1.80 GeV, respectively. And, the D wave probabil-
ities for the two states are less than 15%.
The bottomed case is similar to the charmed case except

that the binding energy of the bottomed bound states
deeper. This is mainly because that the larger mass of the
bottomed baryon reduces the kinetic energy. For the states

½�b�
0
b�ðI¼1=2;3=2Þ

S¼1 , ½�b�b�I¼1
S¼1, and ½�b�

0
b�I¼0

S¼1, we obtain

loosely bound states with binding energy less than 30 MeV
and the root-mean-square radius larger than 0.7 fm, when
the cutoff parameter is about 0.9–1.30 GeV. The D wave
contribution is larger for the bottomed systems than for the
charmed systems; see Table VII. In [30], the authors per-
formed a study of the �Q�Q system at the quark level and

obtained larger binding energy. The ½�b�
0
b�I¼1

S¼1 bound

state appears when the cutoff parameter is 2.20 GeV.

FIG. 3. The variations of the binding energy and the root-mean-square radius of the deuteron with the cutoff parameter.

TABLE VII. The numerical results for the spin-triplet system (S ¼ 1) with the OPE potential.� indicates no binding solutions. � is
the cutoff parameter. B.E. is the binding energy while rrms is the root-mean-square radius. PS and PD indicate the probabilities of the S
wave and the D wave, respectively. Q ¼ c or b denotes the charmed or the bottomed systems.

S ¼ 1
Q ¼ c Q ¼ b

Systems � (GeV) B.E. (MeV) rrms (fm) PSð%Þ PDð%Þ � (GeV) B.E. (MeV) rrms (fm) PSð%Þ PDð%Þ
½�Q�

0
Q�I¼1=2

S 1.20 0.09 5.99 97.82 2.18 0.90 4.28 1.53 88.01 11.99

1.30 0.84 3.51 95.69 4.31 1.10 13.63 1.01 85.20 14.80

1.50 5.15 1.67 92.15 7.85 1.30 31.33 0.74 83.37 16.63

½�Q�
0
Q�I¼3=2

S 2.00 0.21 5.07 96.66 3.34 1.10 0.96 2.34 86.98 13.02

2.20 4.31 1.61 89.98 10.02 1.20 2.99 1.53 82.01 17.99

2.40 14.85 0.98 85.41 14.59 1.30 6.44 1.17 78.41 21.59

½�Q�Q�I¼1
S 1.30 0.55 4.20 97.46 7.54 0.90 8.61 1.40 71.76 28.24

1.40 1.76 2.71 89.71 10.29 1.00 13.95 1.16 70.04 29.96

1.50 3.99 1.94 87.29 12.71 1.10 21.54 0.98 68.35 31.65

½�Q�
0
Q�I¼0

S 1.80 0.88 3.25 93.65 6.35 0.90 1.38 2.37 83.17 16.83

1.90 2.59 1.96 90.33 9.67 1.10 5.98 1.35 77.00 23.00

2.00 6.35 1.42 87.63 12.38 1.30 16.55 0.93 72.40 27.60

½�Q�
0
Q�I¼1

S 2.20 0.46 3.01 94.06 5.94

� 2.30 1.20 1.99 91.76 8.24

2.40 2.39 1.48 89.69 10.31
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When 2:20 GeV< cutoff < 2:40 GeV, the binding energy
is 0.46–2.39 MeV.

By comparing the numerical results of the two pairs

of isospin multiplets, ½�Q�
0
Q�I¼1=2

S and ½�Q�
0
Q�I¼3=2

S and

½�Q�
0
Q�I¼0

S and ½�Q�
0
Q�I¼1

S , we can see that the results

are different for different isospin multiplets of the same
flavor system since the potentials are isospin-dependent.
Comparing the results of the charmed systems with those
of the bottomed systems, it is obvious that the large heavy
quarkmass is salient in the formation of themolecular states.

B. The results of the AQBQ systems with
the OBE potential

In the previous subsection, we give the numerical results
with the� exchange potential which accounts for the long-
range interaction. Actually, only five systems out of the
thirteen ones allow the � exchange. We find that the �
exchange is not strong enough to form bound states for all
the five spin-singlet systems. In order to make the individ-
ual role of the exchanged boson clear, we also give the
numerical results within the OBE in Tables VIII and IX,
and plot the dependence of binding energy on the cutoff
parameter in Figs. 5–8.

In the spin-singlet case, we still find no binding solutions

for the state ½�Q�
0
Q�I¼1=2

S¼0 (Q ¼ b, c) even if we add the

contributions of the heavier vector and scalar meson
exchange. Therefore, our results disfavor the existence of

the molecules ½�Q�
0
Q�I¼1=2

S¼0 (Q ¼ b,c). However, for the

other isospin multiplet of this state with I ¼ 3
2 , we find

binding solutions for both the charmed and bottomed

cases. A bound state of ½�c�
0
c�I¼3=2

S¼1 appears with binding

energy about 3.54–67.46 MeV when the cutoff parameter is
around 0.8–1.0 GeV. The binding energy of the correspond-

ing bottomed state ½�b�
0
b�I¼3=2

S¼0 is about 156.78 MeV when

the cutoff parameter is 1.0 GeV. Such a large binding
energy seems too deep for a loosely bound molecular state.
For the ½�Q�Q�I¼1

S¼0 system, the binding energy of the state

½�c�c�I¼1
S¼0 is 0.28–47.34 MeV with the cutoff parameter

0.90–1.10 MeV while the binding energy of ½�b�b�I¼1
S¼0 is

0.34–62.13 MeV with a cutoff parameter 0.80–1.00 GeV.
We obtain bound states for both the charmed and the
bottomed cases for ½�Q�

0
Q� with I ¼ 0 and I ¼ 1.

For the other systems without the � exchange, we
also find binding solutions. The most interesting one may

be ½�Q�Q�I¼1=2
S¼0 , which allows the � and ! exchanges

FIG. 4. The dependence of the binding energy on the cutoff parameter for the AQBQ system with the OPE potential.
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in the direct channel and K�= �K� exchange in the cross
channel. For the charmed case, a very loosely bound state
with binding energy 1.91–3.03 MeV appears when the
cutoff parameter is 1.10–1.50 GeV. For the bottomed
case, a bound state emerges with binding energy 10.33–
28.65 MeV when the cutoff parameter is between 0.90 and
1.50 GeV. They are very good molecule candidates. For the

states ½�c�c�I¼1=2
S¼0 and ½�c�c�I¼1

S¼0, we also obtain small

binding energies and large root-mean-square radii with
reasonable cutoff parameter 1.0–1.50 GeV as shown in

Table VIII. Our results are in favor of the existences of

these molecular states. The binding energy of ½�0
b�b�I¼1=2

S¼0

is 80.49–107.01 MeV with cutoff parameter 0.90–1.00 GeV.
Again, such a large binding energy seems too deep for a
loosely bound molecular state.
In the spin-triplet sector, it is interesting to compare with

the deuteron case. We plot the interaction potential of the
�c�

0
c½IðJPÞ ¼ 1

2 ð1þÞ� system in Fig. 9. From Figs. 2 and 9,

it is clear that the potentials of the two systems are
similar. Their binding solutions are also similar except

TABLE VIII. The numerical results for the spin-singlet (S ¼ 0) case with the OBE potential.
� means no binding solutions exist.

S ¼ 0
Q ¼ c Q ¼ b

Systems � (GeV) B.E. (MeV) rrms (fm) � (GeV) B.E. (MeV) rrms (fm)

½�Q�
0
Q�I¼1=2

S � �
½�Q�

0
Q�I¼3=2

S 0.80 3.54 1.97 0.80 25.63 0.74

0.90 14.53 1.14 0.90 53.38 0.57

1.00 67.46 0.67 1.00 156.78 0.40

½�0
Q�Q�I¼1=2

S 0.90 28.50 0.88 0.90 80.49 0.49

0.95 29.65 0.86 0.95 80.91 0.49

1.00 44.09 0.75 1.00 107.01 0.45

½�Q�Q�I¼1
S 1.00 0.56 3.93 0.90 5.12 1.19

1.20 13.26 1.09 1.00 18.07 0.77

1.40 36.77 0.75 1.10 36.67 0.60

½�Q�Q�I¼1=2
S 1.10 1.91 2.47 0.90 10.33 0.96

1.30 3.03 2.03 1.20 28.65 0.67

1.50 2.87 2.08 1.50 27.78 0.68

½�Q�Q�I¼1
S 0.90 0.28 5.48 0.80 0.34 5.19

1.00 14.81 1.09 0.90 16.02 0.79

1.10 47.34 0.73 1.00 62.13 0.52

½�Q�Q�I¼1=2
S 1.00 4.13 1.77 0.90 11.85 0.90

1.30 20.99 0.95 1.00 32.21 0.64

1.50 26.92 0.86 1.10 49.64 0.55

½�Q�Q�I¼3=2
S 0.90 1.29 2.91 0.90 19.88 0.78

1.00 9.15 1.32 0.95 29.69 0.68

1.10 33.32 0.82 1.00 46.46 0.58

½�0
Q�Q�I¼1=2

S 0.90 0.58 3.99 0.90 16.62 0.83

1.00 7.08 1.47 0.95 26.45 0.71

1.10 24.23 0.93 1.00 40.88 0.61

½�0
Q�Q�I¼0

S 0.95 6.67 1.48 0.90 5.67 1.19

1.00 23.80 0.92 0.94 28.80 0.67

1.05 44.48 0.74 1.00 73.68 0.49

½�0
Q�Q�I¼1

S 0.90 8.18 1.38 0.90 40.88 0.61

1.00 22.78 0.95 0.95 53.05 0.56

1.10 56.04 0.69 1.00 73.19 0.50

½�Q�Q�I¼1=2
S 0.90 2.19 2.31 0.80 1.44 2.06

0.95 12.13 1.19 0.90 20.88 0.78

1.00 30.45 0.86 0.94 40.58 0.62

½�Q�Q�I¼0
S 1.00 5.40 1.60 0.90 14.10 0.86

1.10 16.55 1.04 1.00 36.07 0.62

1.20 32.02 0.82 1.10 64.89 0.51
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that the �c�
0
c system has even shallower binding energy

and smaller D wave probability, as can be seen from

Tables VI and IX.

The bound state of ½�c�
0
c�I¼3=2

S¼1 disappears if we take the

heavier scalar and vector meson exchanges into account.

There is still no binding solution for the state ½�c�
0
c�I¼1

S¼1

when we consider all the contributions of the exchanged

mesons. The binding energy of the state ½�Q�Q�I¼1
S¼1

becomes shallower in theOBEmodel. For the other systems

with the � exchange, the numerical results within the OBE

model are similar to thosewithin theOPEmodel except that
the binding energy becomes deeper as shown in Table IX.
From Table IX, one can see that there is no S-D mixing

for the two states ½�Q�Q�I¼1=2
S¼1 and ½�Q�Q�I¼0

S¼1. Actually,

for these two systems the results are the same for both the
spin-singlet and spin-triplet cases because the potential is

the same. For the states ½�0
c�c�I¼1=2

S¼1 and ½�c�c�I¼3=2
S¼1 ,

there are no binding solutions. However, a very loosely

bound state ½�0
c�c�I¼1=2

S¼1 exists with binding energy

0.17–0.69 MeV when the cutoff parameter is around

TABLE IX. The numerical results for the spin-triplet (S ¼ 1) case with the OBE potential. � indicates no binding solutions exist.

S ¼ 1
Q ¼ c Q ¼ b

Systems � (GeV) B.E. (MeV) rrms (fm) PSð%Þ PDð%Þ � (GeV) B.E. (MeV) rrms (fm) PSð%Þ PDð%Þ
½�Q�

0
Q�I¼1=2

S 0.80 2.59 2.28 96.48 3.52 0.80 22.96 0.85 90.73 9.27

0.90 15.15 1.17 95.02 4.98 0.85 34.88 0.74 90.16 9.84

1.00 55.44 0.74 95.17 4.83 0.90 56.02 0.63 90.37 9.63

½�Q�
0
Q�I¼3=2

S � 0.80 0.46 3.22 90.74 9.26

0.90 10.34 1.08 82.64 17.36

1.00 1.04 2.40 86.31 13.69

½�0
Q�Q�I¼1=2

S � 0.90 0.88 2.38 96.64 3.36

1.00 23.30 0.76 89.72 10.28

1.10 10.78 0.98 89.47 10.53

½�Q�Q�I¼1
S 0.90 1.20 2.93 99.91 0.09 0.80 3.07 1.47 99.73 0.27

1.00 10.04 1.25 99.67 0.33 0.90 19.30 0.78 99.24 0.76

1.10 25.78 0.89 99.39 0.61 1.00 46.47 0.58 98.71 1.29

½�Q�Q�I¼1=2
S 1.00 0.72 3.69 100.00 0.00 0.90 10.33 0.96 100.00 0.00

1.30 3.03 2.03 100.00 0.00 1.30 29.55 0.66 100.00 0.00

1.50 2.87 2.08 100.00 0.00 1.50 27.78 0.68 100.00 0.00

½�Q�Q�I¼1
S 0.80 0.01 6.58 96.76 3.24 0.90 19.85 0.98 80.86 19.14

0.90 0.46 4.49 95.26 4.74 1.10 9.56 1.36 77.43 22.57

1.00 0.03 6.48 96.59 3.41 1.30 3.35 2.12 73.50 26.50

½�Q�Q�I¼1=2
S 0.90 1.63 2.62 99.95 0.05 0.80 3.78 1.37 99.90 0.10

1.00 17.30 1.04 99.88 0.12 0.90 21.96 0.75 99.60 0.40

1.10 49.98 0.72 99.90 0.10 1.00 62.92 0.53 99.59 0.41

½�Q�Q�I¼3=2
S � 0.90 5.45 1.19 97.78 2.22

1.00 5.52 1.19 96.60 3.10

1.10 1.31 2.06 97.61 2.09

½�0
Q�Q�I¼1=2

S 1.00 0.17 5.44 99.94 0.06 1.00 17.64 0.80 98.81 1.19

1.20 0.69 3.71 99.93 0.07 1.20 23.91 0.71 99.41 0.59

1.40 0.36 4.60 99.97 0.03 1.40 23.14 0.71 99.92 0.08

½�0
Q�Q�I¼0

S 0.90 3.10 2.08 97.44 2.56 0.80 11.16 1.06 88.45 11.55

1.00 13.75 1.16 98.60 1.40 0.90 24.87 0.77 94.63 5.37

1.10 32.31 0.84 99.38 0.62 1.00 51.15 0.58 98.27 1.73

½�0
Q�Q�I¼1

S � 0.90 3.40 1.47 96.48 3.52

1.00 13.70 0.89 95.83 4.17

1.20 8.11 1.08 96.54 3.46

½�Q�Q�I¼1=2
S 1.00 2.63 2.09 99.37 0.63 1.00 28.78 0.69 95.78 4.22

1.10 4.51 1.08 99.33 0.67 1.10 35.44 0.63 96.52 3.48

1.20 2.73 2.05 99.57 0.43 1.20 29.48 0.67 97.72 2.28

½�Q�Q�I¼0
S 1.00 5.40 1.60 100.00 0.00 0.80 1.62 1.88 100.00 0.00

1.10 16.54 1.04 100.00 0.00 0.90 14.10 0.86 100.00 0.00

1.20 32.02 0.82 100.00 0.00 1.00 36.07 0.62 100.00 0.00
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1.00–1.40 GeV. The binding energy of its bottomed counter-

part ½�0
b�b�I¼1=2

S¼1 is 17.64–23.91MeVwith cutoff parameter

around 1.0–1.40 GeV. We also obtain a loosely bound state

½�c�c�I¼1=2
S¼1 with binding energy 2.63–4.51 MeV when the

cutoff parameter is between 1.00 and 1.20 GeV. Once these
threemolecule states are produced, they should bevery stable
because their constituents �Q, �

0
Q, �Q, and �Q decay via

weak interaction. Comparing the results of the OBE model

FIG. 5. The dependence of the binding energy on the cutoff momentum for the spin-singlet system ‘‘AcBc’’ with the OBE potential.

FIG. 6. The dependence of the binding energy on the cutoff parameter for the spin-singlet ‘‘AbBb’’ system with OBE potential.
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with those of the OPE model, one can see that the contribu-
tionof theDwave decreases ifwe take into account the scalar
and vector meson exchange, which implies that the S-D
mixing mainly comes from the � exchange.

V. NUMERICAL RESULTS FOR
THE �Q�Q SYSTEM

We investigated the �Q�Q½IðJPÞ ¼ 0ð0þÞ� system with

the � and ! exchange potential, but without the coupled-
channel effect in the flavor space in Ref. [15]. We find

no binding solutions. Later, the authors in Ref. [26]
considered the coupled-channel effect and studied this state
using the pion-exchange potential. They found a bound state
solution. It is intriguing to study the variation of the bound
state solution with the heavy quark mass, the S-D mixing
effect, the long-range OPE force and medium-/short-range
interaction respectively. In the first subsection, we shall
present the numerical results for the OPE model with the
coupled-channel effect. In the second subsection, we will
add the scalar and vector meson exchange force which also
contributes to the transition in the flavor space.

FIG. 7. The dependence of the binding energy on the cutoff parameter for the spin-triplet ‘‘AcBc’’ system with the OBE potential.

FIG. 8. The dependence of the binding energy on the cutoff parameter for the spin-triplet ‘‘AbBb’’ system with the OBE potential.
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A. Numerical results for the �Q�Q system with
the OPE potential

The state�Q�Q (Q ¼ b, c) is the heavy analogue of the
H dibaryon. We use the � exchange potential and include
the coupled-channel effect. Actually, the pion exchange is
forbidden for the �Q�Q system due to the isospin conser-

vation of the strong interaction. The binding solution is
mainly due to the coupled-channel effect. We give the
numerical results in Table X and plot the dependence of
the binding energy on the cutoff parameter in Fig. 10.

�Q�Q½IðJPÞ ¼ 0ð0þÞ�. We reproduce the numerical

results of Ref. [26] for the state �c�cð1S0Þ, and list

them in Table X. We also extend the same formalism

to the bottomed sector. A bound state �b�bð1S0Þ with

binding energy 9.09–26.99 MeV appears when the cutoff

parameter is chosen between 0.80 and 0.90 GeV.

Correspondingly, the root-mean-square radius varies

from 1.08 to 0.77 fm. However, if the cutoff parameter

increases to 1.10 GeV, the binding energy will reach as

high as 105.17 MeV. There are five channels shown in

Table IV for this state. The �b�bð1S0Þ component is

dominant with a probability about 90%. The contribution

of the components �b�bð1S0Þ and ��
b�

�
bð1S0Þ is very

small, around 1%.

FIG. 9. The potential of system �c�
0
c½IðJPÞ ¼ 1

2 ð1þÞ� within the OBE model. V11, V12, and V22 are for the transitions 3S1 $ 3S1,
3S1 $ 3D1, and

3D1 $ 3D1, respectively.

TABLE X. The binding solutions of �Q�Q with OPE potential. ‘‘�’’ is the cutoff parameter. ‘‘B.E.’’ and ‘‘rrms’’ are the binding
energy and the root-mean-square radius, respectively. ‘‘Pi’’ is the probability of the individual channel which are given in Table IV.

IðJPÞ Q ¼ c Q ¼ b

0ð0þÞ � GeV) 0.90 0.95 1.00 1.10 1.20 0.80 0.90 0.95 1.00 1.10

B.E. (MeV) 1.11 3.99 9.02 26.83 56.97 9.09 26.99 40.72 58.11 105.17

rrms fm) 3.20 1.89 1.39 0.95 0.74 1.08 0.77 0.68 0.62 0.52

P1ð%Þ 98.63 97.25 95.69 92.07 88.01 96.27 92.77 90.75 88.59 84.07

P2ð%Þ 0.08 0.19 0.35 0.81 1.48 0.16 0.42 0.61 0.86 1.46

P3% 0.08 0.20 0.36 0.87 1.64 0.25 0.67 0.98 1.37 2.37

P4ð%Þ 0.86 1.68 2.57 4.44 6.29 2.27 4.20 5.24 6.28 8.27

P5ð%Þ 0.35 0.68 1.04 1.81 2.58 1.05 1.94 2.42 2.91 3.84

0ð0�Þ � GeV) 1.36 1.40 1.45 1.50 1.60 0.95 1.00 1.10 1.20 1.30

B.E. (MeV) 0.19 9.14 24.97 45.32 99.26 0.50 7.66 34.63 79.08 142.32

rrms fm) 2.39 1.06 0.84 0.73 0.60 1.94 1.03 0.72 0.59 0.50

P1ð%Þ 90.73 85.65 81.72 78.45 73.05 95.70 91.97 85.76 80.01 74.89

P2ð%Þ 2.86 4.24 5.13 5.76 6.56 1.26 2.27 3.70 4.75 5.46

P3ð%Þ 0.08 0.15 0.24 0.35 0.60 0.01 0.02 0.10 0.25 0.48

P4ð%Þ 3.97 6.42 8.54 10.42 13.74 1.35 2.74 5.55 8.59 11.56

P5ð%Þ 2.36 3.54 4.37 5.02 6.04 1.69 3.00 4.89 6.40 7.62

0ð1�Þ � GeV) 1.45 1.47 1.50 1.55 1.60 1.07 1.10 1.15 1.20 1.30

B.E. (MeV) 0.91 7.60 20.27 46.97 79.78 1.39 7.26 22.28 43.68 105.69

rrms (fm) 1.62 1.99 0.79 0.66 0.59 1.40 0.96 0.74 0.63 0.51

P1ð%Þ 79.15 73.19 67.55 60.70 55.55 91.48 87.06 80.52 74.33 63.52

P2ð%Þ 14.55 18.82 22.90 27.85 31.51 4.37 6.89 10.86 14.79 21.86

P3ð%Þ 2.70 3.54 4.40 5.57 6.57 1.14 1.81 2.92 4.05 6.25

P4ð%Þ 3.53 4.36 5.04 5.77 6.26 2.97 4.18 5.63 6.73 8.26

P5ð%Þ 0.08 0.09 0.10 0.11 0.11 0.04 0.06 0.08 0.09 0.10

P6ð%Þ 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00

P7ð%Þ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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�Q�Q½IðJPÞ ¼ 0ð0�Þ�. We also extend the same analy-

sis to the case with the orbital excitation L ¼ 1 and
obtain a loosely bound state of �c�c½0ð0�Þ� with binding
energy 0.19–24.97 MeV when the cutoff parameter is
chosen between 1.36 and 1.45 GeV. The binding energy
will increase to 99.26 MeV when the cutoff parameter is
1.60 GeV. The contribution of the dominant channel,
�c�cð3P0Þ, is 90.73%–81.72% when the cutoff parameter
is around 1.36–1.45 GeV. The channel ��

c�
�
cð3P0Þ provides

a fairly small contribution, less than 1%. For the correspond-
ing bottomed state, its binding energy is 0.50–34.63 MeV
when the cutoff parameter is 0.95–1.10 GeV, which may
also be a good molecule candidate.

�Q�Q½IðJPÞ ¼ 0ð1�Þ�. We consider seven channels in

this case, which are listed in Table IV. We obtain a shallow
bound state with binding energy 0.91–20.27 MeV in the
charmed sector when the cutoff parameter is 1.45–
1.50 GeV. And the contribution of the dominant channel,
�c�cð3P1Þ, is 79.15%–67.55%. If the cutoff parameter
increases to 1.60 GeV, the binding energy will reach
79.78 MeV. The channel with the second largest contribu-
tion is �c�cð3P1Þ, with a probability of 14.55%–22.90%
when the cutoff parameter is around 1.45–1.50 GeV.
However, the probabilities of the other three channels,
�c�

�
cð3P1Þ, �c�

�
cð5P1Þ and �c�

�
cð5F1Þ, are tiny as shown

in Table X. The situation of the bottomed case is similar to
that of the charmed case except that the binding of the
former is deeper.

B. Numerical results for the �Q�Q system with
the OBE potential

In this subsection, we investigate the�Q�Q system with

the OBE potential which not only includes the long-range
� exchange interaction but also the medium-/short-range

�, �, � and ! exchange interaction. The numerical results
are shown in Table XI.
We obtain aweakly bound state for�c�c½IðJPÞ¼0ð0þÞ�.

The binding energy is 2.53–55.11 MeV when the cutoff
parameter is around 0.80–1.00 GeV. Accordingly its root-
mean-square radius is about 2.31–0.73 fm, which is compa-
rable with the size of the deuteron. Similar to the OPE
potential case, the �c�cð1S0Þ component is dominant with
a probability about 98.69%–86.79%, and the total con-
tributions of the other channels are less than 15%. For
the state �b�b½0ð0þÞ�, the binding energy is much larger
as expected. Its binding energy is 27.30 MeV when the
cutoff parameter is 0.80 MeV. When the cutoff parame-
ter is 1.00 GeV, the binding energy reaches as high as
148.17 MeV.
For the state �c�c½IðJPÞ ¼ 0ð0�Þ�, the binding energy

is 4.69 MeV when the cutoff parameter is 1.15 GeV. When
we increase the cutoff parameter to 1.25 GeV, the binding
energy is 61.36 MeV. The probability of the dominant
channel �c�cð3P0Þ is about 85.12%–71.08%. The contri-
bution of the second dominant channel is �c�

�
cð3P0Þ, with

a probability about 11.48%–23.57%. The results of the
bottomed state �b�b½0ð0�Þ� are similar to those of the
charmed case, but with deeper binding energy. The binding
energy is 2.80–100.54 MeV with the cutoff parameter
around 0.85–1.05 GeV. The probabilities of the channels
�b�bð3P1Þ and �b�

�
bð3P1Þ are about 95.93%–73.92% and

1.45%–18.90%, respectively.
The state �c�c½IðJpÞ ¼ 0ð1�Þ� with binding energy

around 1.35–65.05 MeV and cutoff parameter around
1.16–1.25 GeV may also be a loosely bound state. But
the binding solutions depend sensitively on the cutoff para-
meter. The binding energy of the state �b�b½0ð1�Þ� is
0.24–74.65MeVwhen the cutoff parameter is 0.90–1.05GeV.

FIG. 10. The dependence of the binding energy for �Q�Q on the cutoff parameter with the OPE potential.
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Besides the transition induced by the OPE force in the
flavor space, we have also considered the transitions
caused by the eta meson and rho/omega meson exchange,
which greatly enhances the nondiagonal matrix element in
the Hamiltonian. With the same cutoff parameter, we can
clearly see that the binding energy in the OBE case is larger
than that in the OPE case. For example, the binding energy
for the �c�c½IðJPÞ ¼ 0ð0þÞ� state is 1.11 MeV in the OPE
case if one fixes the cutoff at 0.90 GeV. However, the
binding energy increase to 16.61 MeV in the OBE case
with the same cutoff. In other words, the medium- and
short-range attractive force plays a significant role in the
formation of the loosely bound �c�c and �b�b states.

VI. DISCUSSIONS AND CONCLUSIONS

We have investigated the possible deuteron-like mole-
cules composed of two heavy flavor baryons with the form
of AQBQ. We have also performed an extensive analysis of

the�Q�Q (Q ¼ b, c) system, which is the heavy analogue

of the H dibaryon.
The weakly bound states are usually very sensitive to

potential details including the coupling constants and form
factors, etc. Sometimes, a small change of the coupling
constants may dismantle the bound state.

Throughout this work, we have adopted the root-mean-
square radius and binding energy of the system to judge
whether the system is a loosely bound molecular state.
There exists another intuitive approach. The relative
momentum of the loosely bound system p� ffiffiffiffiffiffiffiffiffiffi

2�E
p

probes
distance around 1

p , where� is the reducedmass andE is the

binding energy. For a loosely bound state, 1p should be much

larger than the interaction range of the potential, which is
around 1=m�;!;� � ð0:2–0:3Þ fm. In other words, the size of

the system should be larger than (0.6–1.0) fm. Accordingly,

the binding energy should be much smaller than
m2

�

MB
where

MB is the charmed or bottomed baryon mass. Numerically,
the binding energy should be much less than 240 and
100 MeV for the charmed and bottomed systems, respec-
tively. In other words, those states in TablesVII, VIII, IX,X,
and XI which do not satisfy the above criteria should not be
regarded as the loosely bound molecular states.
For the spin-singlet systems with the AQBQ form, the

pion exchange force is not strong enough to form bound

states for the five systems, ½�Q�
0
Q�ðI¼1=2;3=2Þ

S¼0 , ½�Q�Q�I¼1
S¼0,

and ½�Q�
0
Q�ðI¼0;1Þ

S¼0 (Q ¼ b, c). When we add the contribu-

tions from the scalar and vector meson exchanges, some
bound states appear. The following five states ½�c�c�I¼1

S¼0,

TABLE XI. The binding solutions of �Q�Q with the OBE potential. ‘‘�’’ is the cutoff parameter. B.E. and rrms are the binding
energy and the root-mean-square radius, respectively. Pi is the probability of the individual channel which are given in Table IV.

IðJPÞ Q ¼ c Q ¼ b

0ð0þÞ � (GeV) 0.80 0.85 0.90 0.95 1.00 0.80 0.85 0.90 0.95 1.00

B.E. (MeV) 2.53 8.04 16.61 30.18 55.11 27.30 45.94 69.61 102.62 148.17

rrms (fm) 2.31 1.48 1.13 0.91 0.73 0.78 0.66 0.58 0.50 0.44

P1ð%Þ 98.69 97.38 95.43 92.26 86.79 95.26 92.82 89.32 84.43 78.82

P2ð%Þ 0.08 0.34 1.15 3.01 6.04 0.27 0.81 2.24 4.81 8.21

P3ð%Þ 0.06 0.18 0.47 1.03 2.68 0.31 0.88 1.88 3.51 5.60

P4ð%Þ 0.84 1.51 2.15 2.73 3.12 2.89 3.73 4.44 4.85 4.84

P5ð%Þ 0.33 0.58 0.81 0.97 1.37 1.27 1.58 2.13 2.41 2.53

0ð0�Þ � (GeV) 1.15 1.17 1.20 1.23 1.25 0.85 0.90 0.95 1.00 1.05

B.E. (MeV) 4.69 13.34 27.65 46.59 61.36 2.80 17.97 31.35 59.76 100.54

rrms (fm) 1.25 0.94 0.80 0.70 0.66 1.38 0.95 0.76 0.62 0.53

P1ð%Þ 85.12 81.38 76.85 73.16 71.08 95.93 92.31 87.54 80.50 73.92

P2ð%Þ 0.64 0.57 0.37 0.19 0.18 1.08 1.56 1.73 1.58 1.17

P3ð%Þ 0.75 1.03 1.44 1.84 2.11 0.00 0.02 0.11 0.76 1.38

P4ð%Þ 11.48 14.67 18.64 21.87 23.57 1.45 3.63 7.34 12.99 18.90

P5ð%Þ 2.01 2.36 2.70 2.93 3.06 1.53 2.48 3.27 4.17 4.62

0ð1�Þ � (GeV) 1.16 1.18 1.20 1.23 1.25 0.90 0.95 0.97 1.00 1.05

B.E. (MeV) 1.35 11.32 24.10 47.32 65.05 0.24 11.12 18.82 34.83 74.65

rrms (fm) 1.57 0.94 0.78 0.67 0.62 2.28 0.92 0.80 0.68 0.55

P1ð%Þ 82.41 75.18 70.21 64.57 61.64 96.65 90.05 86.85 81.50 72.55

P2ð%Þ 9.51 13.39 15.96 18.67 19.93 1.51 4.71 6.26 8.76 12.56

P3ð%Þ 1.96 2.70 3.17 3.68 3.93 0.47 1.56 2.10 2.95 4.24

P4ð%Þ 1.77 2.24 2.46 2.61 2.65 1.29 2.89 3.40 4.03 4.64

P5ð%Þ 4.26 6.36 8.02 10.24 11.60 0.08 0.77 1.37 2.69 5.85

P6ð%Þ 0.08 0.12 0.15 0.02 0.22 0.00 0.01 0.03 0.05 0.13

P7ð%Þ 0.01 0.02 0.03 0.03 0.04 0.00 0.00 0.01 0.01 0.03
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½�c�c�I¼1=2
S¼0 , ½�b�b�I¼1=2

S¼0 , ½�c�c�I¼1=2
S¼0 , and ½�c�c�I¼0

S¼0

are all very loosely bound with small binding energies
and large root-mean-square radii with cutoff parameter
1.0–1.50 GeV. They are good candidates of molecules.

In the spin-triplet case, the numerical results with the one-

pion-exchange potential alone indicate that ½�Q�
0
Q�I¼1=2

S¼1

(Q¼b, c), ½�Q�Q�I¼1
S¼1 (Q ¼ b, c), ½�b�

0
b�I¼3=2

S¼1 , and

½�b�
0
b�I¼0

S¼1 may be loosely bound states. They have shal-

low binding solutions when the cutoff parameter is around

0.90–1.50 GeV. The three states ½�c�
0
c�I¼3=2

S¼1 , ½�c�
0
c�I¼0

S¼1,

and ½�b�
0
b�I¼1

S¼1 do not have binding solutions until the

cutoff parameter reaches 1.80 GeV.When taking the vector

and scalar boson exchanges into account, the numerical

results do not change significantly except that the bound

state of ½�c�
0
c�I¼3=2

S¼1 disappear and the binding energy in

some channels becomes deeper. Therefore, we conclude

TABLE XII. The binding solutions of the spin-singlet ‘‘AQBQ” systems when the interaction
potential includes the contact term.

S ¼ 0
Q ¼ c Q ¼ b

States � GeV) B.E. (MeV) rrms (fm) � (GeV) B.E. (MeV) rrms (fm)

½�Q�
0
Q�I¼ð1=2Þ

S 0.80 52.87 0.64 0.80 162.52 0.34

0.85 82.54 0.55 0.85 219.83 0.30

0.90 137.34 0.45 0.90 321.82 0.26

½�Q�
0
Q�I¼ð3=2Þ

S 1.30 0.23 5.44 1.00 0.45 3.49

1.40 1.48 3.03 1.10 0.45 3.49

1.50 4.11 2.10 1.20 4.61 1.66

½�0
Q�Q�I¼ð1=2Þ

S 1.10 0.94 4.56 0.90 1.12 2.39

1.20 1.03 3.29 1.00 5.36 1.41

1.30 2.53 2.35 1.10 7.59 1.32

½�Q�Q�I¼1
S 0.90 2.55 2.08 0.80 4.89 1.18

0.95 8.80 1.26 0.85 15.30 0.78

1.00 18.69 0.94 0.90 31.25 0.61

½�Q�Q�I¼ð1=2Þ
S 1.00 0.73 3.67 0.80 0.55 2.94

1.10 1.77 2.55 0.85 4.93 1.25

1.20 2.31 2.28 0.90 10.39 0.96

½�Q�Q�I¼1
S¼0 1.80 0.21 5.96 0.80 0.13 6.53

1.90 0.83 3.99 1.00 0.19 6.06

2.00 2.00 2.69 1.20 0.32 5.35

½�Q�Q�I¼ð1=2Þ
S 0.90 2.59 2.12 0.80 6.13 1.08

0.95 10.29 1.22 0.85 14.88 0.81

1.00 24.38 0.88 0.90 30.65 0.63

½�Q�Q�I¼ð3=2Þ
S 1.50 0.42 4.55 0.85 0.85 2.56

1.60 1.28 3.06 1.00 2.25 1.82

1.70 2.66 2.30 1.20 3.69 1.61

½�0
Q�Q�I¼ð1=2Þ

S 1.10 0.45 4.39 0.85 1.55 2.00

1.20 1.02 3.32 1.00 7.16 1.16

1.30 1.86 2.70 1.20 11.56 1.08

½�0
Q�Q�I¼0

S 1.10 1.85 2.59 1.00 2.51 1.65

1.20 6.37 1.60 1.10 11.11 1.05

1.30 12.28 1.27 1.20 21.83 0.87

½�0
Q�Q�I¼1

S 1.25 0.23 5.31 0.95 0.80 2.65

1.30 0.47 4.41 1.00 1.79 1.97

1.40 1.25 3.08 1.20 5.95 1.38

½�Q�Q�I¼ð1=2Þ
S 1.00 0.52 4.15 0.90 1.34 2.18

1.10 1.99 2.50 1.00 7.82 1.21

1.20 3.41 2.06 1.20 15.97 1.06

½�Q�Q�I¼0
S 0.90 0.20 5.29 0.80 1.64 1.87

0.95 2.11 2.33 0.85 6.53 1.12

1.00 5.77 1.55 0.90 14.20 0.86
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that the long-range one-pion-exchange interaction plays an

dominant role in forming these bound states. Comparing
the results of OPE model with those of the OBE model,
one notices that the contribution of the D wave is smaller
for the latter, which implies that the S-D mixing mainly
comes from the pion exchange. Our results suggest that

the states ½�0
Q�Q�I¼1=2

S¼1 (Q ¼ b, c) and ½�Q�Q�I¼1=2
S¼1

(Q ¼ b, c) with shallow binding solutions and reason-
able cutoff parameter may also be good candidates of
molecules.

For the heavy analogue of the H dibaryon, our results
indicate that �Q�Q (Q ¼ b, c) with quantum numbers

IðJPÞ ¼ 0ð0þÞ, 0ð0�Þ and 0ð1�Þ may all be molecules.
The binding solutions of �Q�Q system with the OPE

potential mainly come from the coupled-channel effect.
Besides the transition induced by the OPE force in the flavor
space, we have also considered the transitions caused by
the eta meson and rho/omega meson exchange. With the
same cutoff parameter, the binding energy in the OBE case
is larger than that in the OPE case. The medium- and

TABLE XIII. The binding solutions of spin-triplet AQBQ systems when the interaction potential includes the contact term.

S ¼ 1
Q ¼ c Q ¼ b

States � (GeV) B.E. (MeV) rrms (fm) PSð%Þ PDð%Þ � (GeV) B.E. (MeV) rrms (fm) PSð%Þ PDð%Þ
½�Q�

0
Q�I¼ð1=2Þ

S 0.90 1.39 2.97 96.08 3.92 0.80 5.24 1.51 88.01 11.99

1.00 8.64 1.51 93.78 6.22 0.90 18.07 1.02 86.04 13.96

1.10 20.31 1.14 92.74 7.26 0.95 27.54 0.90 85.53 14.47

½�Q�
0
Q�I¼ð3=2Þ

S 0.85 3.04 1.98 97.19 2.81 0.80 16.92 0.82 92.42 7.58

0.90 8.66 1.30 96.77 3.23 0.85 36.05 0.65 91.49 8.51

0.95 16.21 1.00 97.31 2.69 0.90 56.13 0.54 92.82 7.18

½�0
Q�Q�I¼ð1=2Þ

S 0.90 2.37 2.12 99.38 0.62 0.85 11.23 0.80 99.56 0.44

0.95 10.33 1.19 98.51 1.49 0.90 31.96 0.61 97.38 2.62

1.00 20.87 0.91 98.08 1.92 0.95 56.35 0.52 95.42 4.58

½�Q�Q�I¼1
S 0.95 1.91 2.42 99.84 0.16 0.80 1.35 2.03 99.27 0.23

1.00 5.15 1.62 99.71 0.29 0.85 5.53 1.20 99.48 0.52

1.10 15.31 1.08 99.40 0.60 0.90 12.11 0.92 99.17 0.83

½�Q�Q�I¼ð1=2Þ
S 1.00 0.73 3.67 100.00 0.00 0.80 0.55 2.94 100.00 0.00

1.10 1.77 2.55 100.00 0.00 0.85 4.93 1.25 100.00 0.00

1.20 2.31 2.28 100.00 0.00 0.90 10.39 0.96 100.00 0.00

½�Q�Q�I¼1
S 0.80 2.19 2.50 95.11 4.98 0.80 28.86 0.79 87.95 12.05

0.85 5.32 1.75 95.23 4.77 0.85 41.93 0.67 89.83 10.17

0.90 9.34 1.39 95.67 4.33 0.90 56.53 0.58 92.07 7.93

½�Q�Q�I¼ð1=2Þ
S 0.90 0.57 3.99 99.96 0.04 0.80 1.10 2.22 99.12 0.08

1.00 9.52 1.31 99.88 0.12 0.85 6.44 1.15 99.72 0.28

1.10 25.78 0.92 99.88 0.12 0.90 15.96 0.84 99.56 0.44

½�Q�Q�I¼ð3=2Þ
S 0.95 0.49 4.16 99.81 0.19 0.80 4.04 1.29 99.59 0.41

1.00 1.56 2.60 99.68 0.32 0.85 0.90 0.98 98.73 1.27

1.10 6.02 1.45 99.61 0.39 0.90 14.91 0.82 97.99 2.01

½�0
Q�Q�I¼ð1=2Þ

S 0.95 1.25 2.91 99.88 0.12 0.80 3.15 1.43 99.76 0.24

1.00 3.64 1.85 99.83 0.17 0.85 8.40 1.01 99.40 0.60

1.10 12.23 1.14 99.83 0.17 0.90 15.51 0.82 99.15 0.85

½�0
Q�Q�I¼0

S 0.90 4.89 1.67 98.42 1.58 0.80 5.71 1.39 86.06 13.94

0.95 14.60 1.10 98.93 1.07 0.85 16.62 0.90 91.74 8.26

1.00 28.43 0.86 99.36 0.64 0.90 35.81 0.66 96.05 3.95

½�0
Q�Q�I¼1

S 0.90 0.81 3.41 99.63 0.37 0.80 0.77 2.50 98.86 1.14

0.95 4.39 1.69 99.39 0.61 0.85 10.07 0.93 98.57 1.43

1.00 9.88 1.22 99.31 0.69 0.90 23.63 0.70 98.19 1.81

½�Q�Q�I¼ð1=2Þ
S 0.90 0.45 4.22 99.75 0.25 0.85 3.01 1.45 97.79 2.21

0.95 5.94 1.49 99.34 0.66 0.90 19.44 0.76 97.00 3.00

1.00 15.35 1.04 99.23 0.77 0.95 41.92 0.58 97.13 2.87

½�Q�Q�I¼0
S 0.90 0.20 5.29 100.00 0.00 0.80 1.64 1.87 100.00 0.00

0.95 2.11 2.33 100.00 0.00 0.85 6.53 1.12 100.00 0.00

1.00 5.77 1.55 100.00 0.00 0.90 14.20 0.86 100.00 0.00
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short-range attractive force plays a significant role in the
formation of the loosely bound �c�c and �b�b states.

The authors studied the�Q�Q system at the quark level,

and obtained bound states with mass 4516 MeV for �c�c

and 9175 MeV for �b�b [30]. Theoretical investigations
of these molecular states with other phenomenological
models are desirable.

If these states really exist as molecules, once produced,
they will be very stable because this system decays via
weak interaction. It is difficult to produce the states with
double charm or double bottom experimentally. However,
there is still hope to search for these interesting long-lived
molecular states with double heavy flavor at facilities such
as the Large Hadron Collider and RHIC.

All the molecule states (except those with �Q) are very

stable because their components have a long lifetime
around 10�13 � 10�12 s. On the other hand, the width
of �c is about 2.2 MeV [22]; this narrow width ensures
a relatively long lifetime for the ‘‘�cX’’-type mole-

cules. Such states can decay into X�þ
c � followed by

�þ
c ! pK��þ. For the bottomed case, �bX ! X�0

b�
followed by �0

b ! �þ
c �

� and �þ
c ! pK��þ. These

decay modes may be helpful to search for such states
in the future experiment.
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APPENDIX

1. Some helpful functions

The functions Hi, etc. are defined as

H0ð�; m; rÞ ¼ YðurÞ � 


u
Yð
rÞ � r2

2u
Yð
rÞ; H1ð�; m; rÞ ¼ YðurÞ � 


u
Yð
rÞ � r
22

2u3
Yð
rÞ;

H2ð�; m; rÞ ¼ Z1ðurÞ � 
3

u3
Z1ð
rÞ � 
2

2�3
Yð
rÞ; H3ð�; m; rÞ ¼ ZðurÞ � 
3

u3
Zð
rÞ � 
2

2u3
Z2ð
rÞ;

M0ð�; m; rÞ ¼ � 1

�r
½cosð�rÞ � e�
r� þ 2

2�

e�
r; M1ð�; m; rÞ ¼ � 1

�r
½cosð�rÞ � e�
r� � 
2

2�3
e�
r;

M3ð�; m; rÞ ¼ �
�
cosð�rÞ � 3 sinð�rÞ

�r
� 3 cosð�rÞ

�2r2

�
1

�r
� 
3

�3
Zð
rÞ � 
2

2�3
Z2ð
rÞ;

(A1)

where

2 ¼ �2 �m2; u2 ¼ m2 �Q2
0;

�2 ¼ �ðm2 �Q2
0Þ; 
2 ¼ �2 �Q2

0;

and

YðxÞ ¼ e�x

x
; ZðxÞ ¼

�
1þ 3

x
þ 3

x2

�
YðxÞ;

Z1ðxÞ ¼
�
1

x
þ 1

x2

�
YðxÞ; Z2ðxÞ ¼ ð1þ xÞYðxÞ:

Fourier transformation formulas read

1

u2 þQ2
! u

4�
H0ð�; m; rÞ;

Q2

u2 þQ2
! � u3

4�
H1ð�; m; rÞ;

Q

u2 þQ2
! iu3

4�
rH2ð�; m; rÞ;

QiQj

u2 þQ2
! � u3

12�
½H3ð�; m; rÞkij þH1ð�; m; rÞ�ij�;

(A2)

where kij ¼ 3
rirj
r2

� �ij. If the form factor is not intro-
duced, there will be delta terms in the second and fourth
formulas. In the above expressions, we employ another
function, � u3

4� ½H1ð�; m; rÞ �H0ð�; m; rÞ�, to substitute
for the delta term. If one neglects the delta term, one should
adopt the following formulas:

Q2

u2 þQ2
! � u3

4�
H0ð�; m; rÞ;

QiQj

u2 þQ2
! � u3

12�
½H3ð�; m; rÞkij þH0ð�; m; rÞ�ij�:

(A3)

If u2 ¼ m2
ex �Q2

0 < 0, the last formula of the Eq. (A2)
should be

QiQj

u2 þQ2
! � �3

12�
½M3ð�; m; rÞkij þM1ð�; m; rÞ�ij�:

(A4)

Accordingly, we make the replacement M1ð�; m; rÞ !
M0ð�; m; rÞ to neglect the delta term.
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2. The numerical results of the ‘‘AQBQ’’ systems
when the contact term is included

For comparison, we collect the numerical results of the AQBQ systems in Tables XII and XIII when the contact term is

included.

3. The numerical results of the baryon-antibaryon
systems with the OPE potential

As a by-product, we present the binding solutions of the heavy baryon-antibaryon systems with the pion-exchange
potential. It is straightforward to obtain the potential via changing the sign of the potential for the baryon-baryon systems
since the G-parity of the pion is negative. Our results indicate that the pion-exchange alone is strong enough to form some
bound states. The numerical results are collected in Tables XIV and XV.

4. The dependence of the binding energy on the cutoff parameter

TABLE XV. The numerical results of the spin-triplet heavy baryon-antibaryon systems with the OPE potential. � is the cutoff
parameter. B.E. is the binding energy while rrms is the root-mean-square radius. PS and PD are the probabilities of the Swave and theD
wave, respectively. � denotes no binding solutions.

S ¼ 1
Q ¼ c Q ¼ b

Systems � (GeV) B.E. (MeV) rrms (fm) PS PD � (GeV) B.E. (MeV) rrms (fm) PSð%Þ PDð%Þ
½�Q

��0
Q�I¼1=2

S 1.20 1.37 2.80 89.79 10.21 0.80 4.05 1.60 74.87 25.13

1.30 4.95 1.69 84.74 15.26 0.90 9.86 1.21 70.37 29.63

1.40 11.24 1.25 81.80 18.92 1.00 19.09 0.98 67.15 32.85

½�Q
��0
Q�I¼3=2

S � 1.20 0.72 2.68 94.08 5.92

1.30 1.75 1.88 92.19 7.81

1.50 5.80 1.18 89.44 10.56

½�Q
��Q�I¼1

S 1.60 0.03 6.65 97.47 2.53 0.90 1.41 2.75 87.92 12.08

1.80 1.38 2.99 94.34 5.66 1.10 4.42 1.59 86.20 13.80

2.00 5.87 1.56 92.02 7.98 1.30 11.71 1.04 84.88 15.12

½�Q
��0
Q�I¼0

S 2.10 0.46 4.13 97.15 2.85 1.00 0.24 4.52 93.44 6.56

2.30 3.16 2.89 94.51 5.49 1.20 1.89 1.91 90.07 9.93

2.50 9.15 1.20 92.55 7.45 1.40 6.22 1.20 87.85 12.15

½�Q
��0
Q�I¼1

S � �

TABLE XIV. The numerical results of the spin-singlet heavy baryon-antibaryon systems with the OPE potential. � is the cutoff
parameter. B.E. is the binding energy, and rrms is the root-mean-square radius which reflects the size of the bound state. � denotes no
binding solutions.

S ¼ 0
Q ¼ c Q ¼ b

Systems � (GeV) B.E. (MeV) rrms (fm) � (GeV) B.E. (MeV) rrms (fm)

½�Q
��0
Q�I¼1=2

S � 1.80 0.01 6.75

2.00 0.02 6.66

2.50 0.03 6.50

½�Q
��0
Q�I¼3=2

S � �
½�Q

��Q�I¼1
S � 0.80 0.06 9.34

1.00 0.13 4.94

1.30 0.29 2.44

½�Q
��0
Q�I¼0

S � �
½�Q

��0
Q�I¼3=2

S � �
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