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Hadronic molecular states composed of heavy flavor baryons
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We investigate the possible molecules composed of two heavy flavor baryons suchas “Ay By (Q = b, ¢)
within the one-pion-exchange model (OPE). Our results indicate that the long-range 7 exchange force is
strong enough to form molecules such as [3, 2 ]1 12(0 = b, ¢), [SoApliZl (O =b,0),[3,E Ak 31/2,
and[E, 5/ 5= where the S-D mixing plays an 1mp0rtant role. In contrast, the 77 exchange does not form the
spin-singlet A QBQ 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 Ay B
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 Ay A, system
within the OPE and one-boson-exchange framework and find that there exist loosely bound states of Ay A
(Q = b, ¢) with quantum numbers /(J*) = 0(0*),0(0~), and 0(1 ~). The binding solutions of A, A, 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 A, A, and
A, A, states. Once produced, they will be very stable because such a system decays via weak interaction with

a very long lifetime around 10~13-10712 s,
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I. INTRODUCTION

In the past few years, many exotic charmonium-like
states have been reported by the Belle, BABAR, CDF, and
DO Collaborations, such as X(3872) [1], X(4160) [2],
Y(4260) [3], and Z*(4430) [4]. Recently, the Belle
Collaboration observed two charged bottomonium-like reso-
nances Z,(10610) and Z,(10650) in the hidden-bottom
decay channels 7=Y(nS) (n =1, 2, 3) and 7= h,(mP)
(m =1, 2) of Y(55) [5]. Since many of these states do not
fit into the conventional ¢g 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 of D°D** while
7,(10610) and Z,(10 650) are near the threshold of BB* 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 er al. proposed (4040)
might be a D*D* molecular state [7]. Tornqvist explored
the possible deuteron-like meson-antimeson bound states
with the pion exchange potential [8,9]. Liu et al. investigated
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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 ef al. interpreted the
newly observed Z,,(10610) and Z,,(10 650) as BB* and B*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 form of the sigma meson 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. Froemel
et al. investigated the bound states composed of heavy
hyperon and nucleon by rescaling the nucleon-nucleon
potential in [13]. Julia-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 A A, (AL,
E BB, 2.3:(30), ELEL(EL, and Q.Q.(Q,).

In the present work we shall study the systems with two
different heavy flavor baryons. For simplicity, we denote the
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systems with two same baryons as “ApA (" and the systems
with two different baryons as “AyB,.” The difference
between the two systems is that the “AyB,” system con-
tains the contributions coming from the K=, K°, K°, K**,
K*, and K*° exchange while the AyA, system does not.

Among the possible loosely bound states composed of
a pair of heavy baryons, the Ay Ay (Q = b, ¢) 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 quark model [19]. In this work,
we shall perform an extensive coupled channel analysis of
the Ap Ay (Q = b, ¢) system and investigate the role of the
one-pion-exchange (OPE) and sigma/omega/rho meson 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 AyA, system is given in Sec. III. In
Secs. IVand V, we show the numerical results for “AQBQ”
and Ay A, 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
(mg — 00), 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 O 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
|
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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 } or 3 while the spin of
the baryon in the 3-representation is only .

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

+1 1 350 1 =1+(1/2)
%0 \/EEQ N Aale)
= 150 -1 1 =1—(1/2)
Bo=| 539 ) LE ,
1 =/+(1/2) 1 =/—(1/2)
V270 3=0 Q
#+1 1 *0 1 :«*’Jr(]/z)
( 20 VEEQ Nkt
6= =37 e L -0/2)
Bi=| &0 20 %50 RGY:
KL:*’HI/Z) 1= —(1/2) O
V270 270 0
=+(1/2)
( 0 Ag =0
By = —AQ 0 55(1/2)
_=m+(1/2) _=m—(1/2)
\ =0 =0 0

The spin % baryon is marked with *. The superscript is the
third component of its isospin. Q = b or ¢ denotes the
corresponding heavy quark. The exchanged bosons are

(77’%4—7"6 at K*
M= T —%+77’3 K% |,
K " r _%7’ (2)
(\;1/_05+% p+ A
Vsl e s ke
K 0 b

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= Lo+ Lo+ Lonn
where
Lown = 8p,5, T Beivs MBg] + g,5,5, Tt[ B3iys MB;]
+ {ngﬁBiTr[B6i’}/5MBg] + H.c.}, 3)

= f — Y _ SuBsB; _ .
£vhh = ngéBﬁTr[B67M ‘VMB6] + %6686 TI'[B60';“,3”"V Bé] + ngngTr[B§7MV#B§] + 2][273 TI‘[BQO'MVG’U“‘V 33]
3
- SvBeB; _
+ {gvgﬁngr[B(,’yM VEB5] + 2\/T_m Tt[Bso,,0* V"Bs] + H.c. } 4)
6M3
L ywn = 8oB,5, T1[Bs0Bs] + gop.5, Tr[B30B3]. (%)
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M and V* are the exchanged pseudoscalar and vector
meson matrices, respectively, which are given in Eq. (2).
B¢ and Bjx are the heavy baryon matrices shown in Eq. (1).
mg and mj3 are the masses of the heavy baryons belonging
to the 6-representation and 3-representation, respectively.
“8pBeBe> uBeBy - - - are the coupling constants.

B. Coupling constants

We derive the coupling constants in Egs. (3)-(5)

from those between the nucleon and the light meson
|
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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, 8pBeBs — 3 87NN dmy 8pBsB; — 5 ngN W’ 8ps:p; = 0. (6)
2 1
scalar exchange, 80BeB, = 38NN 8088y = 3 8aNN- (7)
42 N
vector exchange, 8vBeBs — 2\/58;;1\/1\/, SfoBeB, = T(g oy + fonn) mlN - 2\/58,:1\/1\/:
8vB;B; = \/EgpNN, va*Bg = _\/zgpNN, (8)
23 x/_
8uBes; = 0, SuBeBs = 5 —(gonn + fonn)
[
In the above expressions, g,yn. &onn> &pnns AN fony  &pBeB, = ((4f)/(5))ngN((m2 + my_)/2my)) for the in-

are the coupling constants between the nucleon and the
exchanged mesons. Their numerical values are known
quite well. my is the mass of the nucleon. m; and m/
are the masses of the ingoing and outgoing baryons,
respectively. From Egs. (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,

teraction vertex 2.2 .7 while 8 pBBs ((4\/_)/(5))g7,NN><
((mz + mE;)/sz)) for the B! =/ 7 vertex. The masses of
the baryons and exchanged mesons are summarized in
Table II. The values of the coupling constants are [21,23,24]
goyn/4m=13.6, goyy=0.4, g7 yy/47=5.69, g,z)NN/
4m=0.84, fonn/8onn = K, = 6.1, g2 \n/4m = 20.0,
fonn/8onny = K, = 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. ““X”” means such a vertex does not exist.

Vertex O=c 0=b>b

8 pBgBg 8 BB 8vBgB; S vBg By 8 pBgBg 8oBgBy 8vBgB; S vBg By
20320(p, o, v) 38.69 5.64 9.19 59.08 91.64 5.64 9.19 152,51
EqE/Q(p, o, V) 39.65 X 9.19 60.76 92.66 X 9.19 154.30
20Q0(p, o, v) 40.61 X 9.19 62.39 93.68 X 9.19 156.08
HQ_‘Q(p, o, v) 40.62 5.64 9.19 62.48 93.68 5.64 9.19 156.18
E,Q0(p, 0, v) 41.58 X 9.19 64.15 94.71 X 9.19 157.91
QpQp(p, o, v) 42.53 5.64 9.19 65.86 95.73 5.64 9.19 159.73

8 pBgB; 87B4B; 8vByB; S vBqB; 8 pBeB; 87B4B; 8vByB; S vBgB;
SoAo(p, o, v) —22.89 X 0 —40.36 —55.19 X 0 —97.37
20E0(p, o, v) —23.77 X 0 —41.95 —56.01 X 0 —98.84
E’QAQ(p, o, v) —23.48 X 0 —41.35 —55.82 X 0 —98.46
E’QEQ(p, o,v) —24.36 X 0 —42.98 —56.64 X 0 —99.94
OpE,(p, o, v) —24.95 X 0 —43.98 —57.27 X 0 —101.02

8 pB;B; 8oB;B; 8vB;B; vang 8 pB;B; 8oB;B; 8vB;B; fuBng
ApAg(p, o,v) 2.82 4.59 —4.59 2.82 4.59 —4.59
ApEo(p, o, v) 0 X 4.59 —4.59 0 X 4.59 —4.59
EoEolp, o, v) 0 2.82 4.59 —4.59 0 2.82 4.59 —4.59
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TABLE II. The masses of the relevant mesons and baryons
[22]. The bottomed baryons X9, E°, and =, (marked with *)
have not been observed experimentally. Their masses are fixed to
be: myo =[m2; +m2;]/2 and mgo = mg,- = [ms, + mgq,1/2.

Mass Mass Mass
Meson (MeV) Baryon (MeV) Baryon (MeV)
T 139.57 A} 2286.5 Ag 5620.2
0 134.98 B 2467.9 Eg 5790.5
n 547.85 =M 2471.0 B, 5790.5
p 775.49 P 2454.02 PN 5807.8
w 782.65 3f 2452.9 #39 5811.5
¢ 1019.46 390 2453.8 b 5815.2
K* 493.68 1A 2575.7 *E;,O 5941.3
K0 497.61 =h 2578.0 *B17 59413
K** 891.66 Qo 2697.5 Q, 6071.0
K*0 895.94
o 600
o T, I %o =9 Q
T N o K/K Ul o
T T
Pl S, %o S S Qq
(S0l
= Ao Ag 2, S0 2
w KK rw
2 Ao Eg Ao o o
[EoAe]
) = o Zo Zo Q
o I n o
P w (] P w 0 1)
Zq %, o Eo Zq Qg
[Z'Z0]
FIG. 1.

[E020)

[E9q]

PHYSICAL REVIEW D 86, 014020 (2012)

pseudoscalar, scalar, and vector meson exchange, respec-
tively. We adopt the three independent ones as gy, Eonn»
and g,yy, 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
A2 — 2 A2 — 2
FO =53 n ©))
A—=Q A+ 0
Qq o o Ao Ao o)
K/K - -
TR RTTTT] R N R
E’(J Qg po) Ao Xg Ao
[EoAq]
=) o ) Ao Ao =0
K/K - K/K
K*/K w K*/K
o} r) 2 Ao Eg Ag
[:'A\(ﬂ
Q% =
o Q Ao Q0
K/K
n o o
e N R GhREEEE B EEEEEEEEEEEEE
20 Q
S0 Q Ao Q)
[ZoQ%0] [A0%20]

The exchanged mesons for different systems.
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where A is the cutoff parameter by which we can regulate  effective potentials have four terms: the central potential
the exchanged momentum. m,, and Q are the mass and  term V., the spin-spin term Vg, the spin-orbit term
four momentum of the exchanged meson, respectively, and Vs, and the tensor term Vy:

A2=A2- 03 Making the Fourier transformation,

P( — P . P
V)= f dQ3 0T V(Q)FAQ).  (10) Velrin, @) = Vis(rim e) + Vi(rin, o),
2m) Vi(rsn=1,0)= Virsn=10)+ Vigrin=10),
one obtains the effective interaction potential in the coor- Vo(rin, B) = Vi(rin, B) + Vi(rin, B)
dinate space, which are given below. One can refer to the
Appendix for some formulas. Since the hadronic molecule + Vls/s(r ;n, B) + V’f(r ;n, B),

is a loosely bound state, the hadrons are not expected to be
very close to each other. We neglect the contact interaction where the superscripts, p, s, and v, denote the pseudosca-
piece 5(") in the potential. The detailed information of the lar, scalar, and vector meson excha_nge’ respectively_
delta term is given in the Appendix. a=m, 1 K, K° K° and B =w, p, ¢, K**, K*,
We expand the effective interaction potential in terms of ~ K*0. 5 = [, 2 denotes the direct and cross diagrams,
L (m is the heavy baryon mass) up to order of ;. We also  respectively. For the scalar exchange, “n = 1 means
adopt the approximation 1/m% ~ 1/m% ~ 1/(mymp) due  that the o exchange only occurs in the direct diagram.
to the large masses (my4, mp) of the heavy baryons. The  The specific expressions read

|
3
D glngp Uy

pseudoscalar exchange, VE(r;n, a) = Hy(A, mgy, r)oy - o,
dar 12mAmB
3 (11)
Vi(rsn, @) = ChLo 2252 L8 p (A, g, 1)S45(7),
47 12mymp
when u3, = mj — (m; — m;)* <0, they change into
81p82p 03
'Vl’ ‘n, Cl7 pS2ip Y Vi A , ,
ss(rsn, @) = 4w 12mympg oA, mg, 1oy - o
03 (12)

Vi(r;n, a) = Cha E1p82p

—2  M;(A,
4o 12mAmB 3( me, r)SAB(r)

with 62 = —[m2 — (m; — m)?),

2
u
le (glngU + 2glvf2v + ZgZUfIU)HO(A; mﬁ; 7’)],
B

3

vector exchange, ~ V¥(r;n, B) = Cy iy [gl,,gZUHO(A mg, ) +

1
Vgs(”; n, B) = szﬁ[glvgbj + glvf2v + g2vflv + flvf2v]7 £
491 6mym

B

3
LI
4 12mymp

HO(A’ mﬁ) r)O'A : O-Br

Vlf‘(r’ n, B) = _Cz,lg[glngU + glvf2v + g2vflv + flvav] H3(A’ mpg, r)SAB(i;)r

1 up
st(r;n, B) _C;;IB4772 HZ(A mB’ r)[3glvg2vL S+4glvf2vL SA +4gv2fle SB]
(13)
S ( 1oe _ s 815825 _ M%.
scalar exchange, Vi(r;n=10)=—C} ,u, Hy(A, m,, r) Hy(A, mg, r) |,
' 4 8mymp
815825 u3 (14)

Vigrin=10) = —C,>>= —"—Hy(A, m,, r)L - S.

dar 2mAmB

Ch o, Cp and Cj, , 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 “A,” and “By.” S, S are the spin
operators of the two baryons while S = S, + Sj is the total spin operator. S,5(7) = 3074 - rog - r/r> — o, - o is the
tensor operator. gy, g2, - - - are the coupling constants given in Eqgs. (6)—(8). The values of u; read
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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 Ch» Chy Ch g Chp Cho Chy Cf,),K* G
[2oEpl=1/2 -1/2 -1/12 [—1/4] -1/2 1/4 [—1/4] 1
[3pEpl =3/2 1/4 —1/12 [1/2] 1/4 1/4 [1/2] 1
[EpQoll =1/2 1/6 [1/2] 1/2 [1/2] 1
[ZoQpll =1/2 -1/3 1
[EoAoll =1/2 1 [1] 4
[SoApll =1 [1] [1] 1 2
[SpEpll =1/2 [—1/2] -1 1/2 [—1/2] 2
[2pEpl =3/2 [1] 1/2 1/2 [1] 2
[EpApll =1/2 [1/2] 1/2 [1/2] 2
[EQE’Q]I =0 [3/4] [—3/4] —3/4[3/4] 1/4[—1/4] 1/2[—1/2] 2
EQE’Q]I =1 [1/4] [3/4] 1/4[1/4] 1/4[1/4] 1/2[1/2] 2
[EoQoll =1/2 [1] 1 [1] 2
[ApQpll =0 2
direct diagram, Uy = Uy = Ug = 0, (15)
cross diagram, ut = m% — (my — mp)?, 0% = —[m% — (my — mp)?*], up = my — (my — mp).

Substituting the masses of the corresponding baryons for m, and mp in Egs. (11)-(14), one obtains the effective
interaction potentials. Besides Eqgs. (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(r)= Ve(r) + Vs(r) + Vig(r) + Vi(r)

— [Vg(r;n —1,0)+ %Vg(r; n, B)] + [%}V‘s’s(r; n, @) + %Vﬁs@ n, ﬁ>]

+ [VSLS(r;n =10)+ ZVZS(r; n, B)] + [ZV?(;’; n, a) + ZV%(V; n, ,8)].
n,B na n,B

(16)

The systems with two spin-half particles are either spin-singlet (S = 0) or spin-triplet (S = 1). For the spin-singlet, we focus
on the ground state ' S, while for the spin-triplet, we take both>S,; and D, into account. The wave functions can be expressed as

V(r)* = y3(nl'Sp>,

V()T = <y§(§r))|3sl > +( >|3D1>,

0
yh(r)

where yg(r), y%(r), and y}, are the radial wave functions. The operators can be written in the following matrix form:

spin singlet,

spin triplet,

Ty " Opg =

-3,

L-S=0, L-S,=0 L-S;=0  Su@®=0 (17

L [0 B [0 O
SAB(r)_<J§ —2>’ i (0 —3)’

0
)
0
3y
2

(18)

III. THE COUPLED CHANNEL ANALYSIS OF THE AyA, SYSTEM

The AQAQ[O(O+)] system is very interesting, which can be viewed as the heavy analogue of the H dibaryon. The heavy
quark mass m;, ., the S-D wave 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 A, A,, A.A ., and AA systems may
reveal which underlying mechanism is dominant.

In the present work we shall perform an extensive analysis of AyA, with quantum numbers /(J*) = 0(0*), 0(07), and
0(17). We list the flavor channels which we take into account in Table IV. Besides the Lagrangians given in Egs. (3)—(5),
we also need the following effective Lagrangians:
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TABLE IV. The flavor channels for the Ay A, system, where Q = b or c.

Channels 1 2 3 4 5 6 7
1) =007)  Agho(Se)  SoSo08)  Su3508)  SSp0Dy)  S55,0Dp)

1(JP) =007)  AgAy(Py) 303CPy) 3535CP) 3035CP)) 3536 Fo)

1(J?) =0(17) AgAoCPy) 3030CP)) 3536CP) 3535 Fy) 3035CP) 3035CP)) 3035CF)

pseudoscalar exchange, L,= [— \/‘;7; Tr(Bz#a/‘MB6) + H.c.] + [— % TI‘(BEMB/LMBg) + H.c.] (19)
- J% Tr(B;, v, y50"MBg") (20)
scalar exchange, L, = Tr(B;, 0B"), 1)
h £, =P8 v o vy + B e guyr — grympe
vector exchange, v =75 (Bg, ¥, V"Bg") 7 i Bg,, ( )Bg, ]
i/\ng D* v v

+1- % Tr[Bg, (94 V" — 9"VF)y,ysBe] + H.c.

+{=iv2A,8,Ti[B} (94 V" — 0"V*)y,ysB5] + Heel (22)

The coupling constants are g, = 0.999, g3 = /624, g5 = —+2g4, [, = 6.2, f, = 92.3 MeV, (B,8,) = 12, (\,g,) =
19.2 GeV~!and (A;g,) = —()\Sgu )/+/8 [26]. Besides the potentials in Egs. (11)-(14), we also need the following potentials:

Vp(r) Cp(l J) [H3(A Mex, r)Aten + HO(A Mex, F)Ass] (23)
Vv(r) Cv(l ]) HO(A Mex, l’) + C (l .]) [ H3(A Mex, r)Aten + 2HO(A Mex, r)ASS] (24)
Vi(r) = C(, j)4—;Ho(A, My, 1), (25

where A, and Agg denote the tensor and spin-spin operators, respectively. They are channel-dependent. Their specific
expressions are given in Table V. For the baryon masses, we use my» = 2518.0 MeV and my: = 5832.5 MeV [22]. Due to the
conservation of the energy and momentum, we keep the nonvanishing zeroth component of the exchanged four momentum Q,
and define u as the following:

2 2
mi, —m
; . SR
EQEE « EQEQ’ M2 = mex (my - ng) , AQAQ — EQE*Q’ l/lz = mgx - (j.]niAQ) ,
(9]
2 2 2 2
m2. —m m2. —m
> So\2 Py S0\2
$,5, o 5o30, u2=m2—(97Q), SIS G 3,5k u2=m2—(9%9),
g=e ¢ = 4m2Q Y 0=0 & 4m§Q
Other channels, u> = m2,.

TABLE V. The specific expressions of operators A, and Agg for the individual channels. S,
and %(r,_s = — %S,ﬂ oS'* are the transition matrix and the spin operator of the spin-— baryons,
respectively. One can refer to Ref. [26] for their definitions.

Channels Aen Ags
AgAg = 3535 3,3, — 3538 38 -8 -+ — 8], - sk st -sh
AgAg = 335 3,3, = 3535 30, - t8), - — o -sjz o Sh
3535 < 252 30,51 RO B — Oy O Ors1 * Ory
2035 < 22 30, fo t— 00,0 O O
3035 < 353 38H - #S, t— S-S, St S,
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FIG. 2. The interaction potentials of the deuteron within the OBE model. V;;, V},, and V,, are for the transitions 3S R 38 1s 38 R 3D1,

and 3D, < 3D, respectively.

IV. NUMERICAL RESULTS FOR THE
AgB, SYSTEMS

In our numerical analysis, we apply the Fortran program
FESSDE [27] to solve the multichannel Schrédinger equa-
tion. Solving the Schrodinger 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 (r,s), 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 ¢ and ggq hadrons. Recall
that the size of the deuteron is about 1.96 fm [28].
Tornqvist 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/ ¢ (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.

TABLE VL

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 8(r) function is omitted and (2) when the 8(r) 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 7 exchange.

The numerical result of the deuteron with the OBE potential. “A” is the cutoff parameter. “B.E.” means the binding

energy. “Pg” and “Pp” are the probabilities of the S wave and D wave, respectively.

Without contact term

With contact term

A (GeV) B.E. MeV) Fms (fM) Pg(%) Pp(%) A (GeV) B.E. MeV) Tms (fM) Ps(%) Pp(%)
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

014020-8
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A. The results of the “A,B,” 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:
[SoELIT22, [30A0157 and [E,E,10 Y. For
[2pE ]' 12 and [ZpE ]%/2 the pion exchange exists
in the dlrect channel whlle the pion exchange occurs in
the cross channel for the other three systems.

There are no binding solutions for the five spin-singlet
(S = 0) systems. For the spin-triplet (S = 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

E.EL]iZ]; see Table VIL. In the charmed sector, loosely
bound states [3,E/1:="/* and [S,A . Ji=} have small bind-
ing energy around a few MeV for a reasonable cutoff
parameter about 1.20-1.50 GeV. They are good candidates

TABLE VII.

PHYSICAL REVIEW D 86, 014020 (2012)

2.5 T T T

0 1 1 1

A (GeV)

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

of molecules. For these two states, the D wave contribution
is less than 13%. For the states [3, 2/ 1'=>/? and [E, 21,29,
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
[3,5010=)/232 [3,A, 12}, and [E,5,1/=9, 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 %, A, system at the quark level and
obtained larger binding energy. The [E, :Z]g I bound
state appears when the cutoff parameter is 2.20 GeV.

;—1—1,]

The numerical results for the spin-triplet system (S = 1) with the OPE potential. X indicates no binding solutions. A is

the cutoff parameter. B.E. is the binding energy while r,,, is the root-mean-square radius. Pg and Pj, indicate the probabilities of the S
wave and the D wave, respectively. Q = ¢ or b denotes the charmed or the bottomed systems.

s=1

Q=c Q=0>
Systems A (GeV) B.E.(MeV) rp (fm)  Pg(%) Pp(%) A (GeV) BE.(MeV) rp (fm)  Pg(%)  Pp(%)
[S0Epls 1/2 1.20 0.09 5.99 97.82 2.18 0.90 4.28 1.53 88.01  11.99
1.30 0.84 351 9560 431 1.10 13.63 1.01 8520  14.80
1.50 5.15 1.67 92.15 7.85 1.30 31.33 0.74 8337  16.63
[SoELl 2 2.00 0.21 5.07 96.66 3.34 1.10 0.96 234 8698  13.02
2.20 431 1.61 89.98  10.02 1.20 2.99 1.53 8201  17.99
2.40 14.85 0.98 8541  14.59 1.30 6.44 1.17 7841  21.59
[SoAols! 1.30 0.55 420 97.46 7.54 0.90 8.61 1.40 7176 2824
1.40 1.76 271 89.71  10.29 1.00 13.95 1.16 70.04  29.96
1.50 3.99 1.94 8729  12.71 1.10 21.54 0.98 6835  31.65
[EoELl° 1.80 0.88 3.25 93.65 6.35 0.90 1.38 237 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 1655 0.93 7240  27.60
[EoE, 1! 2.20 0.46 3.01 94.06 5.94
X 2.30 1.20 1.99 91.76 8.24
2.40 2.39 1.48 89.69 1031
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FIG. 4. The dependence of the binding energy on the cutoff parameter for the Ay B system with the OPE potential.

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
]1 172 and [2E 0Ep g 3/2 and
[EoEpli™ and [EELIE", 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
quark mass is salient in the formation of the molecular states.

of isospin multiplets, [, E

B. The results of the A, B, systems with
the OBE potential

In the previous subsection, we give the numerical results
with the 77 exchange potential which accounts for the long-
range interaction. Actually, only five systems out of the
thirteen ones allow the 7 exchange. We find that the 7
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 [2,E ]I Y2 (0 = b, ¢) even if we add the
contributions of the heavier vector and scalar meson
exchange. Therefore, our results disfavor the existence of
the molecules [3, 2 ]1 172 (Q = b,c). However, for the
other isospin multlplet of this state with 7 =3, we find
binding solutions for both the charmed and bottomed
cases. A bound state of [3, E.L]5) 3/2 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 [ 2, =) g %/ ? 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 [EQAQ]ls:}) system, the binding energy of the state
[ AL is 0.28-47.34 MeV with the cutoff parameter
0.90-1. 10 MeV while the binding energy of [3,A, =) 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 [:Q:’Q] with/ =0and I = 1.

For the other systems without the 7 exchange, we
also find binding solutions. The most interesting one may

be [MQAQ S— 0 , which allows the o and @ exchanges
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TABLE VIII.
X means no binding solutions exist.

PHYSICAL REVIEW D 86, 014020 (2012)

The numerical results for the spin-singlet (S = 0) case with the OBE potential.

$=0
0=c 0=0b
Systems A (GeV) BE.(MeV) rp (fm) A (GeV) B.E.(MeV)  rp, (fm)
[EQ ]I 1/2 X X
[SoELl 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
[EpQ0l5 % 090 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
[30Q,15! 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
[EoApli ' 1.10 1.91 2.47 0.90 1033 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
[SoAols™! 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
[SoEols/? 1.00 4.13 1.77 0.90 11.85 0.90
1.30 20.99 0.95 1.00 3221 0.64
1.50 26.92 0.86 1.10 49.64 0.55
[SoEols? 0.90 1.29 291 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
[EpAols 172 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 2423 0.93 1.00 40.88 0.61
[(EpEols 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
[ELE L™ 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
[EoQ015 090 2.19 231 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
[ApQol5 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

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 [2.2 - 1/2 and [3.Q.J5Z0, we also obtain small
binding energles 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 [ =/, () b]l ly2
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

3 EL[I(JP) = 5(17)] 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

014020-11
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TABLE IX. The numerical results for the spin-triplet (S = 1) case with the OBE potential. X indicates no binding solutions exist.

S=1
0=c 0=>b

Systems A (GeV) BE.MeV) ry (fm)  Py(%) Pp(%) A (GeV) BE.MeV) ry (fm) Pg(%) Pp(%)
[SeELlE 080 2.59 2.28 9648  3.52 0.80 22.96 0.85 90.73 9.7
0.90 15.15 1.17 9502 498 0.85 34.88 0.74 90.16  9.84

1.00 55.44 0.74 95.17 483 0.90 56.02 0.63 9037  9.63

[SoELl X 0.80 0.46 3.22 90.74  9.26
0.90 1034 1.08 82.64  17.36

1.00 1.04 2.40 8631  13.69

[EpQ01 " X 0.90 0.88 2.38 96.64 336
1.00 2330 0.76 89.72 1028

1.10 10.78 0.98 8947  10.53

[S0Q015! 0.90 1.20 2.93 9991  0.09 0.80 3.07 1.47 99.73 027
1.00 10.04 1.25 99.67 033 0.90 19.30 0.78 9924 076

1.10 25.78 0.89 9939 0.6l 1.00 46.47 0.58 9871 129

[EpAoly? 1.00 0.72 369 10000  0.00 0.90 10.33 096  100.00  0.00
1.30 3.03 203 10000  0.00 1.30 29.55 0.66  100.00  0.00

1.50 2.87 208 100.00 0.0 1.50 27.78 068  100.00  0.00

[SoAoli™! 0.80 0.01 6.58 9676 3.4 0.90 19.85 0.98 80.86  19.14
0.90 0.46 4.49 9526 474 1.10 9.56 1.36 7743 22.57

1.00 0.03 6.48 9659 341 1.30 3.35 2.12 7350 2650

[S0Eols > 090 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 99.60 040

1.10 49.98 0.72 99.90  0.10 1.00 62.92 0.53 99.59 041

[SoEols? X 0.90 5.45 1.19 9778 222
1.00 552 1.19 96.60  3.10

1.10 1.31 2.06 97.61  2.09

[ELAgls 7?7 1.00 0.17 5.44 99.94  0.06 1.00 17.64 0.80 9881  1.19
1.20 0.69 3.71 99.93  0.07 1.20 2391 0.71 99.41  0.59

1.40 0.36 4.60 99.97  0.03 1.40 23.14 0.71 99.92 008

[ELEols™ 0.90 3.10 2.08 97.44 256 0.80 11.16 1.06 8845 11.55
1.00 1375 1.16 98.60  1.40 0.90 24.87 0.77 94.63 537

1.10 3231 0.84 9938  0.62 1.00 51.15 0.58 9827 173

[ELEol™ X 0.90 3.40 1.47 96.48 3.52
1.00 13.70 0.89 9583  4.17

1.20 8.11 1.08 96.54  3.46

[EoQ015 100 2.63 2.09 9937 0.63 1.00 28.78 0.69 9578 422
1.10 451 1.08 9933 0.67 1.10 35.44 0.63 9652 348

1.20 2.73 2.05 99.57 043 1.20 29.48 0.67 9772 228

[ApQoli° 1.00 5.40 1.60 10000  0.00 0.80 1.62 1.88 10000  0.00
1.10 16.54 1.04 10000  0.00 0.90 14.10 086  100.00  0.00

1.20 32.02 082  100.00  0.00 1.00 36.07 062  100.00  0.00

that the 3,5/ system has even shallower binding energy
and smaller D wave probability, as can be seen from
Tables VI and IX.

= 1=3/2

The bound state of [% .2/ ]}~ disappears if we take the
heavier scalar and vector meson exchanges into account.
There is still no binding solution for the state [E,.E.]5Z}
when we consider all the contributions of the exchanged
mesons. The binding energy of the state [Z,Ap]iZ}
becomes shallower in the OBE model. For the other systems

with the 7 exchange, the numerical results within the OBE

model are similar to those within the OPE model 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 [HQAQ]I 12 and [ApQpliZ. 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 [E.(), (;'/2 and [3.E, i 32,
there are no binding solutions. However, a very loosely
bound state [E.A, f;ll/ % exists with binding energy
0.17-0.69 MeV when the cutoff parameter is around
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FIG. 5. The dependence of the binding energy on the cutoff momentum for the spin-singlet system “A.B_.” with the OBE potential.

1.00-1.40 GeV. The binding energy of its bottomed counter-
part [2 A, 15=1/% is 17.64-23.91 MeV with cutoff parameter
around 1.0-1.40 GeV. We also obtain a loosely bound state

[Ecﬂc]gjl/ % with binding energy 2.63-4.51 MeV when the

cutoff parameter is between 1.00 and 1.20 GeV. Once these
three molecule states are produced, they should be very stable
because their constituents Ay, Ej), Ep, and ), decay via

weak interaction. Comparing the results of the OBE model
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FIG. 6. The dependence of the binding energy on the cutoff parameter for the spin-singlet “A,B;” system with OBE potential.
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with those of the OPE model, one can see that the contribu-
tion of the D wave decreases if we take into account the scalar
and vector meson exchange, which implies that the S-D
mixing mainly comes from the 7 exchange.

V. NUMERICAL RESULTS FOR
THE AyA, SYSTEM

We investigated the AyA[I(J”) = 0(0")] system with
the o and w exchange potential, but without the coupled-
channel effect in the flavor space in Ref. [15]. We find
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1.1 1.15 1.2 1.25 1.3 1 1.1

1.2 1.3 1.4 1.5

A (Gev) A(GeV)

The dependence of the binding energy on the cutoff parameter for the spin-triplet “A.B,.” system with the OBE potential.

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.
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FIG. 8. The dependence of the binding energy on the cutoff parameter for the spin-triplet “A,B,”" system with the OBE potential.
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A. Numerical results for the Ay A, system with
the OPE potential

The state Ag Ay (Q = b, c) is the heavy analogue of the
H dibaryon. We use the 7 exchange potential and include
the coupled-channel effect. Actually, the pion exchange is
forbidden for the Ay A 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.

AgAp[I(JP) =0(0%)]. We reproduce the numerical
results of Ref. [26] for the state A A.('Sy), and list

them in Table X. We also extend the same formalism
to the bottomed sector. A bound state A,A,('S,) with
binding energy 9.09-26.99 MeV appears when the cutoff
parameter is chosen between 0.80 and 090 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 A,A,('S,) component is
dominant with a probability about 90%. The contribution
of the components X,3,(1Sy) and ;37 (1S,) is very
small, around 1%.

TABLE X. The binding solutions of AyA, with OPE potential. “A” is the cutoff parameter. “B.E.” and “r,,” are the binding
energy and the root-mean-square radius, respectively. “P;”’ is the probability of the individual channel which are given in Table IV.

1U7) 0=c 0=0b
0(0%) A GeV) 0.90 0.95 1.00 1.10 1.20 0.80 0.90 0.95 1.00 1.10
B.E. (MeV) 111 3.99 902 2683 5697 9.09 2699 4072 5811  105.17
Foms ) 3.20 1.89 1.39 0.95 0.74 1.08 0.77 0.68 0.62 0.52
P, (%) 98.63 9725 9569 9207 8801 9627 9277 9075 8859  84.07
Py (%) 0.08 0.19 035 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 1.37 237
P4 (%) 0.86 1.68 2.57 4.44 6.29 2.27 4.20 5.24 6.28 8.27
Ps(%) 035 0.68 1.04 1.81 2.58 1.05 1.94 2.42 291 3.84
0(07) A 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 2497 4532 9926 0.50 766 3463 79.08 14232
Foms ) 2.39 1.06 0.84 0.73 0.60 1.94 1.03 0.72 0.59 0.50
P, (%) 9073 8565  81.72 7845 7305 9570 9197 8576  80.01  74.89
P, (%) 2.86 4.24 5.13 576 6.56 1.26 227 3.70 475 5.46
P4 (%) 0.08 0.15 0.24 035 0.60 0.01 0.02 0.10 0.25 0.48
P4(%) 3.97 6.42 854 1042 1374 1.35 2.74 5.55 859 1156
Ps(%) 236 3.54 4.37 5.02 6.04 1.69 3.00 4.89 6.40 7.62
0(17) A GeV) 1.45 1.47 1.50 1.55 1.60 1.07 1.10 1.15 1.20 1.30
B.E. (MeV) 091 760 2027 4697  79.78 1.39 726 2228 4368  105.69
Frms (FM) 1.62 1.99 0.79 0.66 0.59 1.40 0.96 0.74 0.63 0.51
P, (%) 7915 7319 6755 6070 5555 9148 8706 8052 7433  63.52
P, (%) 1455 1882 2290 2785 3151 437 689 1086 1479  21.86
P4 (%) 2.70 3.54 4.40 557 6.57 1.14 1.81 2.92 4.05 6.25
P, (%) 3.53 4.36 5.04 5.77 6.26 2.97 4.18 5.63 6.73 8.26
Ps(%) 0.08 0.09 0.10 0.11 0.11 0.04 0.06 0.08 0.09 0.10
Pe(%) 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00
P+(%) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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FIG. 10. The dependence of the binding energy for Ay A, on the cutoff parameter with the OPE potential.

AgAp[I(JP) = 0(07)]. We also extend the same analy-
sis to the case with the orbital excitation L = 1 and
obtain a loosely bound state of A,A[0(07)] 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,
A A.CPy), is 90.73%—-81.72% when the cutoff parameter
is around 1.36-1.45 GeV. The channel 23*(3P,) 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.

AgApl[I(JP) = 0(17)]. 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,
A ACPy), 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 2.2.(*P;), 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,
3.35GP)), 2.25CP)) and 3 .3i(F)), 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 AyA ) system with
the OBE potential

In this subsection, we investigate the Ay A, system with
the OBE potential which not only includes the long-range
7 exchange interaction but also the medium-/short-range

1, o, p and w exchange interaction. The numerical results
are shown in Table XI.

We obtain a weakly bound state for A A [I(J¥)=0(07)].
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 A A.('S,) 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 A,A,[0(0")], 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 A A [I(J”) = 0(07)], 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 A.A_.(3P,) is about 85.12%-71.08%. The contri-
bution of the second dominant channel is 2 .2%(3P,), with
a probability about 11.48%-23.57%. The results of the
bottomed state A, A,[0(07)] 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
AyA,CP)) and 3,35 (3P)) are about 95.93%-73.92% and
1.45%-18.90%, respectively.

The state A A [I(J?) = 0(17)] 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 A,A,[0(17)] is
0.24-74.65 MeV when the cutoff parameter is 0.90-1.05 GeV.
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TABLE XI. The binding solutions of AyA, with the OBE potential. ““A” is the cutoff parameter. B.E. and 7, are the binding

energy and the root-mean-square radius, respectively. P; is the probability of the individual channel which are given in Table IV.
1(J7) Q=c 0=b»b

0(0%) A (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

Fems (fM) 2.31 1.48 1.13 0.91 0.73 0.78 0.66 0.58 0.50 0.44

P (%) 98.69 97.38 95.43 92.26 86.79 95.26 92.82 89.32 84.43 78.82

Py (%) 0.08 0.34 1.15 3.01 6.04 0.27 0.81 2.24 4.81 8.21

P3(%) 0.06 0.18 0.47 1.03 2.68 0.31 0.88 1.88 3.51 5.60

P4(%) 0.84 1.51 2.15 2.73 3.12 2.89 3.73 4.44 4.85 4.84

P5(%) 0.33 0.58 0.81 0.97 1.37 1.27 1.58 2.13 241 2.53

0(07) A (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

Fms (fM) 1.25 0.94 0.80 0.70 0.66 1.38 0.95 0.76 0.62 0.53

P (%) 85.12 81.38 76.85 73.16 71.08 95.93 92.31 87.54 80.50 73.92

P5(%) 0.64 0.57 0.37 0.19 0.18 1.08 1.56 1.73 1.58 1.17

P3(%) 0.75 1.03 1.44 1.84 2.11 0.00 0.02 0.11 0.76 1.38

P4(%) 11.48 14.67 18.64 21.87 23.57 1.45 3.63 7.34 12.99 18.90

P5(%) 2.01 2.36 2.70 2.93 3.06 1.53 2.48 3.27 4.17 4.62

0(17) A (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 4732 65.05 0.24 11.12 18.82 34.83 74.65

Fems (fM) 1.57 0.94 0.78 0.67 0.62 2.28 0.92 0.80 0.68 0.55

P (%) 82.41 75.18 70.21 64.57 61.64 96.65 90.05 86.85 81.50 72.55

Py (%) 9.51 13.39 15.96 18.67 19.93 1.51 4.71 6.26 8.76 12.56

P3(%) 1.96 2.70 3.17 3.68 3.93 0.47 1.56 2.10 2.95 424

P4(%) 1.77 2.24 2.46 2.61 2.65 1.29 2.89 3.40 4.03 4.64

P5(%) 4.26 6.36 8.02 10.24 11.60 0.08 0.77 1.37 2.69 5.85

Pg(%) 0.08 0.12 0.15 0.02 0.22 0.00 0.01 0.03 0.05 0.13

P7(%) 0.01 0.02 0.03 0.03 0.04 0.00 0.00 0.01 0.01 0.03

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 A A [I(JF) = 0(0")] 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 A A, and A, A, states.

VI. DISCUSSIONS AND CONCLUSIONS

We have investigated the possible deuteron-like mole-
cules composed of two heavy flavor baryons with the form
of ApB. We have also performed an extensive analysis of
the Ay Ay (Q = b, ¢) 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 ~ /2 E probes
distance around % , where u is the reduced mass and E is the

binding energy. For a loosely bound state, % should be much
larger than the interaction range of the potential, which is
around 1/m, ,, , ~ (0.2-0.3) fm. In other words, the size of
the system should be larger than (0.6—1.0) fm. Accogdingly,
the binding energy should be much smaller than ,"V;—'; where
M 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 Tables VII, 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 AyB, form, the
pion exchange force is not strong enough to form bound
states for the five systems, [% 5, ](I 1/23/2) ALk,
and [:Q:’Q](I 01 (0 = b, ¢). When we add the contribu-

tions from the scalar and vector meson exchanges, some
bound states appear. The following five states [2,.Q (=1,
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TABLE XII.
potential includes the contact term.

PHYSICAL REVIEW D 86, 014020 (2012)

The binding solutions of the spin-singlet “A,B,” systems when the interaction

$=0
O=c 0=5b
States A GeV) B.E.MeV) rpm (fm) A (GeV) B.E. MeV)  rpe (fm)
[SeELI ™ 080 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
[SoE,l 2 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 1.20 461 1.66
[EpQel5 P 110 0.94 4.56 0.90 112 2.39
1.20 1.03 3.29 1.00 5.36 1.41
1.30 253 2.35 1.10 7.59 1.32
(300,05 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
[EoApli 2 1.00 0.73 3.67 0.80 0.55 2.94
1.10 1.77 2.55 0.85 4.93 1.25
1.20 231 2.28 0.90 10.39 0.96
[3oAoliZh 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 0.32 535
[SoEels ™ 090 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
[SoEols ™ 150 0.42 455 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
[EpAgly (72 1.10 0.45 439 0.85 1.55 2.00
1.20 1.02 332 1.00 7.16 1.16
1.30 1.86 2.70 1.20 11.56 1.08
[EGEols 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
[ELE L 1.25 0.23 531 0.95 0.80 2.65
1.30 0.47 441 1.00 1.79 1.97
1.40 1.25 3.08 1.20 5.95 1.38
[E0Q015 % 100 0.52 4.15 0.90 1.34 2.18
1.10 1.99 2.50 1.00 7.82 1.21
1.20 341 2.06 1.20 15.97 1.06
[ApQpl5° 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

[EAJCY (BN, [SELCH% and [AQJC
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 potentlal alone indicate that [3,E ]I 12

(Q=b, c) [SoAolicl (@ =0, o), [Eb:;,fgi/z, and
[‘_’ =1

H;,Hb]l | 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 [, E.];_ 2 BB =9,
and [E,E} 152} 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 [, EL]i 31/ disappear and the binding energy in
some channels becomes deeper. Therefore, we conclude
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TABLE XIII.  The binding solutions of spin-triplet Ay B, systems when the interaction potential includes the contact term.
S=1
O=c 0=>b
States A (GeV) BE.(MeV) rp (fm)  Pg(%) Pp(%) A (GeV) B.E.(MeV) ru (fm)  Ps(%)  Pp(%)
[SoEpl 72 0.90 1.39 2.97 96.08  3.92 0.80 524 1.51 88.01  11.99
1.00 8.64 1.51 9378 622 0.90 18.07 1.02 86.04  13.96
1.10 2031 1.14 9274 726 0.95 27.54 0.90 85.53  14.47
[SoEpl 0.85 3.04 1.98 97.19 281 0.80 16.92 0.82 9242 758
0.90 8.66 1.30 96.77  3.23 0.85 36.05 0.65 9149 851
0.95 16.21 1.00 9731  2.69 0.90 56.13 0.54 928 718
[E,0005 2 090 2.37 2.12 9938  0.62 0.85 11.23 0.80 99.56  0.44
0.95 10.33 1.19 9851 149 0.90 31.96 0.61 9738  2.62
1.00 20.87 091 9808  1.92 0.95 56.35 0.52 9542 458
[3oQol! 0.95 1.91 2.42 99.84  0.16 0.80 1.35 2.03 9927 023
1.00 5.15 1.62 99.71  0.29 0.85 553 1.20 9948 052
1.10 15.31 1.08 9940  0.60 0.90 12.11 0.92 99.17  0.83
[EpAoly 2 1.00 0.73 3.67 100.00  0.00 0.80 0.55 294 10000 0.0
1.10 1.77 2.55 100.00  0.00 0.85 4.93 1.25 100.00  0.00
1.20 231 2.28 100.00  0.00 0.90 10.39 096  100.00 0.0
[SoApli! 0.80 2.19 2.50 95.11  4.98 0.80 28.86 0.79 87.95  12.05
0.85 532 1.75 9523 477 0.85 41.93 0.67 89.83  10.17
0.90 9.34 1.39 9567 433 0.90 56.53 0.58 9207 793
[30Eols 7”090 0.57 3.99 99.96  0.04 0.80 1.10 222 99.12 008
1.00 9.52 1.31 99.88  0.12 0.85 6.44 1.15 9972 028
1.10 25.78 0.92 9988  0.12 0.90 15.96 0.84 99.56 044
[3oE ol ¢ 0.95 0.49 4.16 99.81  0.19 0.80 4.04 1.29 99.59 041
1.00 1.56 2.60 99.68  0.32 0.85 0.90 0.98 9873 127
1.10 6.02 1.45 9961 039 0.90 14.91 0.82 9799 201
ENaS 0.95 1.25 291 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 9940  0.60
1.10 12.23 1.14 99.83  0.17 0.90 15.51 0.82 99.15  0.85
[ELEp1° 0.90 4.89 1.67 9842  1.58 0.80 571 1.39 86.06 13.94
0.95 14.60 1.10 9893  1.07 0.85 16.62 0.90 91.74 826
1.00 28.43 0.86 9936  0.64 0.90 35.81 0.66 9605  3.95
[ELE ™! 0.90 0.81 341 99.63 037 0.80 0.77 2.50 9886  1.14
0.95 4.39 1.69 9939  0.61 0.85 10.07 0.93 98.57  1.43
1.00 9.88 1.22 9931  0.69 0.90 23.63 0.70 98.19 181
[E0Q015%% 090 0.45 422 99.75 025 0.85 3.01 1.45 97.79 221
0.95 5.94 1.49 9934 0.66 0.90 19.44 0.76 97.00  3.00
1.00 15.35 1.04 9923  0.77 0.95 41.92 0.58 97.13 287
[AgQpli® 0.90 0.20 529 10000  0.00 0.80 1.64 1.87 10000  0.00
0.95 211 233 10000  0.00 0.85 6.53 112 10000  0.00
1.00 5.77 1,55 10000  0.00 0.90 14.20 086  100.00  0.00

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 [E’Q/\Q]éill/2 (Q =0, ¢) and [EQQQ]gill/z
(Q = b, ¢) 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 ApAy (Q = b, ¢) with quantum numbers
I1(J?) =0(0%), 0(07) and O(17) may all be molecules.
The binding solutions of AyA, 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
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short-range attractive force plays a significant role in the
formation of the loosely bound A, A, and A, A, states.

The authors studied the Ay A, system at the quark level,
and obtained bound states with mass 4516 MeV for A A,
and 9175 MeV for A, A, [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 X)) are very
stable because their components have a long lifetime
around 10713 ~ 1072 5. On the other hand, the width
of 3, is about 2.2 MeV [22]; this narrow width ensures
a relatively long lifetime for the 3. X-type mole-

PHYSICAL REVIEW D 86, 014020 (2012)

cules. Such states can decay into XA} w7 followed by
A} — pK~ar". For the bottomed case, X,X — XA)7
followed by AY — Af7~ and A} — pK~ 7". 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 H;, etc. are defined as

A A A2 32
Hy(A,m, r) = Y(ur) — — Y(/\r) r2,8 Y(Ar), H(A mr)=Y(ur)—— Y()lr) d '8 Y(Ar),
_ /\ AB? _ AB?
Hy(A, m, r) = Z,(ur) — —Z (Ar) = == Y(Ar), Hi(A, m, r) = Z(ur) — —Z()tr) —Zz()tr)
21 (AD)
— _ L, Ar '82 —)\r — _ _ oA /\BZ
My(A,m, r) = —[cos(@r) e M+ —— 20)\ , M(A,mr) = —[cos(@r) e ] T r
3sin(fr) 3cos(r)]1 A3 AB?
M3(A, m, r) = —[cos(@r) e :IE - EZ()\;’) BEY ——Z,(Ar),
f
where where k;; = 3% — 0;;. If the form factor is not intro-
2 A2 2 s 2 duced, there will be delta terms in the second and fourth
B = . w=m" =0 formulas. In the above expressions, we employ another
0*> = —(m> — Q}), A2 =A2- 0} function, — 4 [H (A, m, r) — Hy(A, m, r)], to substitute
for the delta term. If one neglects the delta term, one should
and adopt the following formulas:
e™* 3 3
Yo =,z = (1 T )Y(x) 0 3
x >S5 A _7H0(A) m; r))
I 1 u> + Q? 4
20 = (Lo )r0. 20 = (1 + 0¥ 2o "
/ - [H3(A, m, k;; + Ho(A, m, r)8;;].
. . + 2 12 J J
Fourier transformation formulas read w+Q ™
1 u (A3)
m - EHO(A’ m, r),
0 ; If u> = m2, — Qo <0, the last formula of the Eq. (A2)
u
210 — - EHI(A’ m, r), should be
(0] iu? Q00 63
u2 +Q2_>ErH2(Ay m) r): u2+é2 — _E[M:;(A, m, r)kij+M1(A, m, r)5,j]
0:0; u? (Ad)
2+ éz - - 1277_[H3(A, m, r)k;; + Hy (A, m, r)8;;],

(A2)

Accordingly, we make the replacement M (A, m, r) —
My(A, m, r) to neglect the delta term.
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2. The numerical results of the “A,B,"” systems
when the contact term is included

For comparison, we collect the numerical results of the Ay B, 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 XIV. The numerical results of the spin-singlet heavy baryon-antibaryon systems with the OPE potential. A is the cutoff

parameter. B.E. is the binding energy, and r,, is the root-mean-square radius which reflects the size of the bound state. X denotes no
binding solutions.

S=0
Q=c 0=>b
Systems A (GeV) B.E. (MeV) Fems (fm) A (GeV) B.E. (MeV) Fems (fm)
[3oEp1 "2 X 1.80 0.01 6.75
2.00 0.02 6.66
2.50 0.03 6.50
[E =1 ]l 3/2 X >
[EQAQ]S X 0.80 0.06 9.34
1.00 0.13 494
1.30 0.29 244
[Eo = oli? X X
[E E l 3/2 X %

TABLE XV. The numerical results of the spin-triplet heavy baryon-antibaryon systems with the OPE potential. A is the cutoff
parameter. B.E. is the binding energy while r is the root-mean-square radius. Pg and Pp, are the probabilities of the S wave and the D
wave, respectively. X denotes no binding solutions.

S=1
O=c Q=0b

Systems A (GeV) B.E. MeV) ry (fm) P Pp A (GeV) B.E.(MeV) ry (fm)  Py(%) Pp(%)
[S,E,112 1.20 137 280 8979 1021  0.80 405 1.60 7487 2513
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
[SoEpls™? X 1.20 0.72 2.68 9408 592
1.30 1.75 1.88 92.19 7.81
1.50 5.80 1.18 89.44 10.56
[EQ/_\Q]gzl 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
B 2.00 5.87 1.56 92.02 7.98 1.30 11.71 1.04 84.88 15.12
[E0Epli® 2.10 0.46 413 9715 285 100 0.24 452 9344 656
2.30 3.16 2.89 94.51 5.49 1.20 1.89 1.91 90.07 9.93
B 2.50 9.15 1.20 92.55 7.45 1.40 6.22 1.20 87.85 12.15

(2o S0 x x
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