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In the framework of the one-boson-exchange model, we explore whether the intermediate- and short-
range forces from o/w exchange can be strong enough to bind heavy molecular states. A.D(D) and
A.A (A,) systems have been studied and compared. We find that the force from ¢ exchange is attractive
and dominant, whereas the w-exchange force is not. As a consequence, the S-wave A.D, A A, and A A,
can be possible molecular candidates. We further indicate that a one hadron-hadron system with more light
quarks (u, d) can be easier to form than a bound state. As a by-product, by studying the heavy-quark mass
dependence for the A.D(D)-like and A, A.(A,)-like systems, we find that the charm/bottom sector can
easily accommodate molecular states. Finally, the A,N(N) and A,N(N) systems are investigated. Our
results indicate that they are also likely to form bound states. By including one-z-exchange forces,

providing additional attraction when coupled channels are included, we expect many molecular states in

heavy-quark sectors.
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I. INTRODUCTION

Ever since the observations of X(3872) [1] and ©* [2],
much evidence has been reported for new types of
structures that are beyond the minimal §g mesons and
gqq baryons, although the observation of ® has been
criticized by subsequent experiments [3,4]. Hence, they are
called the exotic hadrons, like X(3872) [1], Z,(10610)/
Z,(10650) [5], P.(4380)/P.(4450) [6], and so on. Their
unusual structure may contain more constituents, such as
gq pairs or gluons. With the extra gq pairs, multiquark
configurations may form a compact structure with colored
correlations, such as tetraquark and triquark, or a rather
extended structure with color-singlet hadronic correlations,
which is called the hadronic molecule [7-9].

Since many new findings are seen near the threshold of
hadronic decays, it is natural that the hadronic molecular-
like structure develops if suitable attractive interactions
between the hadrons are available. The strength of the
interaction between color-singlet hadrons should be weaker
than that between colored objects of order Agcp—several
hundred MeV. A typical example of such hadronic mol-
ecules is an atomic nucleus whose binding energy is of
order 10 or a few MeV.

For the study of hadronic molecules, the interaction
between the hadrons is a crucial input. Unfortunately, not
much is known for the hadron interactions, which are
relevant for the recent exotic hadrons. For example, for
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X(3872), regarded as DD* molecule [10-15], the realistic
interaction between D and D* mesons is not well known,
partly because there is no experimental data. Lattice QCD
approaches should, in principle, be promising as the recent
study for Z.(3900) [16]. However, application to various
systems is rather limited. In such a situation, perhaps, the
one-boson-exchange model is a reasonable theoretical
approach.

According to the mass differences for the exchanged
meson, the interactions from 7z, o, p, and @ exchanges
contribute in the long-range, intermediate-range, and short-
range distances, respectively. Among them, the one pion
exchange is the best known, as is important for the deuteron
[17,18] and the X/Y/Z states [10-12]. For the vector
meson p, based on the local hidden gauge approach, it is
also very essential in identifying the heavy molecular state
[19]. In Ref. [20], the 1 exchange is proposed to form heavy
hadronic molecules. Soon after, the one-#-exchange model

was adopted to investigate the interaction of A, D! /X! D?/
EE/’*)D* systems in Ref. [21]. Numerical results indicate
that the one-n exchange can be helpful in binding the heavy
molecular pentaquarks.

For the one-o-exchange (OSE) and one-w-exchange
(OOE) models, they have been always considered together
with the other bosons (7,7, p) in heavy molecular states,
and their effect has been submerged by the effect of the
one-z-exchange model. Thus, their importance is often
overlooked. Therefore, the purpose of this paper is to study
systematically the role of the OSE and OOE interactions
between heavy hadrons. The coupling strengths and form
factors are estimated by using the quark model, where the
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sigma and omega mesons couple to light quarks in heavy
hadrons. Then, we investigate if the intermediate- and
short-range forces, due to the OSE and OOE models, can be
strong enough to form heavy molecules, by varying model
parameters within a reasonable range.

To elucidate the role of the & and @ mesons, we consider
the systems, where 7, 7, p meson exchanges are suppressed,
by using the spin and isospin conservation. For instance,
there is no coupling zA A, and #DD. The pion couples
rather in the transitions such as zA 2. and zDD*, which
leads to the coupled channel problem. In our present study,
we focus exclusively on the ¢ and @ mesons exchange by
ignoring such coupled channels. Then, the DD, A.D, and
AC/_\C2 systems are the ones that we study in this paper. We
then compare the properties of those systems where the ¢
and @ mesons couple differently depending on the numbers
of light quarks and antiquarks in the relevant hadrons.

This paper is organized as follows. After the Intro-
duction, we derive the one-boson exchange (OBE) effective
potentials in Sec. II. In Sec. III, we present the correspond-
ing numerical results. Then, according to these conclusions,
heavy-quark mass dependence is studied by varying it
continuously in Sec. IV. The paper ends with a summery
in Sec. V.

II. INTERACTIONS

A. Lagrangians

According to the heavy-quark symmetry, the OSE and
OOE Lagrangians are constructed as

Lppoje = —29,DD"6 + 2g,DD'v - @, (1)

LA[A(,G/(U = _2gif/_\cAcg - 29201_\61\0"' ‘. (2)
Here, v is the four velocity, which has the form
of v =(1,0).

The coupling constants in Egs. (1) and (2) will be
determined in the quark model. Since the ¢ and @ mesons
couple dominantly to the light quarks, the relevant inter-
action Lagrangian for the light quarks (¢ = u, d) with 6/
can be expressed as

quﬁ/w = —ng/_lﬁl// - gZ)l/_/yﬂa),ul//- (3)

Compared with the vertices of D—D —o¢/w, A.—

A.—0o/w, and g — q—o/w, all the coupling constants
in Egs. (1)—(3) can be related, i.e.,

"The p exchange can be also unsuppressed for the DD system.
Here, it is considered to contrastively discuss the relation of the
effective potentials from the OSE and OOE model.

*We also notice there are several former works on the

A A (A,) interactions [22-24].
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TABLE 1. Scattering amplitudes for all the investigated
systems. Here, function H(q,m) is defined as H(q,m) =1/
(¢ + m?).

hihy — hshy M(hlhz - h3h4)
DD — DD 4Mj[gzH(q, m,) — goH(g, m,)]
DD — DD 4Mj[g;H(q, m,) + goH(g, m,,)]
AD = AD 8MpM, xixi19,9,H(g. ms) = 9,90 H(g. m,,)]
AD = AD  8MpMy 119695 M(g: m5) + 909 H (g, my)]

A(rAL' - A(?AC 16M3\()(§){J&){1)(2 [gag;H(q’ mo) - gwg;uH(qv mw)}
AC/_\C g Ac/_\c 16M3\‘)(§)(ZZ|)(2 [gag:rH(‘L mo) + gwg;)H(qv ma))]

96 =9o=0s» G0 =9 = G (4)
In a 6 model [25], the value of g is taken as g¢ = 3.65. For
the @ coupling g, it is of a little uncertainty; in the
Nijmegen model, g¢, = 3.45, whereas it is equal to 5.28 in
the Bonn model [26]. In Ref. [27], g¢, was roughly assumed
to be 3.00. In the following calculation, all the possible
choices will be employed.

According to the effective Lagrangians in Eqs. (1) and
(2), all the relevant OBE scattering amplitudes can be
collected in Table I.

Here, for the derivation of effective potentials of the DD,
A.D, and A A, systems, the G-parity rule [28] is adopted,
which relates the scattering amplitudes between the proc-
esses a +b — c+d and a+ b — ¢+ d by exchanging
one light meson.

With the help of the Breit approximation, a relation
between the effective potentials in momentum space and
the scattering amplitudes is obtained, i.e.,

M(h1h2 g h3h4)
IT2M [T ,2M

Here, M(hh, — hshy) is defined as the scattering ampli-
tude of the process hyhy — h3hy. M; and M s are the masses
of the initial states (h;, h,) and final states (h3, hy),
respectively.

Velg) = - (5)

B. Form factors

The effective potential in the coordinate space V(r) is
obtained by performing the Fourier transformation as

3
Vel = [ Gheveor ). ©

In order to manipulate the off shell effect of the exchanged
mesons ¢ and @ and finite size effect of the interacting
hadrons, we introduce a form factor F(g?) at every vertex.

Generally, the form factor has the monopole, dipole, and
exponential forms
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A2_m2
(AZ_mZ)Z
Fp(q?) = ~5—55,
D( ) (AZ_q2)2

Felg?) = e mIN,

Here, A, m, and ¢ correspond to the cutoff, mass, and
momentum of the exchanged meson, respectively. These
three kinds of form factors are normalized at the on shell
momentum of g = m?. In the low momentum limit, these
form factors may be related to each other by redefining the
cutoff parameter A such that the first terms of the Taylor
expansion in powers of ¢?/A? coincide. In this way, low
momentum phenomena of hadronic molecules do not
depend very much on different choices of form factors.

The form factor can not be uniquely determined and
various forms and cutoff A are used phenomenologically.
However, an intuitive guideline for the choice of A is done by
relating it to the size of hadrons. In Refs. [17,18], A is related
to the root-mean-square radius of the source hadron to which
the exchanged boson (¢ or @) couples. According to the
previous experience of the deuteron, the cutoff A in
covariant-type monopole form factor is taken around
1 GeV. In the present qualitative study, we use the same
form factor both for meson and baryon vertices, because
both of them contain light quarks and their spatial distri-
butions are of order 1 fm or less.

C. Effective potentials

In this subsection, we adopt the monopole form factor
Fu(q?), and the resulting effective potentials for the
investigated systems are collected in Table II.

In Table II, we can find that the interactions from the
OSE model are always attractive for these investigated
systems. This is a general consequence of the scalar meson
exchange with a momentum independent coupling con-
stant, as briefly explained in the next section. The depth of
the OSE effective potentials depends on the number of the
light quarks and/or antiquark combinations (¢ — ¢, ¢ — g,
g — q), where the light quark or antiquark is reserved in

TABLE II. Effective potentials for the investigated systems.
The function Y(A,m,r) is defined as Y(A,m,r)=
(e7" — e Jdrr — (A2 — m?)e™™ /87A.

Systems Quarks V(r)

DD (cq)(cq)  —gY(Aimg,r) + g Y (A my,,r)

DD (cq)(eq)  —goY(A,mg, 1) =g Y (A, my,, 1)

AD  (cqq)(cq)  =29,9,Y (A mgs, 1) +29,9,,Y (A, m,, 1)
A.D (cqq)(cq)  =29,9,Y (A mgs, 1) = 294,90 Y (A my,, 1)
AN (cqq)(cqq) —4g7Y(A,mg, 1) +4g5Y (A my,, 1)
AN, (cqq)(cqq) —4g7Y (N mg, 1) —4gaY (A, m,, 1)
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different hadrons of the hadron-hadron systems, respec-
tively. For example, according to the quark configurations
as shown in the second column of the Table II, the light
g — g combination for the DD system is one, and there is
only one g — § combination in the DD system.

Since g, = ¢, as estimated in the quark model (4), a
simple relation between the OSE effective potentials and
the light-quark and/or antiquark combination numbers can
be summarized as

—(Xgq/27 + yqq)grer(A’ mgy,r), (7)

where x,,/;5 and y,; correspond to the numbers of gq/g G
and ¢g (¢ = u, d) combinations, respectively. For the OOE
effective potentials, a similar relation can be also written as

_yqq)gu) (A My, T ) (8)

Here, we note that the sign of the OOE changes according
to the charge conjugation symmetry. For example, the OOE
force is repulsive for the ¢ — ¢ and g — g combinations,
while reversed for the system with ¢ — g combination.
For example, for the A.D system, there are two g — g
combinations, thus y,; = 2, and its potential from ¢ and @

exchanges is

Vo(X4/a2: Yaa) =

Vo X4g/a3: Yaz) = Kqq/aq

= —Zg%Y(A, Mg, 1)

VA(.D(r)

_2.9(1) (A Mg, I ) (9)

V (MeV)

-150

-300

. . . . . 450
20 0.0 0.5 1.0 1.5 2.0

r (fm)

-450 2 1 2 1 2 1

FIG. 1. Effective potentials for the DD(D), A.D(D),
and A A (A,) systems with cutoff value A = 1.00 GeV,
gé =3.65, and g, = 3.00. Here, the dotted, dashed, and solid
lines correspond to the OSE, OOE, and total effective potentials,
respectively.
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In Fig. 1, we present the resulting potential as functions
of the distance r, where the total potential is shown by the
solid line, OSE by dotted lines, and OOE by dashed lines.

Here, the OSE and the OOE forces are of typical
character of intermediate- and short-range force, and there-
fore they are suppressed when the radius r reaches 1 fm and
larger. Since the force from the OSE model is the dominant,
the total effective potentials for all the investigated systems
are all attractive.

To summarize shortly, the OSE model can always
provide an attractive force. However, the OOE force is
repulsive for the system including the same light quarks or
antiquarks in its components of the investigated systems.
The interaction strength from the OSE and OOE models
depends on the light-quark combination numbers.

III. NUMERICAL RESULTS

In this section, we discuss the role of the OSE and OOE
interaction for the systems of A,D(D) and A.A.(A.) by
solving the Schrodinger equation for them

_ 1y
M

where V2 =5222 and M = m;m,/(m; + m,) is the

reduced mass for the investigated system composed by

w(r) +V(rw(r) = Ey(r). (10)
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particle 1 and particle 2. The parameters we use are
summarized in Table III.

A. Solutions with covariant-type monopole form
factor Fy(q?)=(A* -m?)/(A* - ¢%)

We summarize the properties of S-wave bound states
when they exist and the binding energy and root-mean-
square radii (rryps) for the S-wave A D(D) and A A, (A,)
systems in Table IV. For the coupling constant gf,, we use
three values (3.00 for Case I, 3.45 for II, and 5.28 for III)
corresponding to the g, coupling constants of Ref. [27], of
the Nijmegen model, and of the Bonn model [26],
respectively. In Table IV, the cutoff parameters are chosen
as 1, 1.1, and 1.2 GeV. These are the typical values for the
form factor F,,(g*) [17,18]. In fact, depending on detailed
values of A and on channels, bound states may or may not
appear. In this way, we discuss whether bound states appear
or not and study the role of the & and @ meson exchanges.

Before discussing details of Table IV, we make general
remarks for boson exchange potentials.

(i) The o meson exchange provides attractive interaction.
This is understood using a second-order perturbation
theory for the one-boson exchange; the intermediate
three particle state with ¢ meson has a virtual energy
that is larger than the initial (or final) energy of the two
particles. Moreover, due to the positive charge con-
jugation of the Lorentz scalar charge that the 6 meson

TABLE III.  Parameters adopted in this work [29]. couples to, the signs of the couplings for both quark
Hadron I(JP) Mass (MeV) Hadron I(JP) Mass (MeV) and antiqua'rk are the same. This explains the univer-
X Lo 495,64 A oL 1115.683 sally attractive nature of the 6 meson exchange.
2(07) ‘ ") : (ii) In comparison with the ¢ exchange, the @ meson
D 3(07)  1867.24 Ao 0GT)  2286.46 couples to the baryonic charge, which flips its sign
B 3(07)  5279.42 Ay, 03T 56194 for quark and antiquark. This provides a repulsive
. 0(0+) 600 o 0(1°) 782.65 interaction between quarks and attractive interaction

between the quark and antiquark.

TABLE IV. Bound solutions for the S-wave A.D(D) and A,A.(A,) systems. Here, the monopole form factor
Fu(q?) = (A% —m?)/(A* — ¢*) is adopted. The units for cutoff A, binding energy E, and root-mean-square radius
rrms are GeV, MeV, and fm, respectively. Cases I, II, and III correspond to the numerical results by adopting the
coupling constant gJ, taken with the value g¢, = 3.00 in Ref. [27], 3.45 in the Nijmegen model, and 5.28 in the Bonn
model [26], respectively. The notation ... stands for no bound solutions.

A.D A.D ALA, AA,
Cases A E FrRMS A E FrRMS A E FRMS A E FRMS
I 1.00 e e 1.00 -1.61 279 100 -1747 1.06 1.00 -50.49 0.73
1.10 -0.04 627 110 -11.09 126 1.10 -31.70 085 1.10 -11039 0.55
120 -090 353 120 -27.66 0.89 120 —-46.84 074 120 -187.32 046
1T 1.00 1.00 —2.41 235 1.00 -13.52 1.16 1.00 -56.99 0.70
1.10 1.10 -1440 1.14 1.10 -2274 096 1.10 —-126.02 0.53
1.20 1.20 -3485 082 120 -3146 0.85 120 -21532 044
I 1.00 1.00 -932 136 1.00 -0.60 4.01 1.00 -97.49  0.58
1.10 1.10 -38.72 0.80 1.10 e e 1.10 —-222.80 0.44
1.20 1.20 -85.10 0.60 1.20 1.20 -387.71 0.36

116012-4



HEAVY MOLECULES AND ONE-6/w-EXCHANGE ...

(iii) The role of A is to suppress the interaction strength
for larger momentum transfer and thus effectively
reduce the strength of the interaction for bound
states. As we will see, the results depend very much
on the choice of the form factor.

For A.D, the interaction is the sum of attractive OSE
and repulsive OOE, the total effective potential is attractive.
As A is increased, the OSE becomes more prominent and a
bound state appears for A > 1.1 GeV for case 1. For
cases II and III, because of slightly stronger @ exchange
repulsion, we do not find any bound states. These are the
results for S waves. For higher partial waves, due to the
repulsive centrifugal force [(I + 1)/2Mr?, it is less likely to
have bound states. Thus, we may conclude that, in our model
with a reasonable A ~ 1 GeV, hidden-charm molecular
pentaquarks made up by A.D are not likely to exist.
Indeed, if we increase A larger than 1 GeV when more
attraction is expected, we do not yet find bound states or
do, at most, very weakly bound states only for case I
Experimentally, our conclusion for the A.D system is con-
sistent with the current results of LHCDb [6], where no obvious
evidence of possible partners of P.(4380) and P.(4450) has
been reported, in the region close to the mass of AD.

As compared to the A.D system, the OOE force for the
A.D system is attractive, as explained above. Together with
the attractive OSE force, the net attractive force for the A.D
turns out to be strong enough to accommodate bound states.
As shown in Table IV, for the cutoff A ~ 1 GeV, we find a
shallow bound state with a binding energy around several
MeV. Therefore, this channel may provide a good candidate
of a loosely bound molecular state of the A.D system with
|%S1). Since D and A, are the lowest ground hadrons of the

charmed mesons and baryons, its possible strong decay
channel should be rather limited, like E..(37) + x/n.

PHYSICAL REVIEW D 96, 116012 (2017)

For the heavy baryon systems A,.A.(A,), since one more
light quark (antiquark) is in the baryon A.(A.), the
interaction strength becomes two times stronger than that
in the A,D and A.D systems. Therefore, as shown in
Table IV, more bound state solutions have been found both
for A,A, and A.A, systems than for A,D and A.D
systems. With the same cutoff input, their binding energies
reach several tens MeVs. Thus, they can be also possible
molecular candidates. For their decay behaviors, the
E.(37)N can be the only strong decay channel for the
S-wave A A, bound state. The decay processes will be
much more complicated for the S-wave A,A, molecular
state, as they include open-charm and hidden-charm
channels, like y,o + zz, DD, + x, and so on.

B. Solutions with noncovariant-type monopole
form factor F (%) =A%/ (A% -¢?)

So far, we have employed a covariant monopole form
factor and discussed the role of OSE and OOE potentials,
with some predictions for molecular candidates, the S-wave
A.D, A A, and A A,. In order to further see our discu-
ssions, in the following, we attempt to use a three-
momentum form factor of the form of F(g*) = A%/
(A? — ¢?), which is often adopted in nuclear physics.

In the nonrelativistic kinematics, the energy transfer is
neglected, and so this condition reduces to the condition
of vanishing three momentum. In fact, the difference
of this form factor from the monopole form factor is
absorbed into the redefinition of the coupling constants as
Egs. (11) and (12)

2 2
fo=ti= (1 _%>%: (1 —%)g/m (1

TABLE V. Bound solutions for the S-wave A.D(D) and A.A.(A,) systems. Here, the form factor F(q?) =
A?/(A? — ¢?) is adopted. The units for cutoff A, binding energy E, and root-mean-square radius rgys are GeV,
MeV, and femtometer, respectively. Cases I, II, and III correspond to the numerical results by adopted the coupling
constant gJ, taken the value g, = 3.00 in Ref. [27], 3.45 in the Nijmegen model, and 5.28 in the Bonn model [26],
respectively. The notation ... stands for no bound solutions.

A.D A.D ALA, AA,
Cases A E FrRMS A E FrRMS A E FRMS A E FRMS
I 0.40 e e 0.40 —6.94 1.81  0.40 —4.08 2.14 040 —45.87 0.95
0.50 e e 050 -16.55 1.28 0.50 -9.51 1.51  0.50 —-88.07 0.73
0.60 -0.15 579 060 -30.66 1.00 0.60 -17.20 120 0.60 —144.37 0.60
I 0.40 e s 0.40 —9.38 1.63 040 —-1.14 345 040 -54.98 0.90
0.50 o e 0.50 -2148 1.17 0.50 -3.31 223 050 -104.66 0.69
0.60 e e 0.60 —-3896 092 0.60 -6.57 1.69 060 -170.72 0.56
1 0.40 e e 040 -2697 1.15 040 e e 040 -112.02 0.72
0.50 e e 050 5546 0.86 0.50 e e 0.50 -207.12 0.56
0.60 e e 0.60 -94.71 0.69 0.60 e e 0.60 —-331.99 046
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2 2
fu=tu=(1-58)0= (1-53)dbr 12

If we use the same coupling constants and cutoff A, the
interaction strengths are larger when the three-dimensional
form factor is employed. Therefore, to obtain loosely bound
molecular states, we need to use smaller cutoff A when the
coupling constants are kept unchanged. This is the reason
that we show the results in Table V with smaller cutoff A.
In order to determine the value of cutoff in noncovariant-
type monopole form factor, here, we recall the relation,

OF(*)| 6
8q2 q2—>0 - A2 ’

(r*) = -6 (13)

If the form factor F(g?) is introduced, in practice, the
resulting cutoff parameter for F turns out to be around
0.5 GeV as we discussed around Eq. (7), consistent with
typical hadronic size. The results are shown in Table V for
A~0.4,0.5, and 0.6 GeV.

Compared with the numerical results in Table IV, one can
find that, if we take a value of A = 0.5 GeV, which is
estimated by Eq. (13), the results in Table V are very similar
to those in Table I'V. Having these results together with those
of different form factors, we find that the intermediate-range
and short-range force from OSE and OOE models provides a
strong attraction to generate bound states.

Finally, let us give a brief conclusion, where we show the
results with the two form factors F,; (A~ 1 GeV) in
Table I'V and those with F (A ~ 0.5 GeV) in Table V. To be
seen shortly, these results are qualitatively similar but have
some differences quantitatively. The latter indicates uncer-
tainties of the present model calculations. Nevertheless, we
can predict several possible candidates for molecular states,
S-wave A.D, A A, and A.A, states.

IV. EXTENSION
A. Mass dependence

In addition to the effective potentials, the mass in the
kinetic term is another important input for the discussion of
bound states. In fact, in the heavy-quark limit (M — o) as
the kinetic energy p?/2M vanishes, hadrons will be more
easily bound. In the following, we study the reduced mass
dependence of the molecular systems.

The upper panel of Fig. 2 shows the binding energies of
the A.D-like (dashed line) and A.D-like (solid line) states,
where the reduced mass of the two hadrons is varied as in
the horizontal axis. The vertical dotted lines correspond to
the reduced masses of the two hadrons, as indicated in the
figure. The solid line stands for the binding energies of the
A.D-like state; it starts to appear when the reduced mass
becomes larger than ~0.75 GeV, and as expected, the
binding energy increases as the reduced mass is increased.
For the A.D-like state, the OOE potential is repulsive,

PHYSICAL REVIEW D 96, 116012 (2017)

0
o " -~
_. . —_ -~
A0 FAKAKS A K/IAK l‘ ~ o
. — =~ "~
—~ — A D-like ~
2 AD/AD, ¢
20 =
s . e _
~ o « A D/A De *AB/AB
= [ ) P, o
S0 . . . A D-like
@ Lo
40 i 1 R 1 R 1 R 1 R 1
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0
35 =
s
= a0
s
=
105 |-
r|(b)
140

0.0 0.5 1.0 15 2.0 2.5 3.0
Reduced mass (GeV)

FIG. 2. Binding energies as functions of the reduced mass.
Here, A = 1.00 GeV, g = 3.65, and g{, = 3.00. The dotted lines
stand for the reduced masses for several hadron-hadron systems
as indicated.

resulting in less attractive potential than for the A, D-like
state. Thus, the system allows weaker binding as the dashed
line shows. The lower panel shows similar results for the
A.A,- and A A -like states. Because these systems have a
larger attraction as proportional to the number of the light
quarks as compared with the A,D and A.D ones, larger
binding energies are obtained.

When the reduced mass is sufficiently heavy, as in the
charm and bottom regions, but not in the strange regions,
binding energies for A.D and A_D systems reach several to
several tens MeV. Thus, the heavy flavors of charm and
bottom are important in stabilizing pentaquark hadronic
molecules. For the A.A.(A,)-like systems, with stronger
OSE and OOE interactions, more bound solutions are
obtained even in the strangelike section. Therefore, the
heavy dibaryon molecules can be more stable than the
heavy pentaquark molecules. These results suggest that
searching for the heavy dibaryon molecules is very prom-
ising in experiments.

B. A.N and AN systems

In this subsection, let us study A.N(N) systems. In fact,
the A.N(N) interactions have been investigated [30-32]. In
particular, a very shallow bound state was found for the
S-wave AN system [33]. According to Egs. (7) and (8), the
total effective potentials for A.N, and AN systems are
written as

Van(r) = =6g3Y (A.my. 1) + 6g5Y (A m,,. 7). (14)
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TABLE VI. Bound solutions for the S-wave AN, AN, A,N,
and A,N systems. Here, the parameters are taken as g = 3.65,
g = 3.00. The units for cutoff A, binding energy E, and root-
mean-square radius rgyg are GeV, MeV, and femtometer,
respectively.

AN AN
A 0.9 1.0 0.9 1.0
E -4.28 —-17.84 -11.92 -59.97
FRMS 225 1.28 1.50 0.82
AN AN
A 0.9 1.0 0.9 1.0
E -10.38 -29.84 -21.57 -82.28
TRMS 1.47 0.99 1.12 0.70

Van(r) = =6g3Y (A.mg.r) = 6g5Y (A.m,,. 7). (15)

The bound solutions for the S-wave A, ,N(N) systems
are summarized in Table VI. When we take the cutoff
around 1 GeV, their binding energy reaches a few to several
tens MeV, and their root-mean-square radii are around 1 fm.
This means that they also can be possible molecular
candidates. For A.N and A,N states, if they form bound
states, they are stable under the strong interaction, while the
A.N and A,N states can decay to charmed/antibottomed
meson and the light mesons, like Dzz and Brx.

V. CONCLUSION AND DISCUSSION

Stimulated by the observation of X/Y/Z/P, states near
threshold, the study of the hadronic molecular picture
becomes more and more essential. For the study of
molecular states, it is essentially important to describe
the interaction between the hadrons of the molecular
system. For this purpose, currently, the most available
approach is the one-boson-exchange model based on the
knowledge of light quark and boson interactions, which is
applied to the system of open heavy hadrons containing
light quarks. In this work, we systematically study the
properties of the interaction from the one-o/w-exchange
model. The A.D(D), A, A.(A,) systems have been taken
into consideration. Meanwhile, all the parameters are
estimated by the quark model.

PHYSICAL REVIEW D 96, 116012 (2017)

In fact, the intermediate- and short-range interactions
between hadrons are from a many pions exchange process.
Here, 0 and o exchanges are adopted to approximately
replace two and three pion exchanges interactions, respec-
tively. Compared to a pion, ¢ meson is of uncertain mass
and wide width, which affects the strength of the o-
exchange interaction. In the limit of small momentum
transfer, the effective potential from ¢ exchange is propor-
tional to the term of g2/m2. Therefore, the uncertainty in
the mass and wide width may be absorbed into the
redefinition of the coupling constant. In nuclear physics,
the mass of ¢ is often taken as a fixed input parameter to fit
the phase shift of nucleon-nucleon interaction [34,35].

By working out suitable coupling constants and form
factors, we find that in many cases the sum of OSE and
OOE models becomes attractive, where the OSE plays the
dominant role. The OSE force is always attractive and the
dominant. Whereas, for the OOE force, it is repulsive when
there exists ¢ — q(q¢ = u,d) or g — g combinations in the
two hadrons system. The OSE and OOE interaction
strength depends on the number of ¢ —¢, g — g, and
q — g combinations. With reasonable inputs for the cutoff
parameter for the form factor, we find that the interaction of
the OSE and OOE models provides attraction, which may
form the heavy molecular states, like the S-wave A.D,
A.A,, and A A, states.

As a by-product, we also discuss the mass dependence of
the binding energy. We have explicitly shown that heavier
systems are more likely to accommodate various molecular
states such as S-wave A,D(D), A.B(B), A,B(B), A, A(A),
AA(A), ApA (A,), and A,A,(A,) states. Finally, the
interaction between a heavy baryon A, and one nucleon
has been investigated. In our calculation, there can exist

S-wave A.N(N) and A,N(N) molecular states.
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