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Search for doubly heavy dibaryons in the quark delocalization color screening model
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We perform a systemical investigation of the low-lying doubly heavy dibaryon systems with strange S =
0, isospin / = 0, 1, 2, and the angular momentum J = 0, 1, 2, 3 in the quark delocalization color screening
model. We find the effect of channel-coupling cannot be neglected in the study of the multi-quark systems.
Several bound systems are obtained. They are the doubly charm dibaryon systems with /J = 00, IJ = 01, and
1J = 02, and the corresponding energies are 4590, 4720, and 4764 MeV, respectively; and the doubly bottom
dibaryon systems with 1J = 00, IJ = 02, and /J = 13, and the corresponding energies are 11219, 11416, and
11633 MeV, respectively. Besides, six resonance states are obtained, which are IJ = 00 NE,. and N E,, with
resonance masses of 4730 and 11411 MeV respectively, IJ = 11 NE? and N &, with resonance masses of 4775
and 11432 MeV respectively, and IJ =12 £.X* and X,X; with resonance masses of 4935 and 11626 MeV
respectively. All these heavy dibaryons are worth searching for in experiments, although it will be a challenging

work.
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I. INTRODUCTION

A worldwide theoretical and experimental effort to search
for dibaryons has lasted a long time. Although the research
on the dibaryon has experienced several ups and downs in
its history, dibaryons have received renewed interest in recent
years. The well-known dibaryon resonance d* was repeat-
edly observed by the Wide Angle Shower Apparatus (WASA)
detector at the Cooler Synchrotron (COSY) [1-5], and ex-
tensively investigated within various theoretical approaches
[6-13]. Another dibaryon N2 was proposed as a narrow res-
onance in a relativistic quark model [14] and was investigated
by other quark models [15-20], as well as the lattice QCD
[21,22]. The progress of the N2 searches by the STAR exper-
iment at the Relativistic Heavy-Ion Collider (RHIC) favored
the existence of N2 [23]. Besides, the study of the strong in-
teraction among hadrons at the Large Hadron Collider (LHC)
by the ALICE Collaboration also supported the possibility of
forming the N2 state [24].

In the past decade, many near-threshold charmonium-like
states called XY Z particles have been observed, triggering lots
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of studies on the molecule-like bound states containing heavy
quark hadrons. Such studies will give further information on
the hadron-hadron interactions. In the heavy-quark sector, the
large masses of the heavy quarks reduce the kinetic energy
of the system, which makes them easier to form bound states.
Therefore, extending the dibaryon research to the heavy quark
sector is spontaneous.

On the hadron level, the dibaryon systems with one heavy
quark such as NX., NA., and so on, have been investigated
in the realistic phenomenological nucleon-nucleon interac-
tion model [25] and the one-boson-exchange model [26].
The dibaryon systems with two heavy quarks were also
researched in the one-pion-exchange model [27] and one-
boson-exchange model [28,29]. The possibility of existing
deuteron-like dibaryons with heavy quarks, such as NE,,,
EE., and so on, were investigated by several realistic phe-
nomenological nucleon-nucleon interaction models [25,30].
In Refs. [31,32], the deuteron-like states composed of two
doubly charmed baryons E..E.. and Bee Bee WeTe systemati-
cally studied within the one-boson-exchange model.

On the quark level, the NA, system and the H-like
dibaryon state A.A. have been studied in the quark delo-
calization color screening model [33,34]. References [35-37]
have also studied these dibaryons within the chiral constituent
quark model. In Refs. [38,39], the two- and three-baryon
systems with heavy quarks were investigated by using the
baryon-baryon interaction derived from the constituent quark
model. Besides, the possible N<2-like dibaryons N2, and
Ny were investigated within both the chiral quark model
and quark delocalization color screening model [40]. Re-
cently, Junnarkar and Mathur reported the first lattice QCD
study of deuteron-like dibaryons with heavy quark fla-
vors [41], and suggested that the dibaryons ... (sscscc),
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Q2 (ssbsbb), and Q.. 2pp(ccbebb) were stable under
strong and electromagnetic interactions. They also found that
the binding of these dibaryons became stronger as they be-
came heavier in mass. However, the distinct conclusion was
claimed in the work of Ref. [42], where the authors explored
the possibility of very heavy dibaryons with three charm
quarks and three beauty quarks (bbbccc) in potential models,
and concluded that there was no evidence for any stable state
in such very heavy flavored six-quark system. Additionally,
the existence of fully heavy dibaryons were also investigated
in the constituent quark model [43].

Quantum chromodynamics (QCD) is widely accepted as
a fundamental theory to study strong interaction. How-
ever, for hadron-hadron interactions and exotic quark states,
it is difficult to use QCD directly to study low-energy
hadronic interaction because of the nonperturbative compli-
cation. Therefore, it has triggered kinds of QCD-inspired
models, which study the muliquark systems from the physical
perspective. The quark delocalization color screening model
(QDCSM) is one of the representations of the constituent
quark models, which was developed in the 1990s, aiming to
explain the similarities between nuclear and molecular force
[44]. The model modifies the Hamiltonian by introducing the
shielding effect of color screen and expands Hilbert space
by considering the quark delocalization between two quark

J
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H= Z <mi + ﬁ) -I.+ Z[Vc(rij) +VE(r) + Ve,

clusters. This model has been well applied to describe the
properties of the deuteron, study the NN and Y N interactions,
and investigate the dibaryon candidates [10]. It has also been
extended to observe the dibaryon states with heavy quarks,
such as the NA, and NA, systems [33], and the possible
H-like dibaryon states A A, and ApA, [34], the NQ-like
dibaryons N 2., and N2, [40], the fully heavy dibaryons
[43], and so on. It is interesting to search for more dibaryons
in heavy quark sector within the frame of QDCSM.

In this work, we further study the doubly heavy dibaryons
systematically in the QDCSM. Extension of the study to
the bottom case is also interesting and is performed too.
Through our calculation, we can look for possible doubly
heavy dibaryons, which will provide more information for the
experimental work. The structure of this paper is as follows.
After the introduction, we have a simple description of the
QDCSM in Sec. II. Section III is the numerical results and
discussions. The summery is given in the last section.

II. MODEL HAMILTONIAN AND WAVE FUNCTION

A. Quark delocalization color screening model

The quark delocalization and color screening model
(QDCSM) has been described in detail in Ref. [44]. Here,we
just present the Hamiltonian of the model:

, ()
i=1 ! i<j
Tij) = —0gAj - Aj| — — = —5 + — Tij) — ———=3ij |,
74 Ny 2\m? m;  3mm, ! dmam;r}; !
3 7
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ij
[
where §;; is the quark tensor operator. We only consider the the NNm coupling constant through

S-wave systems at present, so the tensor force dose not work ’ 2
here. Y(x) and H(yx) are standard Yukawa functions [45]; gﬁ — (E) avN " d )

Teu is the kinetic energy of the center; and «; is the quark- 4w 5) 4n m}

gluon coupling constant. In order to cover the wide energy
range from light, strange to heavy quarks, one introduces
an effective scale-dependent quark-gluon coupling constant
os(1) [46]:

[&00]

In (4344

os(p) = , ®)

where p is the reduced mass of the interacting quark pair. The
coupling constant g, for scalar chiral field is determined from

All other symbols have their usual meanings in the above
expressions. All parameters are from our previous study of
the H-like dibaryon state A.A. [34], and they are listed in
Table 1. Here, in addition to Goldstone bosons of the hid-
den approximate chiral symmetry of QCD, the additional D
meson can exchange between u/d and ¢ quarks, D; meson
can exchange between s and ¢ quarks, and the 1. meson can
exchange between two of the u, d, s, and ¢ quarks. In order to
incorporate the charm quark and study the effect of the D, D,
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TABLE 1. Model parameters m, = 0.7 fm™', mg =2.51 fm™', m, =2.77 fm™', A, =4.2fm™', Ax =52fm™', A, =5.2;fm™",

oen = 0.027.
b My.q my me mp ac Vo Ao U oo
(fm) (MeV) (MeV) (MeV) (MeV) (MeV fm™2) (fm?) (fm™) (MeV) (MeV)
QDCSM 0.6 313 539 1732 5070 18.5283 —0.3333 1.7225 4458512 0.7089

and 7, mesons exchange interactions, we extend the model
from SU (3) to SU(4), and add the interaction of these heavy
mesons interactions as follows:.

12 14
VM@ = UD(r[j)Z)»? A+ v (rij) Z A A
a=9 a=13

+ (A - AL, (10)

where the formulas of the v”(r;;), v?(r;;), and v (r;;) are
the the same as the Eq. (4), in which the x = D, Dy, n,
respectively. The extension is made in the spirit of the phe-
nomenological approach of Refs. [47,48]. Here, we should
emphasize that neither the K meson nor the D; meson ex-
change contributes to the doubly heavy dibaryon systems in
the present work, because we only consider the dibaryons
composed of four nonstrange quarks and two heavy quarks.
More doubly heavy dibaryon systems which contain strange
quarks will be studied in future work. Besides, we do not
readjust the model parameters after adding the heavy mesons
exchange interactions. The binding energy is obtained by B =
E — Ey, where E and Ey, are the energy and the threshold
of the state respectively, so the mass difference between the
theoretical and the experimental values will be eliminated by
doing this subtraction. The masses of the charmed baryons
without and with the heavy mesons exchange interactions
are listed in Table II. In addition, the D, D, and 1. mesons
exchange do not work in the bottomed baryons, so the masses
of the bottomed baryons listed in Table II do not include these
heavy meson exchange.

B. Wave function

The resonating group method (RGM) [50,51] and generat-
ing coordinates method [52] are used to carry out a dynamical
calculation. The main feature of the RGM for two-cluster sys-
tems is that it assumes that two clusters are frozen inside and
only considers the relative motion between the two clusters, so
the conventional ansatz for the two-cluster wave functions is

Veq = Allps, 05,1 @ xL(R)Y, an

where the symbol A is the antisymmetrization operator.
With the SU (4) extension, both the light and heavy quarks
are considered as identical particles. So A =1 — 9Ps.
[o] = [222] gives the total color symmetry and all other
symbols have their usual meanings. ¢p, is the three-quark
cluster wave function. From the variational principle, after
variation with respect to the relative motion wave function
x(R) =", x.(R), one obtains the RGM equation

/H(R, R)x(R")dR’ =E/N(R, RHx(R)dR’, (12)

where H(R,R’) and N(R,R’) are Hamiltonian and norm
kernels. By solving the RGM equation, we can get the
energies E and the wave functions. In fact, it is not convenient
to work with the RGM expressions. Then, we expand
the relative motion wave function x(R) by using a set of
Gaussians with different centers,

Loz A\ 5~
K (R) = —( ) c
A 2 b? P

y / exp [—%(k—snz}ymﬁodﬁi, (13)

where L is the orbital angular momentum between two
clusters, and S;, i = 1, 2, ..., n are the generator coordinates,
which are introduced to expand the relative motion wave
function. By including the center of mass motion,

6 3/4 31%
dc(Rc) = <W> e 7, (14)

the ansatz Eq. (11) can be rewritten as

n dgi 3 6
=AY G| 2T ulSi —S;
Voq ; fmol:[]m )Q«pﬁ( )

X x5, (B xns, (B Y (ST
X [xe(B1)xc(B2)1Y, (15)

TABLE II. The masses (in MeV) of the baryons without/with the heavy mesons exchange interactions. Experimental values are taken from

the Particle Data Group (PDG) [49].

N A A =, = Ece g7
QDCSM 939/953 1232/1222 2286/2300 2462/2447 2492/2492 3794/3782 3823/3828
Exp. 939 1233 2286 2455 2520 - 3621

Ay DS P Ehp &
QDCSM 5619 5809 5818 10485 10494
Exp. 5619 5811 5832 - —
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where x5, and xys, are the product of the flavor and spin
wave functions, and y. is the color wave function. These
will be shown in detail later. ¢(S;) and ¢g(—S;) are the
single-particle orbital wave functions with different reference

centers:
1 i _ a=S;/2?
is= () =3,
1 1 _(rﬁ+Si/2)2
bp(—Si) = ( bz) T (16)
With the reformulated ansatz, Eq. (15), the RGM

equation (12) becomes an algebraic eigenvalue equation:
ZCH,,_EZC s 17)

where H; ; and N, ; are the Hamiltonian matrix elements and
overlaps, respectively. By solving the generalized eigenprob-
lem, we can obtain the energy and the corresponding wave
functions of the dibaryon system.

The quark delocalization in QDCSM is realized by spec-
ifying the single-particle orbital wave function of QDCSM
as a linear combination of left and right Gaussians, and the
single-particle orbital wave functions used in the ordinary
quark cluster model,

Yo (Si, €) = [¢a(Si) + €do (—S;)]/N(€),
Yp(—=Si, €) = [Ppp(—=S;) + €pp(S;)]/N(¢€),
N(e) = V1 + €2 + 2ee=SH/4, (18)

Here the delocalization parameter €(S;) is determined by the
dynamics of the multiquark system. In this way, the system
can choose its most favorable configuration through its own
dynamics in a larger Hilbert space. It has been used to explain
the crossover transition between hadron phase and quark-
gluon plasma phase [53].

The spin wave functions of a ¢> cluster is labeled as Xss.»
where s and s, are the spin quantum number and the third
component, respectively:

Xg 3 = aod,

2°2

7, = (waf +apa+

X1 = 5 lewp +apa+ poa).
- 1
Xy = J5(@PB+ pap + ppa)
X3 5=

2 2

X‘l’l \/2(21105,3 — afa — Baa),

o2 1
X%% z(aﬁa_ﬁaa),

1
X7l = \/g(aﬂﬂ + Bap — 28pa),

o2 1
7, =5 @pB—pap).

=
I

The flavor wave functions of the ¢* cluster le , (I and I
are the isospin quantum number and the third éf)mponent,
respectively) are as follows. Here, both the light and heavy
quarks are considered as identical particles with the SU(4)
extension:

1 1 \/7(2uud—udu—duu)
2:2

LL [(udu—duu)

2°2

1
1 = \/;(udd + dud — 2ddu),

X1 =4/ z(udd — dud),
20 2
xgh s = uul,
3
f 1
X3 1 =/ = (uud + udu + duu),
322 3
I 1
X3 1 = g(udd + dud + ddu),
2 2
x! , =ddd,
2 2

o=

1
Xoo = E(MCd + cud — cdu — dcu),

/1
X({%) E(Zudc—2duc+cdu+ucd — cud — dcu),

f1_ 1 2

Xia 6( Uuc — ucu — cuu),
12 1

Xii= z(ucu — cuu),

/1
le}) = E(Zudc + 2duc — cdu — ucd — cud — dcu),

r2_ 1
Xio = E(MCd +dcu — cdu — cud),
f1 !
Xi_1= 6(2ddc—dsd—cdd),
1 !
Xi-1 E(dcd—cdd)
s ]
Xi1 = g(uuc + ucu + cuu),

1
le?) \/;(udc + duc + cdu + ucd + cud + dcu),

1
X, = \/;(ddc +ded + cdd),

3 1
X1 1 = 4/ =(ucc + cuc — 2ccu),
23 6
r4 !
X1 1 =4/ =(ucc — cuc),
27 2
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1
X{4,1 =,/=(dcc — cdc),
20 2
f5 !
X1"1 = 1/ =(ucc + cuc + ccu),
222 3
f5
X =,/=(dcc+ cdc + ccd)

The color wave function of a color-singlet ¢ cluster is

1
x¢ = \/;(rgb — rbg + gbr — grb + brg — bgr).

The total flavor-spin-color wave function of the dibaryon sys-
tem can be acquired by substituting the wave functions of the
flavor, the spin, and the color parts according to the given
quantum number of the system. Here, we can take the IJ =
00 system as an example to show the construction of wave
function. There are four channels for the IJ = 00 system, and
the total flavor-spin-color wave function for each channel is
shown as follows:

1 X X P PR Yo 4%
X X)) = \/;[(’bl,éqs—l,—é _¢l,—i¢ 11 _¢0,%¢0’_%

2 2
)P IR )P . P IR
By TT 0 00 ]
1 g
INEeo) = [0 197, — ol 107,
27327 =373 2272 T3
N Eec N Eec
_(b_i l¢l _1 +¢_1 _Ld’l 1]7
2°2 272 2272 202
1 A A A A
[AcAc) = \/ §[¢O;¢O {_% - ¢0 F_%Qﬁog],
1 z p DI po pI)
*gVRy ¢ ¢ ¢ ¢ ¢ ¢
|Zc2c) E[‘f’l 3¢717%_¢1!%¢717%+¢1’71¢717%
DAED Ve DS e
_¢1 3¢ 1.3 ¢0,%¢0_%+¢0,%¢0,_%
DL > ol * LI O
_¢0 1¢0 1 +¢0,7%¢0‘% +¢7;%¢1:%
z z po z z

n . .
2 _ f1_ o1 f2 02 :
¢l,% = E(XUX‘;% +X1,1X;%)Xcs
¢2, — l(X ol +X X02 )Xc
Sy =y U s )
1.5 2
o7 =5 O Xt + xR )x
l—3 2 372 ’ 2
1
> _ f1 1 f2 2
o5 = Sl A
1
e f1 1 2 o2 c
43y~ o e

<
-z
Il

¢>§f_% = \/g(xlf,éx;'_; + xlf,ﬁxf_%)xc,
1
2
1
2
1
2
1

4’71 _1 = —(X{171X31_1 + X{ZJXETZ_L)XC’
20 2 2 2°72 22 2272 2072
g (e 4
foy =y iy
o) 1, 7 4
0% =50 xS+t xR X
272 2 2 2 2°2 2 2 2°2
o) 1, s 4
¢, = E(X{LXf]_i +X{1XYZ_L)XC’
2 2 202 202 2°2 202
g L s 4
o7 =/ 5O+ xlaTh)xE
32 2V 237202 307202
1
Ae _ f1 1 f2 o2
¢, = E(Xo,oxg,é + Xo.0X7 I)XC’
1
A 1_o1 2
(]5077% _\/;(X({()X?T %+X({0X?7%)Xca
T 3 - 3
¢1’% =X{1X§%Xca d’l% =X1{1X§%Xc’
5 73 : = 3 :
o =i xS Ay = xixd g
D 3 D 3
¢0!% = X{oxg’%xcv ¢0; = X{oX;%XCa
= _ f3,0 c = _ 3.0 c
¢0’ 1= Xj,0X3 _%X s ¢0’_% —X1,0X%’_%X s
o 3 * 3 ,
¢71 3 = X{_lxg,%xcv ¢71’1 = le,_l)(g,%)(v»
= 3 = 3
o™ =ik xS T =x{ixd ax”
2 2 2 ’ 2 2

Here, we should mention that the definition of different
baryon-baryon channel, like the channels ¥.%., N E,., and so
on, just represents the coupling sequences, which are shown
above. In the real baryon-baryon system, the identical quarks
in different baryon cluster will exchange between two clusters
due to the antisymmetrization operator. Besides, the introduc-
tion of the delocalization parameter in QDCSM also allows
the quark to run between two clusters, especially when two
clusters are very close, so the X.%, channel does not sim-
ply refer to the state composed of two X.s. Instead, it only
stands for the coupling sequence. However, when two baryon
clusters are far apart, the exchange interaction between two
clusters will approach zero, and the delocalization parameter
will be zero too. Then the 3. X, channel in this case really rep-
resents the two X, baryons. For convenience, we use this kind
of representation of each channel in the following discussions.
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FIG. 1. The effective potentials of different channels of the doubly charm dibaryon systems with 7 = 0.

III. RESULTS AND DISCUSSION

In this work, we perform a systematical investigation to the
low-lying doubly heavy dibaryon systems with strange S = 0,
isospin I = 0, 1, 2, and the angular momentum J = 0, 1, 2, 3.
Here, we first show the results of the doubly charm dibaryon
systems, and the one of the doubly bottom dibaryon systems
will be shown at the end of this section.

A. The effective potentials

Since the attractive potential is necessary for forming a
bound state or resonance, we first calculate the effective po-
tential between two baryons, which is defined as V(S) =
E(S) — E(0c0), where E(S) is the diagonal matrix element of
the Hamiltonian of the system in the generator coordinate. The
behavior of the effective potential for the calculation with and
without the heavy meson exchange is similar. To save space,
we show the results including the heavy meson exchange
interactions. The effective potentials of all channels with dif-
ferent quantum numbers are shown in Figs. 1-3, respectively.

From Figs. 1, 2, and 3, we can see that the effective poten-
tials of several channels are purely repulsive, which are A A,
with IJ = 00, NE}, withIJ =01, NE.. and A X, with IJ =
10, AcXZ}, N8, and A 2, with IJ =11, A, ¥} and NE},
with IJ =12, AB. with IJ =21, AE. and X¥X} with
1J =22, and AE}, with IJ = 23. So it is difficult for these
channels to form any bound state. Conversely, the following
channels have a deep effective attraction, which is larger than
—100 MeV. They are £}X* and X X, with IJ =00, . X%
with[J = 01, ¥ with IJ = 02, AE}, withIJ = 10, AE},
and AE. with IJ =11, AE}, and AE,, with [J =12, and
AE?, with 1J = 13. Such deep attraction will make these
channels more likely to form bound states or resonance states.
For other channels, the effective potentials are attractive too.
Although the attraction is not very deep, we still need to

confirm the existence of bound states or resonance states for
these channels.

In addition, to study the contribution of each interaction
term to the effective potentials, we also calculate the effec-
tive potentials of various terms, including the kinetic energy
(Var), the confinement (Veon), the one-gluon exchange (Voge),
the one-boson exchange (Vrr and V;), and the heavy meson
exchange (Vp and V,,). To save space, we take the IJ = 01
system as an example here. The contributions of various
interaction terms to the effective potentials of the /J = 01
system are shown in Fig. 4, where Figs. 4(a), 4(b), and 4(c)
show the contributions to the single channel N E.., XX}, and

87, respectively, and Fig. 4(d) shows the contributions to
the lowest state of the system after the channel coupling.

From the Fig. 4, we can see that the kinetic energy term
provides an intermediate-range attraction for each channel,
while the confinement interaction provides the short-range at-
traction. The contributions of the 5, D, and n. meson exchange
interactions to the effective potentials are relatively small. For
the NE.. and NE}, channels, both the one-gluon exchange
and the w exchange terms provide the repulsive interactions,
which weaken the overall attraction. Although the 1, meson
exchange provides attractive interaction, it is relatively small.
So the interaction for the N E.. channel is weakly attractive,
and the one for the N 87 channel is repulsive. For the X .X*
channel, the attraction from the kinetic energy term is much
larger than that of the other two channels. Besides, both the
one-gluon exchange and the m exchange terms provide the
attractive interactions. Although the 7. meson exchange pro-
vides repulsive interaction, it is still very small. So the total
interaction for the X, X* channel is deeply attractive. After the
channel-coupling calculation, the behavior of the potentials
of the lowest state of the system is similar to the one of the
NE,. channel, but the attraction of the kinetic energy term
becomes larger, which leads to the total attraction becomes a
little deeper.
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FIG. 2. The effective potentials of different channels of the doubly charm dibaryon systems with / = 1.

From the above discussion, we can see that the kinetic
energy interaction plays an important role in providing at-
tractions, which relates to the intermediate-range attraction
mechanism in QDCSM. In QDCSM, two ingredients were in-
troduced: quark delocalization and color screening; the former
is to enlarge the model variational space to take into account
the mutual distortion or the internal excitations of nucleons
in the course of interaction, and the latter is assuming that
the quark-quark interaction dependents on quark states and
aims to take into account the QCD effect, which has not been
included in the two-body confinement and effective one-gluon
exchange yet. In this model, the intermediate-range attraction
is achieved by the quark delocalization, which is like the
electron delocalization in molecules. The color screening is
needed to make the quark delocalization effective.

B. The bound-state calculation

In order to see whether there is any bound state, a dynamic
calculation based on the resonating group method (RGM)
[51] has been performed. The energies of each channel as
well as the one with channel-coupling calculation are listed
in Table III. To compare the quantitative results of the cal-
culation without and with the heavy meson interaction, the
results of both cases are shown in Table III. The first column
is the quantum number of the system; the second column is
the corresponding state of every channel; the third column
Ey, denotes the theoretical threshold of each state; the fourth
column E. represents the energy of every single channel;
the fifth column B, stands for the binding energy of every
single channel, which is By, = Es. — Ey; the sixth column E,,
denotes the lowest energy of the system by channel-coupling
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FIG. 3. The effective potentials of different channels of the doubly charm dibaryon systems with / = 2.
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FIG. 4. The contributions to the effective potential from various terms of interactions for the /J = 01 system.

calculation; and the last column B, represents the binding
energy with all channels coupling, which is B, =
Here, we should notice that the positive value of the binding
energy Bi. or B.. means that the state is unbound, so we label
it as “ub” in Table III. In addition, the channel with the lowest
threshold of each system is bolded in order to distinguish it
clearly in the table.

For the system with IJ = 00, the single-channel calcula-
tion shows that both the ¥.X. and £*X* are bound states,
with binding energies of —75/—51 MeV and —87/—85 MeV,
respectively, while both NE.. and A A, are unbound. This
is reasonable. As shown in Fig. 1(a), the interaction for the
¥.X. and X} ¥* channels is strong enough to form the bound
state, while the attraction for the NE.. channel is too weak
to form a bound state. together. At the same time, due to the
repulsive interaction of the A. A, channel, the energy of A A,
is above its threshold. However, the effect of the channel
coupling cannot be ignored. By coupling these four channels,
the lowest energy of the system is 19/10 MeV lower than
the threshold of A.A., which means that the doubly charm
dibaryon system with /J = 00 is bound. This conclusion is
consistent with the one on the hadron level [27]. However,
the effect of the channel coupling is different between these
two approaches. As we analyzed in Ref. [34], the role of the
central force is much more important than the tensor force
in our quark level calculation, while in the calculation on the
hadron level [27], the tensor force is shown to be important

cc Eth~

and the D-wave channels are crucial in binding two A.’s. In
the framework of the one-boson-exchange model, although
Ref. [28] has no brief for the existence of the A A, state, their
follow-up study supported the existence of this loosely bound
state A.A. by performing an extensive coupled channel anal-
ysis of the system [29], which also shows that the effect of the
channel coupling is important for this system. However, the
results of Ref. [35] pointed to the nonexistence of a charmed
H-like dibaryon A A, by using a chiral constituent quark
model. In their study, there is no coupling between close mass
thresholds, like A A, <> NE., the closest threshold being
more than 300 MeV above, so the interaction is weaker than in
the strange sector. Nevertheless, the interaction in the IJ = 00
system is attractive, so this state may appear as a resonance
above the A A threshold [35]. Besides, the X X, and X} X
channels are possible to be the resonance states by coupling
to the open channels. The work of searching for the resonance
states will be discussed in the next subsection.

For the system with IJ = 01, it includes three channels:
NE.., Z.X}, and N E} . The single-channel calculation shows
that .2 is bound, and the binding energy is —94/—82 MeV
for the cases of without/with the heavy meson exchange in-
teractions, respectively. The other two channels are unbound.
After the channel-coupling calculation, the lowest energy of
this system is 4733 MeV (still higher than the threshold of the
lowest channel N E..) for the case of without the heavy meson
exchange interactions, while it is 4720 MeV (15 MeV lower
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TABLE III. The energy without/with the heavy meson interaction for the doubly charm dibaryon systems.

1J Channels Eq (MeV) E,. MeV) B,. (MeV) E.. (MeV) B.. (MeV)
PIIDIN 4925/4894 4850/4843 —75/-51
NE.. 4733/4735 4736/4738 ub/ub
00 4554/4590 —19/-10
AcA. 4573/4600 4580/4607 ub/ub
)50 254 4983/4984 4896,/4899 —87/—-85
NE. 4733/4735 4739/4741 ub/ub
01 .2k 4954/4939 4860/4857 —94/-82 4733/4720 ub/—15
O 4764 /4781 4770/4787 ub/ub
NEZ, 4764/4781 4779/4780 ub/—1
02 .2k 4954/4939 4936,/4925 —18/—14 4741/4764 —23/—17
D250 4983/4985 4946/4945 —37/-40
NE. 4733 /4735 4740/4742 ub/ub
10 A2, 4749/4747 4756/4754 ub/ub 4740/4741 ub/ub
ax 5057/5047 4956,/4952 —101/-95
g 4764/4781 4768 /4785 ub/ub
AX! 4778/4792 4785/4799 ub/ub
AB. 5026/5003 4986,/4969 —40/-34
g 5057/5047 4971/4966 —86/—81
11 )M 254 4954/4939 4937/4929 —17/-10 4739/4740 ub/ub
D50 I 4983/4985 4971/4973 —12/-12
DI IN 4925/4894 4928/4899 ub/ub
NE. 4733/4735 4740/4742 ub/ub
A2, 4749/4747 4756/4754 ub/ub
Xk 4954/4939 4956/4942 ub/ub
AB.e 5026/5003 4975/4964 —-51/-39
12 AT 4778/4792 4785/4798 ub/ub 4769/4786 ub/ub
B 4764 /4781 4770/4787 ub/ub
gk 5057/5047 4994 /4989 —63/-58
g 5057/5047 5065/5049 ub/ub
13 4969/4989 —14/ub
D250 24 4983/4985 4980/4991 —3/ub
g 5057/5047 5047/5040 —-10/-7
20 )50 4983/4985 4986,/4987 ub/ub 4929/4899 ub/ub
Y. X, 4925/4894 4930/4900 ub/ub
X 4954/4939 4959/4945 ub/ub
21 A8 5026/5003 5033/5008 ub/ub 4958,/4944 ub/ub
D) 5057/5047 5069/5044 ub/—3
AB.. 5026/5003 5031/5007 ub/ub
22 gk 5057/5047 5058/5052 ub/ub 4961/4947 ub/ub
XX} 4954/4939 4962/4947 ub/ub
D5 4983/4985 4990/4991 ub/ub
23 O 5057/5047 5063/5053 ub/ub 5063/5053 ub/ub

than the threshold of NE,.) by including the heavy meson
exchange interactions. This is mainly due to the effect of the
heavy meson exchange interactions. In Fig. 4(b), the heavy
meson exchange provides repulsive interaction for the X X%
channel. Although it is small, it can still reduce the binding
energy of the single XX channel. That is why the binding
energy of the X.2* channel becomes a little smaller after
including the heavy meson exchange interaction. In contrast,
the heavy meson exchange provides attractive interaction for
both the NE.. and N E?. channels. Although it is not strong
enough to form a bound state for the single channel N E..
or NEZ,, it also affects the channel-coupling calculation, and
helps to form the bound state for the IJ = 01 system. So, for
the doubly charmed dibaryon systems, the interaction of the
heavy meson exchange can alter the binding energy because

there are more heavy-light pairs in the six-quark system than
in two separate baryons.

For the system with IJ = 02, it includes three channels:

gr, X2}, 2¥¥¥. The single-channel calculation shows
that the N E7, is unbound without the heavy meson exchange,
but the energy is 1 MeV lower than the threshold of NE7,.
by considering the heavy meson exchange. Both the single
channels 2. X% and £* X} are bound with the binding energies
of —18/—14 MeV and —37/—40 MeV, respectively. After the
channel-coupling calculation, the lowest energy of the system
is pushed to 4741/4764 MeV, 23/17 MeV lower than the
threshold of the lowest channel N &Y., which indicates that
the doubly charm dibaryon system with IJ = 02 is bound.

For the system with IJ = 10, although the single channel
A&, is bound, the lowest energy of the system is higher than
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the threshold of the NE.. channel by the channel-coupling
calculation, so the system with /J = 10 is unbound.

For the system with IJ = 11, there are nine channels as
shown in Table III. The single-channel calculation shows that
four states A8, AE},, X, X%, and £*X* are bound. How-
ever, they will become resonance states or unbound states
by channel-coupling calculation, which will be discussed
in the next subsection. The lowest energy of this system
is 4739/4740 MeV after the channel-coupling calculation,
higher than the threshold of the lowest channel N .., which
indicates that the doubly charm dibaryon system with IJ = 11
is unbound.

For the system with 1J = 12, the situation is similar to that
of the IJ = 10 system. Although the single channel AE},
is bound, the lowest energy of the system is higher than
the threshold of the NE}. channel by the channel-coupling
calculation. So the system with /J = 12 is unbound.

For the system with IJ = 13, it includes two channels:

E7.and X} X7, For the calculation without the heavy meson
exchange, the single channel X¥%* is bound with a binding
energy of —3 MeV. After the channel-coupling calculation,
the lowest energy of the system is reduced to 4969 MeV,
14 MeV lower than the threshold of the lower channel X} X%,
However, the heavy meson exchange provides the repulsive
interaction for the X} 2 channel, which leads to the unbound
result for this system.

For the system with IJ = 20, the result is similar to that
of the 1J = 10 system. Although the single channel AE?, is
bound, there is no any bound state by the channel-coupling
calculation. Besides, the results of systems with quantum
numbers of IJ =21, 22, and 23 are similar. There are no
bound states in any of these systems.

C. The resonance states

As mentioned above, some channels are bound because
of the strong attractions of the system. However, these states
will decay to the corresponding open channels by coupling to
open channels and become resonance states. Besides, some
states will become scattering state by the effect of coupling
to both the open and closed channels. Another factor affects
the results in some calculation is the finite coordinate space
used. In quark model calculation, all the eigenenergies are
discrete due to the finite space. A stabilization method [54]
has been invented to pick up the genuine resonance states from
these states with discrete energies. In this method, with the
increase of the distance between two clusters, the continuum
state will fall off toward its threshold, the energy of the bound
state will remains unchanged, while a resonance state will
tend to be stable. In this situation, the resonance line acts
as an avoid-crossing structure and it will appear repeatedly
with the increment of the distance between two clusters. Then
the resonance line corresponds to the energy of the resonance
state. This method has been successfully applied to the pen-
taquark systems [55,56], the fully heavy tetraquark systems
[57], and the cCss tetraquark systems [58]. Here, we calculate
the energy eigenvalues of the doubly charm dibaryon systems
by taking the value of the largest distance (S,,) between two
clusters from 4.5 to 8.5 fm to see if there is any resonance
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FIG. 5. The stabilization plots of the energies of the doubly
charm dibaryon systems with /J = 00.

state. To save space, we take the results of the systems with
1J = 00 and 01 as examples, which are shown in Figs. 5 and
6, respectively. Besides, the results we show below are all
include the interaction of the heavy meson exchange.

For the doubly charm dibaryon system with IJ¥ = 00 in
Fig. 5, it is clearly that the first horizontal line locates below
the threshold of the lowest channel A.A., which represents
the bound state of this system. We mark it with a blue line.
Then, three horizontal lines are located at the corresponding
physical threshold of three channels A A, 2. %, and X} 7.
We mark them with red lines. Besides, there is a line around
4730 MeV, which is stable with the variation of the distance
between two clusters, so it is on behalf of a resonance state.
We mark it with a green line. All these results show that
after the channel coupling, neither the previously bound single
channel £.2, nor ¥*X* is a resonance state, because the
effect of the channel coupling raise the energies of these two
channel above their thresholds. On the contrary, the effect of
the channel coupling push the energy of the NE.. channel
below its threshold. So the resonance state with energy of
4730 MeV is obtained.
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FIG. 6. The stabilization plots of the energies of the doubly
charm dibaryon systems with /J = 01.
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TABLE IV. The energy of the doubly bottom dibaryon systems.

1J Channels Eq (MeV) E,. (MeV) By, (MeV) E.. (MeV) B.. (MeV)
DI 11618 11539 -79
NEy 11424 11428 ub

00 11219 —-20
Ap Ay 11239 11246 ub
DI04 11636 11553 —83
NE; 11424 11430 ub

01 X 11627 11544 —83 11428 ub
NE}, 11433 11441 ub

B 11433 11436 ub

02 X 11627 11637 ub 11416 —17
DI04 11636 11646 ub
NE 11424 11431 ub

10 Ay 11428 11435 ub 11430 ub
AE}, 11727 11635 -92
NE;, 11433 11439 ub
Ay 11438 11444 ub
AByp, 11717 11678 -39
AE}, 11727 11648 -79

11 X 11627 11614 —13 11429 ub
DI04 11636 11631 -5
DI 11618 11621 ub
NEy, 11424 11431 ub
ATy 11428 11435 ub
X 11627 11630 ub
AEy, 11717 11667 -50

12 Ay 11438 11444 ub 11439 ub
NE}, 11433 11441 ub
AE}, 11727 11671 -56
AE}, 11727 11689 —38

13 11633 -3
DI 24 11636 11638 ub
AE}, 11727 11721 —6

20 D254 11636 11640 ub 11621 ub
XXy 11618 11622 ub
DDy 11627 11632 ub

21 AEy 11717 11724 ub 11631 ub
AE}, 11727 11726 -1
AByp, 11717 11722 ub
AE;}, 11727 11731 ub

22 11633 ub
DD 24 11627 11634 ub
D504 11636 11643 ub

23 AZ} 11727 11734 ub 11734 ub

For the doubly charm dibaryon system with IJ¥ = 01 in
Fig. 6, it is obvious that the first horizontal line locates be-
low the threshold of the lowest channel N E.., which stands
for the bound state of this system. Besides, three horizontal
lines locate at the corresponding physical threshold of three
channels N 8., .2}, and N E% .. No resonance state is found
here, which means that the previously bound single channel
XX} becomes the scattering state by the effect of the channel
coupling. For the systems with other quantum numbers, some
single channels that were previously bound become scattering
states by the effect of the channel coupling. We finally obtain
another two resonance states, which are the IJ” = 11 NE?,
channel with energy of 4775 MeV, and the IJ” = 12 £, 2}
channel with energy of 4935 MeV.

D. The doubly bottom dibaryon systems

Because of the heavy flavor symmetry, we also extend the
study to the doubly bottom dibaryon systems. Since the D,
Dy, and n. mesons exchange do not work in the doubly bot-
tom dibaryon systems, we do not include these heavy meson
exchanges here. All the results are listed in Table IV, which
are similar to those of the doubly charm dibaryon systems.
By the channel-coupling calculation, three bound systems are
obtained, with the quantum numbers of IJ = 00, IJ = 02,
and IJ = 13, and the binding energies of —20, —17, and
—3 MeV, respectively. Besides, three resonance states are
obtained, which are N 8, with 1J = 00, N}, with IJ =11,
and X, X} with IJ = 12, and the resonance masses are 11411,
11432, and 11 626 MeV, respectively.
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IV. SUMMARY

The low-lying doubly heavy dibaryon systems with strange
S =0, isospin I =0, 1, 2, and the angular momentum J = 0,
1, 2, 3 are systemically investigated by using the RGM in
the framework of QDCSM. Our goal is to search for any
bound state or resonance state of the doubly heavy dibaryon
systems. The effective potential of every channel is calculated
to study the interaction of the doubly heavy dibaryon systems.
Both single-channel and channel-coupling calculations are
performed to obtain the energy of all the systems. Meanwhile,
a stabilization calculation is carried out to search for any res-
onance state. Besides, in order to incorporate the charm quark
and study the effects of the D, D;, and n, meson exchange
interactions, we extend the model from SU (3) to SU (4), and
add the interaction of these heavy meson interactions. We find
that for the doubly charmed dibaryon systems, the interaction
of the heavy meson exchange can alter the binding energy
because there are more heavy-light pairs in the six-quark
system than in two separate baryons.

The numerical results show that for the doubly charm
dibaryon systems, there are three bound systems, the quantum
numbers of which are IJ = 00, IJ = 01, and IJ = 02, and the
energies are 4590, 4720, and 4764 MeV, respectively. Besides,
three resonance states N E.., N&}, and X X% are obtained
with the quantum numbers of IJ = 00, [J = 11, and IJ = 12,
and the resonance masses of 4730, 4775, and 4935 MeV,
respectively. For the doubly bottom dibaryon systems, the
quantum numbers of three bound systems are /J = 00, [J =
02, and 1J = 13, and the energies are 11219, 11416, and

11633 MeV, respectively. Additionally, three resonance states
are NEy, with IJ = 00, NE}, with IJ =11 and X, X} with
1J = 12, and the resonance mass are 11411 MeV, 11432 MeV,
11626 MeV, respectively. All these heavy dibaryons are worth
looking for in experiments, although it will be a challenging
subject.

We also find that the effect of the channel coupling is
remarkable in the study of multiquark systems. In this work,
some single states are not bound at first, but they become
bound by the channel-coupling calculation. Meanwhile, some
states, which are bound in the single-channel calculation,
appear as unbound states or resonance states after the channel-
coupling calculation. The main reason is that the doubly
heavy dibaryon systems we investigate here is all in S wave,
and the channel coupling between all channels is through
the central force, the role of which has been verified to be
much more important than the tensor force in our quark
level calculation [34]. Therefore, to explore the multiquark
states, the effect of channel coupling cannot be neglected.
Besides, we search for the resonance states only by chang-
ing the size of the orbital space. The study of the scattering
process of the corresponding open channels is needed to con-
firm the existence of resonance states, which is our future
work.
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