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We systematically investigate the dibaryons .2 (di-E..) and i EE:;) (di-Z,,), with various isospin-

spin configurations /(J”) in a nonrelativistic quark model. For the di-Z,, system, only the single channels
SRR, with O(1") are capable of forming deuteronlike bound states, with the ¢ meson
exchange playing a decisive role. Those states have binding energies of approximately —1.5 MeV and
—3.3 MeV and sizes of 2.37 fm and 1.87 fm, respectively. The coupled channel effect in the di-Z... system
with O(1") enhances the attraction. As a result, this di-E.. system can establish a deuteronlike
configuration, with the binding energy of —7.5 MeV relative to the threshold E..E.. and the size of
approximately 1.40 fm. For the di-E,, system, the single channels with 0(1%), 0(2%), and 0(3") can give
rise to deuteronlike bound states with binding energies ranging from —6.1 MeV to —14.3 MeV.
Additionally, the di-E,, system with 1(0") and 1(2%) can also establish deuteronlike bound states with
binding energies of around —0.5 MeV. When considering the coupled channel effect in the di-Z,, system
with 0(17), a compact hexaquark state is formed, exhibiting a binding energy of —21.2 MeV relative to the
threshold E,,=,, and a size of 0.53 fm. In this state, the 7 meson exchange provides a very powerful
attractive force. The meson exchange interactions in the quark model is dispensable in the di-E,, bound

—_

and E;.E

—cc=cc

states, except for 25,25, with 1(07).
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I. INTRODUCTION

A dibaryon is defined as a system with a baryon number
B =2, composed of six valence quarks. These quarks can
manifest in two forms: either as a loosely baryon-baryon
configuration or as a tightly bound, spatially compact
hexaquark state. The best-known dibaryon, the deuteron,
is a loosely bound system composed of a proton and a
neutron [1], whereas the state d*(2380) is widely regarded
as a compact hexaquark state because of its large binding
energy relative to the threshold AA [2—-4]. Alternatively, the
state d* (2380) is described as a D,z configuration with the
pion in relative P-wave [5,6]. Deuteronlike hadronic
molecules have emerged as the leading interpretation for
the internal structure of the so-called XYZ, P., P, T,.,
and T, states [7-14]. It is therefore natural to explore
similar dibaryons [15-28], which contain one or more
heavy quarks in their valence structure, and to search for
their discovery when the requisite center-of-momentum
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energy and luminosity become accessible at experimental
facilities.

The heavy diquark-antiquark symmetry (HADS) posits
that the heavy quark pair [QQ], confined in the color 3 state
within doubly heavy baryons, forms a compact object due to
the strong attractive color Coulomb interaction [29]. In the
heavy quark limit, the heavy diquark [QQ] behaves as a
pointlike particle, acting purely as a static color source in the
3 channel. The HADS facilitates the establishment of a
correlation between the doubly heavy baryons QQq (Q O §)
and singly heavy mesons Qg (Qg). Building on the molecu-
lar assumption for the P, states, the existences of bound
tricharmed dibaryons, EE’Z)ZE*), as well as the hexaquark
molecule composed of a tetraquark state 7 and D* have
been predicted within the HADS framework [30-33].

The characteristic size of the doubly charmed state
T/.(3875) reported by the LHCb Collaboration suggests
its deuteronlike molecular configuration, specifically DD*
[34,35]. In the wake of this discovery, theorists proposed a
wide range of possible tetraquark partners within various
theoretical frameworks [36-51]. According to the HADS,
the dibaryon partners, YUKW (which is equivalent to
Eg) Eg)), which are derived by replacing a c-quark in the
state 7/.(3875) with a diquark [¢ ¢], could produce a bound
deuteronlike dibaryon.

According to the heavy quark flavor symmetry (HQFS),
the observation of T{.(3875) suggests that its bottom
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counterpart, T, with 01", should exist. The existing
studies indicated that the state 77, with 01" is more stable
bound state compared to T.(3875) [38,52]. Furthermore,
the double bottom baryon Z,,, is anticipated to be observed
in the near future [53]. However, the production of such
states in experiments poses significant challenges. Similar
to the state di-Z..., the di-E,, configuration may also give
rise to the formation of bound states. Although the doubly
bottom baryon Eg;]) has yet to be observed experimentally,
its theoretical predictions suggest intriguing possibilities
for future discoveries in the field of hadronic physics.

Experimental data concerning interactions between two
heavy baryons is quite limited due to the challenges
associated with generating two heavy baryons in laboratory
settings. On the lattice quantum chromodynamics (LQCD)
side, several heavy flavor dibaryon states have been studied
[24-28], including di-Q,.., di-Qy;;, di-A., di-Z., .2,
Q..Q., Qp,Q,, and Q.;,Q..;,- These studies have predicted
the existence of several bound states within these systems.
However, it is noteworthy that the dibaryon states di-Z...
and di-&,, remain under explored in LQCD research. Up to
now, only the one-boson-exchange (OBE) model has
explored the state di-E..., predicting the existence of several
potential bound states [16,17]. In contrast, there has been
no any theoretical researches on the state di-Z.

In this study, we aim to conduct a systematic inves-
tigation of the properties of the heavy dibaryons di-Z,.. and
di-E,;,. We will analyze a range of isospin-spin configu-
rations in order to identify potential bound states within the
framework of the quark model. We will investigate their
binding energies, underlying binding mechanisms, and
spatial structures. With this model, our previous work
has investigated the natures of the single flavored dibaryon
di-A, di-Q, di-Q...., and di-Q,;, [20]. The primary objec-
tive of this work is to deepen our understanding of the
properties and structures of heavy dibaryon states from a
phenomenological perspective. We aim to provide valuable
insights that can inform future experimental endeavors
aimed at identifying these dibaryon states. In addition, we
will investigate the fundamental binding mechanisms that
contribute to the formation and stability of these bound
states. Our research seeks to uncover evidence for binding
mechanisms that are unique to these systems, thereby
enhancing our comprehension of the dynamics of heavy
quarks and the meson-exchange interactions among light
quarks. This exploration will yield important insights into
the fundamental forces that govern the behavior of heavy
dibaryons.

Following the introduction, the paper is organized as
follows: In Sec. II, we present the quark model Hamiltonian.
In Sec. 111, we provide a brief overview of the wave functions
for ground-state dibaryons. In Sec. IV, we present the
numerical results and discussions. Finally, the paper con-
cludes with a brief summary in Sec. V.

II. THEORETICAL FRAMEWORKS

Quantum chromodynamics (QCD) is widely regarded as
the fundamental theory of strong interaction, governing the
dynamics of quarks and gluons. At the hadron scale, QCD
exhibits highly nonperturbative behavior due to the intri-
cate infrared dynamics of the non-Abelian SU(3) gauge
group. Direct calculations of hadron spectra and hadron-
hadron interactions from first principles in QCD remain
extremely challenging. As a result, a less rigorous yet
highly effective approach the QCD-inspired quark models
serve as a powerful tool for gaining physical insight into
these complex strong-interaction systems. The quark mod-
els are based on the assumption that hadrons are color-
singlet, nonrelativistic bound states of constituent quarks,
with phenomenologically derived effective masses and
interactions. These models were developed based on a
comprehensive understanding of the nature of baryons and
the nucleon-nucleon interactions.

The naive quark model (Isgur-Karl model) typically
includes an effective one-gluon-exchange (OGE) potential,
Vege, which directly stems from the one-gluon exchange
diagram in QCD [54], and an artificial quark confinement
potential, V°". This model offers an excellent description
of light baryons [55,56]. In the context of nucleon-nucleon
interactions, the model can capture the short-range repul-
sive core via the spin-spin component of the interquark
interaction between nucleons, as well as the Pauli exclusion
principle, which is enforced by the quark structure of the
nucleon [57]. However, the model does not account for the
medium-range attraction [58,59].

To describe the medium- and long-range behavior of
nuclear forces, the hybrid quark model was developed by
incorporating the exchanges of both z-meson and o-meson at
the baryon level [60]. The effective meson exchange poten-
tial between two nucleons was introduced to simulate the
effects of the meson cloud surrounding the quark core. For
consistency, the implementation of chiral symmetry at the
quark potential level was essential [61]. The constituent
quark mass arises from the spontaneous breaking of chiral
symmetry at a certain momentum scale. Once this constituent
quark mass is generated, the quarks must interact via
Goldstone bosons. The z-meson and o-meson exchanges
at the quark level were incorporated in the nonrelativistic
quark model, called SU(2) ChQM. This model provides a
satisfactory description of hadron spectra, nucleon-nucleon
phase shifts, and the deuteron [62-64].

Later, the SU(3) ChQM was developed to investigate
interactions between nucleons and hyperons, as well as
hyperon-hyperon interactions [65]. In the model, the
chiral symmetry is spontaneously broken in the light
sector (u, d, and s) while it is explicitly broken in the
heavy sector (b and c). The interactions mediated by the
n-, K-, n-, and o-meson exchange occur exclusively in
the light quark sector.
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It is a logical advancement to extend this model to
encompass a broader range of hadron-hadron interactions,
including those involving heavy hadrons. We employed the
model to investigate single-flavored dibaryon bound states
in the 'S, configuration [20]. Our findings were compared
with results from various theoretical frameworks, particu-
larly lattice QCD. Many of our conclusions were consistent
and occasionally qualitatively aligned with those derived
|

m=i( 2)
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from other approaches. Furthermore, the model effectively
describes the characteristics of the deuteronlike DD*
molecular state 77.(3875) [38]. These results indicate that
our model is robust and physically valid in its representa-
tion of hadron-hadron interactions.

To sum up, the complete model Hamiltonian involved in
this study is expressed as
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m; and p, represent the mass and momentum of the quark
q;, respectively. T, denotes the center-of-mass kinetic
energy. A; and o; stand for the SU(3) Gell-Mann matrices
and SU(2) Pauli matrices, respectively. r;; is the distance
between ¢; and g; and p;; is their reduced mass, with the

relation ro(u;;) = ;—“ The quark-gluon coupling constant
: i

adopts an effective scale-dependent form,

%WU) =5 (2)

The symbol y represents 7z, K and # meson and their mass
m,, take the experimentally determined values, while the
cutoff parameters A, and the mixing angles 6p are adopted
from Ref. [66]. The mass parameter m,, can be derived from
the PCAC relation mZ~ mj + 4m?, [67]. The chiral
coupling constant g., can be calculated from the zNN
coupling constant through the following expression,

@ _ § 2 9721NN mg.d (3)
A 5 A mlzv '

The following step is to incorporate ordinary baryons
within the quark model in order to determine the adjustable
model parameters with the MINUIT program. This program
is widely used for fitting models to data, aiming to
minimize an objective function and derive the best-fit

parameter values along with their associated uncertainties
[68]. We minimize the mean square error

ul M; —m;
sy Mimm)

i=1

to fit the mass spectrum and to determine the adjustable
parameters and their errors in the MINUIT program. N is the
total number of baryons. M; is the experimental mass of the
ith baryon and m; is its predicted mass in the model. This
objective function quantifies the goodness of fit between
the model and the observed data.

The central values of the adjustable parameters, along
with the heavy ground state baryon spectrum, were detailed
in Tables I and II of our previous work [20]. In the current
study, we present the adjustable parameters along with their
associated uncertainties in Table I. It is noteworthy that the

TABLE 1. Model parameters. Quark masses and A, unit in
MeV, a, unit in MeV - fm=2, r, unit in MeV -fm and aq is
dimensionless.

Parameter m, my, a,
Value 1613.7 £ 0.6 4981.6 £ 0.7 45.6 £ 0.5
Parameter a Ao 7o
Value 3.76 £0.02 219+0.2 95.7+ 1.1
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quark masses m, , and mg are held fixed during fitting
baryon spectrum. The masses m,, 4 are set to one-third of
the nucleon mass, namely m, ;, = 313 MeV, while m; is
fixed at 500 MeV in this investigation.

Based on the model parameters and their uncertainties,
we can calculate the errors of the baryon spectrum inducing
by the parameter uncertainties. The model Hamiltonian
can be regarded as a function of model parameters,
H = H(xy,...,xg). The variance of the model hamiltonian
resulting from the parameter uncertainties Jx; can be
written as

6
0H(x1,...,x6)
sH =S T o) 50 4
;21 o, X (4)

where x; and dx; represent the ith adjustable parameter and
its uncertainty, respectively. The energy uncertainty intro-
duced by the parameter uncertainties can be calculated
using the formula,

SEp = (Py;|0H|®7)), (5)

where ®F, is the eigenvector for baryon obtained by solving
Schrodinger equation. The energy of baryons related to this
work and their and energy uncertainty are presented in
Table II, which ranges from 7 MeV to 10 MeV.

In addition, we calculate the mass root-mean-square
(rms) radius of quark core of baryons using their eigen-
vectors. The mass rms radius was defined as [69,70]

3 1
1 - mi<(ri -R m)2> ’
= (Rl )
P my + my + ms
The numerical results are presented in Table II, which are in

good agreement with those from [69,70]. While the mass
rms radius is not directly observable, it is still a valuable

TABLE II. Mass spectra of baryon ground states unit in MeV
and mass rms radius of quark core unit in fm. PDG is the
abbreviation of particle data group. The “x” denotes that the state
does not exist in the experiment.

Baryon  I(JP) Mass Rms PDG

A, 0(%*) 2270.3 + 10.6 0.44 2286.46 = 0.14
z. 1(%*) 2462.9 + 8.3 0.47 24529+ 04
p2s 1 (%+) 24929 £8.3 0.48 2518.41 £0.22
Sc %(%Jr) 3635.8+7.9 0.43 3621.6 =04
=2, I34) 36675475 044 x

Ay O(%*) 5606.6 +10.5 029  5619.57 +0.16
2z 1(%'*') 58143 +8.2 0.31 5810.56 £ 0.25
z; l(%*) 5825.6 + 8.2 0.32  5830.32 £0.27
= LAYy 102635475 0.29 x

i %(%"’) 10276.7£7.3 0.29 X

quantity that provides insight into the size of baryons
within the framework of the constituent quark model.
Generally, the mass rms radius of the quark core is smaller
than the physical radius of the baryons, as it does not
account for the contributions of the meson cloud surround-
ing the valence quarks, which are excluded from the model
calculations.

III. WAVE FUNCTIONS OF DIBARYONS

The wave function of the dibaryons with well-defined
isospin and spin (/ and J) can be expressed as

P =N e A (@) @], bin(p)}. (7)
I3

where d)]fl'h and d>izjz stand for the wave functions of the
ground state baryons B and B,, respectively. More details
about the construction of baryons can be found in our
previous work [20]. The square brackets indicate the
Clebsch-Gordan couplings of spin and isospin. The summa-
tion index & encompasses all possible isospin-spin inter-
mediate configurations {/, I5, J;, J, } that can be coupled to
yield the total isospin / and angular momentum J of the
dibaryons. The coefficients c; are dictated by the dynamics of
the model and the inherent properties of the baryons. They
can be obtained by solving the eigenproblem.

The term ¢;,,(p) is the relative motion wave function
between two baryons, where

o mry + msry —+ msI'y myry —+ msrI's + Mmglg
my + my + ms my + ms + mg '

(8)

Accurate numerical calculations are crucial for fully under-
standing the properties of dibaryons. The Gaussian expan-
sion method (GEM) has demonstrated considerable
efficacy in addressing the few-body problem within nuclear
physics [71]. A recent comparative study highlighted the
advantages of the GEM over both the resonating group
method and the diffusion Monte Carlo method when it
comes to investigating tetraquark bound states in quark
models [72]. In this study, we employ the GEM to explore
the properties of dibaryon states, thereby ensuring that our
numerical results are both accurate and reliable. Within the
GEM framework, the relative motion wave function ¢;,,(p)
can be expanded as a superposition of Gaussian functions
with different widths, expressed as,

Mmax

¢lm (p) = Z Cnlvnlxle_ynx2 Ylm (ﬁ) (9)

n=1

For further details on the GEM, refer to Ref. [71].

Note that a restriction must be imposed on the quantum
numbers {1, >, Jy,J,,1,J, 1} when the baryons B; and B,
are identical particles in order to satisfy Fermi-Dirac
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TABLE IIL

The binding energy AE of the di-Z,, state and the contribution of each part in the Hamiltonian to AE,, AV Ayeoul,

AV AT, AV?, AV*, and AV" are confinement term, Coulomb term, chromomagnetic term, kinetic energy, o-, z-, and 7-meson
exchange term, respectively, unit in MeV. <r2>% represents the average size of a baryon and (pz)% is the distance between two baryons,

unit in fm.
I(JP)  Dibaryon AEq Ayen  Ayeul  Apem AT AVE AV AVE (P (pP)
0(1%) EeeBee Unbound 0.44 - 00
Bl -1.5+0.2 —-14 -1.5 -1.8 10.0 2.2 0.1 —4.7 0.44 2.37
SRR -334+0.2 -1.1 -1.5 -14 3.6 3.0 -0.3 -5.6 0.44 1.87
Coupling -7.1£0.1 -2.1 -2.1 2.2 3.9 3.7 -0.3 -8.0 0.44 1.40
statistics. Their quantum numbers must satisfy the relation AEg = E¢(p) — Eg(0). (12)

Ji+J,—J+1+1,—1+1=o0dd. We primarily focus
on the ground state of dibaryons, i.e., with [ = 0, as these
states are more likely to form bound states.

The present work mainly focus on the di-Z,.. and di-Z,;,
states, uniformly denoted as B;(Q0,¢3)B»(04054¢),
where Q; stands for heavy charm and bottom quarks
and g; represents up and down quarks. A is antisymmet-
rization operator acting on the identical quarks and can be
expressed as

A= A1245-A36’ A36 = (1 - P36)7

Ajggs = (1 = Pig = Pis — Pog — Pps + PiaPys).  (10)
where P;; is a permutation operator acting on the identical
quarks i and j.

IV. NUMERICAL RESULTS AND DISCUSSIONS
A. Methodology

Next, we turn our attention to the investigation of the
dibaryons within the quark models. By exactly solving the
six-body Schrodinger equation

(Ho— E)¥H™" = 0 (11)
for the bound state problem with the Rayleigh-Ritz
variational principle, we can achieve the eigenvalues and
corresponding eigenvectors of the dibaryons.

The binding energy of the dibaryons can be calculated
through the formula,

E¢(p) is the minimum energy of the dibaryons at the
optimal interbaryon separation p. E¢(o0) is the sum of the
energies, E(oco) = Ep, + Ep,, of two isolated ground state
baryons in the quark model, i.e., the theoretical threshold of
the dibaryons. If AEg > 0, the dibaryon is unbound and can
decay into two constituent baryons B; and B, via strong
interactions. However, if AEg < 0, the strong decay into
two constituent baryons is forbidden, and the decay can
only occur via weak or electromagnetic interactions. The
binding energies of the dibaryon di-Z.. and di-Z,, with
various isospin-spin configurations are presented in
Tables III and IV in the following subsections. To provide
a clearer and more intuitive representation of the binding
energy, the energies of these dibaryon states and their
corresponding thresholds are displayed in Figs. 1 and 2.
The thresholds for the dibaryons with various isopsin-spin
configurations are indicated by dotted horizontal lines. This
visualization offers a better understanding of the relative
binding energies and the positioning of each state in
relation to the respective thresholds.
The uncertainty of binding energy resulting from the
parameter uncertainty can be written as
6(AE6) — 6E6 - 6EB| - 6E32. (13)
Because the same model parameters contribute to both the
dibaryon and its corresponding baryon masses, the uncer-
tainties arising from these parameters are strongly corre-
lated. Consequently, when the dibaryon binding energy is
calculated as their difference, these correlated contributions

TABLEIV. Effective potential of the state ==, with 0(1*) when the distance (p?)? ranges from 0.50 fm to 3.00 fm, see the caption

for Table III.

1(JP)  Dibaryon AEg Ayeon  Ayeul Ayem AT ING IN% AVe (P (pP)
0(1+) BeeBee 106802  —17.5 25.0 29 905  —-163 1.6 —138 044 0.0
53.3+0.1 -1.1 —6.8 24 746  -12 01  -100 044  1.00

27.3+0.1 2.4 —6.7 20 451 07  -0.1 —73 044 150

17.7+ 0.1 -2.0 -5.1 -1.6 313 08  —0.1 -57 044 200

13.1+0.1 -1.6 -3.9 -13 238 08 -0 48 044 250

9.6+0.1 -12 29 -1.0 178 07  -0.1 39 044  3.00
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7340

7330 = E = = Zcc=ce
7320 I
7310 I = = -
7300 i * = =

unbound

= bound
CC:CC

Energy (MeV)

7290
L bound (Coupling)
7280 |

7270 F

7260 [ 2 E0ctEecBoctecE

c~ce

0(19) 0(29) 03" 1(0%) 119 1(29

FIG. 1. The energy spectrum of the di-Z,. system. The thresh-
olds, E..E.., E..2:., and E; E!., are marked by three dotted

horizontal lines, arranged from bottom to top.

partially cancel, resulting in a reduced overall uncertainty, as
illustrated in Tables III-IV. Importantly, these uncertainties
reflect the statistical propagation from the model parameters,
rather than an artificial suppression of errors. As a result, this
subtraction of binding energy significantly reduces the
influence of uncertainties in the model parameters and
baryon spectra on the calculated binding energies.
Comprehensive error analysis indicate that the predicted
dibaryon states are quantitatively reliable in the quark model.

To clarify the binding mechanism of the bound states, we
analyze the contributions from various interactions to the
binding energy AEg using its eigenvector,

Dib Dib B B
A<V1> = <‘PIJI myon‘vﬂlpul ary0n> - <(DIIIJ] |VI|CI)I|]JI>

B, 7 B2
— (@, VA PL,). (14)
20560
20550 S s =2
i A EEh

20540 F 00—
= Eni BT B
L —
= - ==

b= =bb=bb

% 20530 T
= —
1)
I
= —

20520 b ==

unbound
bound
20510 bound (Coupling)
o e P ey

20500
0(1") 0(29) 0(3") 1(0") (1) 1(29

FIG. 2. The energy spectrum of the di-E,, systems. The

thresholds, &,,5,,, E,,5,, and Z;, 5}, . are marked by three
dotted horizontal lines, arranged from bottom to top.

where y represents all types of interactions in the quark
models. Similarly, we can also obtain the kinetic contri-
bution to the binding energy. Additionally, we compute the
distances between two baryons in the bound state,

(7)2 = (" P W) (15)

The numerical results from these calculations are presented
in Tables III and V. Comparing with the sizes of single
baryons, one can intuitively figure out the spatial configu-

ration of the bound state. If (p2>% is obviously greater than
the sum of the sizes of the two baryons, the baryons are
considered to be completely separated, forming a loose,
deuteronlike configuration. Otherwise, the dibaryon is a
compact hexaquark state.

B. Di-Z,, states

The dibaryon di-E.. with O(1") has three possible
configurations: BB, and EX.Er. From
Table III and Fig. 1, it can be observed that E..E,.. with
0(17) can not produce a bound state in the quark model
because of the lack of binding force. In contrast, this
dibaryon configuration shows a binding energy of approx-
imately 0.7 MeV and a root-mean-square radius of 3.23 fm
when using a reasonable cutoff of 1.1 GeV in the OBE
model [16]. This suggests that the E..E.. with 0(17) is a
promising candidate for a deuteronlike molecular state in
the OBE model.

The distance between two baryons in the Z..2.. with
0(17) is exceptionally large, potentially approaching infin-
ity, which serves as a means to mitigate the repulsive
interactions. Consequently, the contributions from various
interactions, as well as the kinetic energy associated with
the system, effectively diminish to nearly zero due to the
large spatial separation.

The dynamical calculation involved in this work contrasts
with the Born-Oppenheimer approximation employed in
molecular physics, where nuclei are assumed to be static
because of their larger masses than electrons. Similar to the
Born-Oppenheimer approximation, we present the effective
potential between two baryons at specific fixed distances, as
illustrated in Table IV. It is evident that the kinetic term plays
a significant role in inhibiting the formation of the bound
state 2,.E., with 017, which is also hold truth for other
unbound dibaryon states.

Both E..E}. and E}.E. with 0(17) have the potential to
form shallow bound states, with binding energies of
approximately 1.5 MeV and 3.3 MeV, respectively, relative
to their constituent particles in the quark model. In the OBE
model, the E,.E. 0(17) forms a shallow bound state, with
a binding energy ranging from 4.7 MeV to 12.6 MeV,
depending on the cutoff parameter A, which varies between
1.2 GeV and 1.6 GeV [17]. In contrast, the =} .E’. with
0(17) leads to a deep bound state, with binding energies

—_ =
)
—cc=—ccr
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ranging from 25.3 MeV to 39.8 MeV when the cutoff
parameter A is between 0.82 GeV and 0.84 GeV [17].

In the formation of the bound states =..2. and &7 .27,
with 0(17) in the quark model, all the interactions V",
yeoul yem and Ve contribute a little attractive force, with
V¢ playing the dominant role, as shown in Table III. In
contrast, the z-meson exchange is repulsive in the 2.2,
with 0(17), while it is attractive in the Z =}, with 0(17).
Comparatively speaking, the #-meson exchange is very
small and can almost be considered negligible. Overall
contributions from those three meson exchanges is attrac-
tive. Our numerical results indicate that once those three
meson exchanges, which just occurs between two sub-
clusters and do not affect the corresponding threshold, are
excluded from the quark model, those two bound states
disappear. This indicated that the meson exchange force

plays a pivotal role in the formation of the bound states. The

main factor hindering the formation of the E <CC> and =},

subclusters into the bound dibaryon is the relative kinetic
energy between two subclusters.

It is important to highlight that this processing method
concerning meson exchange interactions, specifically,
evaluating its contribution by suppressing the meson
exchange interaction, is applicable only to dibaryon sys-
tems in which each baryon consists of two heavy quarks
and one light quark. Examples of such systems include
EE?EE?) and E;?Ef;). However, this processing method is
not valid for other dibaryon systems that involve multiple
light quarks, such as A.A, and A,A,;, as the masses of the
individual hadrons would be altered when the meson
exchange interaction is turned off in the analysis of the
interactions between two baryons

The average distance (p?)? between 2. (Z:.) and .. is
2.37 (1.87) fm, as shown in Table III, which is significantly
larger than twice the size, approximately 0.44 fm of the
single E.,(f? baryon, as indicated in Table II. This suggests
that two baryons are well separated and do not completely
overlap, implying that both E..Ef,. and E}.E;, with 0(1%)
resemble a deuteronlike dibaryon in the quark model. In the
OBE model, the E. .5}, with 0(1") behaves as a deuteron-
like dibaryon, as its root-mean-square radius lies between
1.17 fm and 2.15 fm. However, the E;.E}. with 0(1") may
not be an ideal candidate for a molecular state, as its root-
mean-square radius is less than 1.0 fm [17].

From a quantum mechanical standpoint, the dibaryon
states should be the linear combinations of all possible
isospin-spin configurations. The mixing of these configu-
rations serves to push down the energy of the states. Upon
coupling the E..E.., E. B, and Ef.E:. with 0(17), the
final energy of the di-E.. system with 0(17) is approx-
imately —7.1 MeV relative to the threshold Z..2... The
coupled channel effect enhances the attraction between two
subclusters, especially for the ¢ meson exchange, as shown
in Table III. Despite this, the di-E.. system with O(1%)

maintains a deuteronlike configuration, with the distance
between the two subclusters being approximately 1.40 fm.
Its main component is Z..Z.., accounting for over 99%,
while the contributions from E,..Z}. and E}.E}. are less
than 1%. The coupled channel effect plays a vital role in the
formation of the di-E.. bound system with O(1%).

The coupled channel effect, incorporating not only S-
wave but also D-wave components, in the di-Z,.. system
with 0(1") was considered in the OBE model [17]. This
system is a deep bound state with a binding energy ranging
from 36.5 MeV to 49.3 MeV relative to the threshold
E..2.c, and its size is approximately 1 fm. The S-wave
components dominate the di-Z_. system, while the D-wave
components are exceedingly small.

Other isospin-spin configurations, such as E..E}. with
0(2%), E: Bk with 0(31), E..E,. and E}.E:. with 1(07),
E..Ei. with 1(17), and, E..E. and E} B, with 0(2) do
not form any bound states in the quark model, even when
considering the coupled channel effects in the calculations,
as shown in Table III and Fig. 1. In the OBE model, the
B Ef. with 1(21) is fail to form a bound state [17]. In stark
contrast, the remaining isospin-spin configurations are
good candidates of deuteronlike molecular states [17].
On the whole, the OBE model can provide more attractive
forces than the quark model in the di-E.. system.

C. Di-E,, states

The di-E,;, system exhibits the same isospin-spin con-
figurations as the di-E.. system. In accordance with the
heavy quark flavor symmetry, the properties of the di-Z;,
system should be analogous to those of the di-E.. system.
However, the significantly larger mass of E(b? can reduce

the relative kinetic between Eﬁj) and E,(;;), allowing them to

approach each other more closely. As a result, the inter-
actions between EE:; and Eé*b) should become stronger. In
general, this makes the di-&,,, system more prone to form a
bound state compared to the di-E.. system.

From Table V and Fig. 2, it can be observed that all the
EppBops EppZpp. and Ei, Er with 0(17) are capable of
forming deuteronlike bound states within the quark model.
Their corresponding binding energies are —6.1 MeV,
—14.3 MeV, and —13.7 MeV, respectively, relative to
the energy of their constituent particles. The distances
between 55;2 and EE:;?) are approximately 1 fm. However,
despite this small distance, their spatial configuration does
not form a compact hexaquark. Instead, they resemble a
loosely bound deuteronlike molecule, due to the small size
of the EE:;)) baryons.

Similar to the di-E.. system, all the interactions V<",
yeoul yem and Ve contribute a few attractive force, with V°
playing the dominant role, as shown in Table V. However,
the proportion of the overall contributions from those
meson exchanges to the binding energy is significantly
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TABLE V. The binding energy AEg of di-E,; state in the model without meson exchanges, see the caption for Table III.

1(J7) Dibaryon AEg Ayeen Ayeeul Ayem AT AV™ AV AV° <r2>% (p2>%
0(1%) EppEpp —-6.1+0.2 -1.5 -5.4 -2.5 7.8 2.8 -0.3 -7.0 0.29 1.03
EppZip —-143£0.1 -3.7 —10.0 -4.4 9.1 7.1 -0.7 -11.6 0.29 0.90

SR —13.7£0.1 —6.2 -83 =77 28.4 =79 0.5 —12.6 0.29 0.81

Coupling -212+£0.2 -10.5 -9.0 —11.1 80.5 —60.6 6.5 -17.0 0.29 0.53

0(2%) By —-74+£0.2 -1.0 -5.6 -1.4 0.8 7.2 -0.5 -7.0 0.29 1.30
0(3%) SHCH -7.1£0.2 -0.9 =52 —1.1 0.5 6.9 -0.5 —6.7 0.29 1.35
1(0+) EbbEbb Unbound 0.29 — 00
OHACH -03+0.1 0.1 -0.1 1.1 -1.0 1.4 0.3 -2.2 0.29 3.36

Coupling Unbound 0.29 — 00

1(17) EnnZhp Unbound 0.29 -
1(2%) EppEip Unbound 0.29 -
S Unbound 0.29 -

Coupling -0.5+0.1 0.1 -0.1 1.6 -1.7 1.6 0.2 -22 0.29 2.79

reduced. If we turn off those meson exchanges in the quark
model, the 5,5, and E,,E;, with 0(17) can still form
deuteronlike bound states with a binding energy of several
MeVs, as shown in Table VI. This demonstrates that the
meson exchange forces are secondary in the formation of
those two bound states. However, the E;, =}, with 0(17)
cannot yield a bound state when turning off those meson
exchanges in the quark model. This suggests that the meson
exchanges play a critical role in the formation of bound
state E;,Z;, with 0(17).

After coupling of the 5,,5,,, E,,5,, and E}, 5}, with
0(17), the final binding energy is —21.2 MeV relative to
the threshold &,,E,;, in the quark model, as illustrated in
Table V and Fig. 2. This bound state is a compact
hexaquark state because two baryons are partly overlapped,

which is evidenced by the sizes of baryons 55;2 and the
distance between two baryons. The probabilities of the
EppZpps Zppyys and Ep, Er components are 41%, 42%
and 17%, respectively, in this compact hexaquark state. The

binding force of this compact state primarily arises from the

meson exchanges, particularly the z-meson exchange, as
shown in Table V. Therefore, the di-E,, with 0(1") can
only form a shallow bound state with a binding energy of
approximately —6.7 MeV, when even considering the
coupled channel effect 5,,5,,, E,,Z;,, and Z;,5;, in
the quark model, excluding the meson exchanges, as shown
in Table VL

Both E,,5;, with 0(2") and E;,Z;, with 0(3%) can
form a deuteronlike bound state with a binding energy of
around —7.0 MeV and a size of approximately 1.30 fm,
whether or not the meson exchanges are involved in the
quark model, as illustrated in Tables V and VI. This result
arises because the contributions from the z and ¢ meson
exchanges nearly cancel each other out, while the con-
tribution from the # meson exchange is negligible.

The B,,E,,;, with 1(0") is unbound in the quark model,
as shown in Table V and Fig. 2. However, the &}, =7, with
1(0") can form a deuteronlike bound state, with a binding
energy of —0.3 MeV relative to the threshold Z;,5;,. Its
dominant binding force arises from the ¢ meson exchange.

TABLE VI. The binding energy AE¢ of di-E,, state, see the caption for Table III.
1(J) Dibaryon AE, Apeon  Apeul A pem AT AVE AV AVE (2% ()2
0(1t%) EppZap -22+0.1 -0.2 -2.6 -1.7 23 0.29 1.63
EwZs, -9.1+0.1 -23 -7.4 -4.0 4.7 0.29 0.97
SRR Unbound 0.29 — 00
Coupling -6.7+0.1 -1.0 =73 8.3 —-6.7 0.29 0.93
0(2%) EpEip -72=£0.1 -1.4 =72 -1.6 29 0.29 1.25
0(3%) S -6.8£0.1 -14 —-6.6 -12 23 0.29 1.29
1(21) Bl Unbound 0.29 — o
SR Unbound 0.29 - ®
Coupling -0.3+0.1 0.1 -0.7 2.1 -1.8 0.29 3.18
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If the meson exchanges are excluded from the quark model,
this bound state ceases to exist. Additionally, the kinetic
energy also contributes a slight attraction, approximately
—1.0 MeV. The reduction in the kinetic energy arises from
the negative exchange kinetic term [73], which is referred
to as the hadron covalent bond [20]. The coupled channel
effect between 5,5, and E, 5}, does not push down the
energy of the 5,5, with 1(0") below its threshold.

The E,,5;, with 1(1%), 8,5, and E;,Z;, with 1(2%)
cannot form any bound states relative to their correspond-
ing threshold in the quark model. After coupling E,,E;,
and E;,5;, with 1(2%), this system can establish a
deuteronlike bound state with a binding energy of
approximately —0.5 MeV and a large size of 2.79 fm.
The dominant component of this bound state is E,,,,:,’;b,
contributing 98%, while the Z;, 5}, component is min-
imal, making up only 2%. In this bound state, the meson
exchanges only contribute a little attraction of —0.4 MeV,
as shown in Table V. This bound state persists even when
switching off the meson exchanges. This suggests that the
primary mechanism for the binding is not the meson
exchanges, but rather the reduction in the kinetic energy,
1.e., the so-called hadron covalent bond [20].

V. SUMMARY

Inspired by the T.(3875) signal discovered by the
LHCb Collaboration, we systematically examine the prop-
erties of the heavy dibaryons di-E.. and di-E,, across
various isospin-spin configurations in the nonrelativistic
quark model. In the calculation, we employ the Gaussian
expansion method, a high-precision numerical method, to
solve the six-body Schrodinger equations exactly. We
analyze their binding energies and spatial structures. By
decomposing the attractions from various sources, we
explore the dynamical effects that govern the formation
of stable bound states under strong interactions.

The 2, B, with 0(1*) cannot form a bound state in the
quark model. Both E..Z. and E} =}, with O(1+) can form
deuteronlike bound states, with binding energies of approx-
imately —1.5 MeV and —3.3 MeV and sizes of 2.37 fm and
1.87 fm, respectively. The ¢ meson exchange plays a
decisive role in their formation. The coupled channel effect
of those three configurations with O(17) enhances the
attractions between two subclusters, especially for the o
meson exchange. The di-E... system with 0(17) maintains a
deuteronlike configuration, with the binding energy of
—7.5 MeV and the size of approximately 1.40 fm. Its

—_ =

predominant component is E..E.., accounting for over
99%, while the contributions from Z..E}. and =} .E}. are
less than 1%. Other isospin-spin configurations, such as
0(2%),0(37), 1(0"), 1(17) and 1(27), of the di-E,.. system
cannot establish any bound states in the quark model.

ol

The 5,5, By,5;, and E;, 55, with 0(17) can estab-
lish a deuteronlike bound state, with binding energies of

—6.1 MeV, —14.3 MeV, and —13.7 MeV and sizes of
1.03 fm, 0.90 fm, and 0.81 fm in the quark model,
respectively. When these three configurations are coupled,
the di-E,;, system with O(17) is a compact hexaquark state,
with a binding energy of —21.2 MeV and a size of 0.53 fm.
The probabilities of the EbbEbba EbbE‘Zb’ and EZbEZb
components are approximately 41%, 42%, and 17%,
respectively, in this compact hexaquark state. The binding
force of this compact state primarily arises from the meson
exchanges, panicularly the z-meson exchange.

Both E,,=;, with 0(2") and E;,Z;, with 0(3") can
form a deuteronlike bound state with a binding energy of
around —7.0 MeV and a size of approximately 1.30 fm,
whether or not the meson exchanges are involved in the
quark model. The &,,5,, with 1(0") is unbound while the
E;pEr, with 1(07) can form a deuteronlike bound state,
with a binding energy of —0.3 MeV and a size of 3.36 fm.
Its dominant binding force arises from the o meson
exchange. Additionally, the hadron covalent bond also
contributes a slight attraction, approximately —1.0 MeV.

The E,,Z;, with 1(17), B _bbubb and E;, 5 with 1(27)
cannot form any bound states in the quark model. After
coupling E,,5;, and Z;,E;, with 1(2%), this system can
establish a deuteronlike bound state with a binding energy
of approximately —0.5 MeV and a large size of 2.79 fm.
The dominant component of this bound state is E,,Z;,,
contributing 98%, while the &, =}, component is minimal,
making up only 2%. Its primary binding mechanism is not
the meson exchanges, but rather the hadron covalent bond.

The information on the heavy dibaryon states presented
in this work is expected to enhance our understanding of
their properties and structures from a phenomenological
perspective. We also advocate various theoretical frames to
comprehensively explore the properties of those dibaryon
states. Those works are attempted to contribute mean-
ingfully to the hadron physics by bridging the gap between
theoretical predictions and experimental realizations. As
experimental facilities such as the LHCb and forthcoming
high-luminosity colliders push the boundaries of hadron
physics, the discovery of those dibaryon states may soon be
attainable, despite the challenges associated with their
production in experiments.
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