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We investigate the mass spectra of molecular-type hexaquark states in the dibaryon systems. These
systems are composed of the charmed baryons ½Σð�Þ

c ;Ξð0;�Þ
c �, doubly charmed baryons ½Ξð�Þ

cc �, and hyperons
½Σð�Þ;Ξð�Þ�. We consider all possible combinations of particle-particle and particle-antiparticle pairs,
including the S-wave spin multiplets in each combination. We establish the underlying connections among
the molecular tetraquarks, pentaquarks, and hexaquarks with the effective quark-level interactions. We find
that the existence of molecular states in DD�, DD̄�, and ΣcD̄ð�Þ systems leads to the emergence of a large
number of deuteronlike hexaquarks in the heavy flavor sectors. Currently, there have been several
experimental candidates for molecular tetraquarks and pentaquarks. The experimental search for near-
threshold hexaquarks will further advance the establishment of the underlying dynamical picture of
hadronic molecules and deepen our understanding of the role of spin-flavor symmetry in near-threshold
residual strong interactions.
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I. INTRODUCTION

In the past two decades, the field of hadron physics has
witnessed a flourishing growth in both experimental
investigations and theoretical studies [1]. One signifi-
cant factor contributing to this progress is the abundant
discovery of novel (exotic) hadronic states near threshold
energies [2–12]. The peculiar hadrons such as the XYZ
states [13–17], hidden-charm pentaquarks [18–20], doubly
charmed tetraquarks [21,22], and charmed strange tetra-
quarks [23–26] have emerged as prominent examples.
Theorists have extensively studied the mass spectra,
decays, production mechanisms, and electromagnetic prop-
erties of these states [2–11]. However, due to limited
experimental data and the reliance on specific models,
the nature of these states still lacks a definitive con-
sensus. Current theoretical interpretations include hadronic

molecular states, kinematic effects, and compact multi-
quark states, etc. [11]. The molecular picture is gaining
increasing recognition of the communities, as the afore-
mentioned exotic states are very close to the threshold of a
pair of conventional hadrons. The weaker residual strong
interaction ensures that the corresponding hadronic mole-
cules naturally reside near the threshold, similar to the
deuteron with its mass just about 2.2 MeV below the two-
nucleon threshold.
Inspired by the recent experimental observation of a

large number of hadronic molecule candidates, a significant
amount of research has been devoted to investigating
possible molecular-type hexaquark states in heavy-heavy
systems [27–58]. For example, Lee et al. investigated
potential molecular states in systems composed of two
charmed baryons using the one-boson exchange (OBE)
model [27]. Their results indicated the absence of bound
states in the ΛcΛc system, while molecular states were
found to exist in the ΞcΞc and Ξ0

cΞ0
c systems. This line of

research has been further extended to the systems contain-
ing b quarks [28]. Other research works, such as those
based on the OBE model [29–39], quark potential models
[40–42], effective field theories [43–49], QCD sum rules
[50–53], chromomagnetic interaction model [54,55], and
lattice QCD calculations [56], have also extensively studied
similar systems. In addition, Meng et al. and Yang et al.
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have also studied the possible molecular states composed of
two doubly charmed baryons [57,58].
As a natural extension of our previous two research

works [59,60], in this paper, we will further systematically
investigate possible molecular states in all systems formed
by the combinations of hyperons, charmed baryons, and
doubly charmed baryons (including both the particle-
particle and particle-antiparticle combinations). See
Table I for a list of the considered systems.
The structure of this article is arranged as follows: In

Sec. II, we will present the extended heavy quark sym-
metry, the effective potentials at the quark level, the
definition of parity for the neutral systems, and the systems
considered in this paper. In Sec. III, we will provide the
mass spectra of various possible molecular hexaquarks, and
conduct a detailed comparison and discussion with existing
results in the aforementioned works. In Sec. IV, we will
summarize and provide an outlook for this work.

II. FRAMEWORK

A. Extended heavy quark symmetry

Generally, u, d, and s quarks are collectively referred to
as light quarks because their masses are smaller compared
to the nonperturbative scale of QCD, ΛQCD (∼200 MeV).

However, in reality, inside hadrons, the masses of u and d
quarks (mu ¼ 2.16þ0.49

−0.26 MeV, md ¼ 4.67þ0.48
−0.17 MeV [1])

are much smaller than ΛQCD, and the mass of the s quark
(ms ¼ 93.4þ8.6

−3.4 MeV [1]) is less than ΛQCD. Therefore, in
contrast to the isospin SU(2) symmetry, the flavor SU(3)
symmetry is not as robust.
For the near-threshold residual strong interactions, non-

perturbative dynamics between the color singlets (e.g.,
DD̄� and DD�) also generates a nonperturbative scale
similar to ΛQCD, namely the binding momentum γb, which
represents the scale of the typical momentum transfer
between the interacting hadrons. In Ref. [59], we have
analyzed that γb is typically less than 100 MeV. The mass
of the constituent strange quark mQM

s is about 500 MeV
[61,62], indicating that γb is often much smaller than mQM

s .
This implies that the strength of near-threshold residual
strong interactions is not sufficient to excite the strange
quark inside hadrons. In this case, instead of light quarks,
the strange quark behaves as an inert source and plays very
similar role as a heavy quark. Therefore, we can further
extend the range of heavy quarks to include strange quarks.
In this way, the heavy quark spin-flavor symmetry [63] and
heavy diquark-antiquark symmetry1 [64] can be extended
to encompass a wider range of systems. This allows us to
clearly clarify the role of spin-flavor symmetry in hadronic
molecular states, and describe the mass spectra of different
molecular states using a few parameters. Based on the
description that approximates the s quark as a heavy quark,
we can naturally explain the emergence of the Tcs0ð2900Þ
and Ta

cs̄0ð2900Þ [59], and why the PΛ
ψsð4338Þ is so close to

the ΞcD̄ threshold [60].

B. Effective potentials for the S-wave dihadron systems

From the perspective of the conventional meson-
exchange model, a pair of heavy-light hadrons can exchange
(quantum-number-allowed) pseudoscalar ðπ; η;…Þ, scalar
ða0; f0;…Þ, vector ðρ;ω;…Þ, axial-vector ða1; f1;…Þ, and
tensor ða2; f2;…Þmesons. In Ref. [59], we utilized the basic
ideas of the one-boson exchange model and effective field
theory to construct the near-threshold interacting potentials
for the S-wave dihadron systems. Compared to conventional
approaches based on the hadronic degrees of freedom,
starting from the quark level enables us to establish con-
nections between different heavy-flavor dihadron systems.
Adopting the concepts from the nonrelativistic chiral

quark model [65], we assume that the meson-exchange
occurs between the light quarks q1 and q2 (where q ¼ u; d,
and q1 and q2 belong to different hadrons). Traditionally,
we construct the effective Lagrangians for the couplings of
light quarks and the exchanged mesons, from which the
effective potentials are subsequently derived. However, the

TABLE I. The molecular hexaquark systems under consider-
ation and their quark compositions. The type-I and type-II systems’
interactions are governed by the Vqq and Vq̄q, respectively.

Type-I: Vqq Type-II: Vq̄q

Charmed baryon-(anti)charmed baryon (III A)

Σð�Þ
c Σð�Þ

c ½cqq�½cqq� Σð�Þ
c Σ̄ð�Þ

c ½cqq�½c̄ q̄ q̄�
Σð�Þ
c Ξð0;�Þ

c ½cqq�½csq� Σð�Þ
c Ξ̄ð0;�Þ

c ½cqq�½c̄ s̄ q̄�
Ξð0;�Þ
c Ξð0;�Þ

c ½csq�½csq� Ξð0;�Þ
c Ξ̄ð0;�Þ

c ½csq�½c̄ s̄ q̄�
Doubly charmed baryon-(anti)doubly charmed baryon (III B)

Ξð�Þ
cc Ξð�Þ

cc ½ccq�½ccq� Ξð�Þ
cc Ξ̄ð�Þ

cc ½ccq�½c̄ c̄ q̄�
Hyperon-(anti)hyperon (III C)

Σð�ÞΣð�Þ ½sqq�½sqq� Σð�ÞΣ̄ð�Þ ½sqq�½s̄ q̄ q̄�
Σð�ÞΞð�Þ ½sqq�½ssq� Σð�ÞΞ̄ð�Þ ½sqq�½s̄ s̄ q̄�
Ξð�ÞΞð�Þ ½ssq�½ssq� Ξð�ÞΞ̄ð�Þ ½ssq�½s̄ s̄ q̄�

Charmed baryon-(anti)doubly charmed baryon (III D)

Σð�Þ
c Ξð�Þ

cc ½cqq�½ccq� Σð�Þ
c Ξ̄ð�Þ

cc ½cqq�½c̄ c̄ q̄�
Ξð0;�Þ
c Ξð�Þ

cc ½csq�½ccq� Ξð0;�Þ
c Ξ̄ð�Þ

cc ½csq�½c̄ c̄ q̄�
Charmed baryon-(anti)hyperon (III E)

Σð�Þ
c Σð�Þ ½cqq�½sqq� Σð�Þ

c Σ̄ð�Þ ½cqq�½s̄ q̄ q̄�
Σð�Þ
c Ξð�Þ ½cqq�½ssq� Σð�Þ

c Ξ̄ð�Þ ½cqq�½s̄ s̄ q̄�
Ξð0;�Þ
c Σð�Þ ½csq�½sqq� Ξð0;�Þ

c Σ̄ð�Þ ½csq�½s̄ q̄ q̄�
Ξð0;�Þ
c Ξð�Þ ½csq�½ssq� Ξð0;�Þ

c Ξ̄ð�Þ ½csq�½s̄ s̄ q̄�
Doubly charmed baryon-(anti)hyperon (III F)

Ξð�Þ
cc Σð�Þ ½ccq�½sqq� Ξð�Þ

cc Σ̄ð�Þ ½ccq�½s̄ q̄ q̄�
Ξð�Þ
cc Ξð�Þ ½ccq�½ssq� Ξð�Þ

cc Ξ̄ð�Þ ½ccq�½s̄ s̄ q̄�

1For an introduction to the concept of heavy diquark-antiquark
symmetry (HDAS), please refer to Sec. 2.2.2 of review [11].
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current experimental data are insufficient to determine
the coupling constants individually, thus we consider their
collective contributions. For the near-threshold interactions,
we can use a nonrelativistic framework. The contributions of
these exchanged mesons to the nonrelativistic effective
potentials can be parametrized in the following form:

Veff ∼
X
e

f1; σ1 · σ2; ðσ1 · qÞðσ2 · qÞ;…g
q2 þM2

e
; ð1Þ

in which the isospin coupling is omitted for simplicity.
q andMe denote the transferred momentum and the mass of
the exchanged meson, respectively. σ1;2 represent the Pauli
matrices in spin space. Thus, the first three terms in Eq. (1)
signify the central potential, spin-spin coupling, and tensor
potential, respectively, and their forms are determined by the
specific quantum numbers of the exchanged particles.
Since we are concerned with the low-energy interactions

near the threshold (q2 ≪ M2
e), we can transform the non-

local potential [Fig. 1(a)] in Eq. (1) into a local form
[Fig. 1(b)] using the following expansion:

1

q2 þM2
e
¼ 1

M2
e

�
1 −

q2

M2
e
þ…

�
: ð2Þ

In our calculations, considering the suppression of q2=M2
e,

we will retain only the leading-order term of the expansion.
Consequently, in Eq. (1), only the central potential and the
spin-spin coupling term will remain.
The light meson exchange between two heavy-light

hadrons includes both isospin triplet and isospin singlet.
Taking the scalar field S as an example, we assume it can be
written in the following form:

S ¼ S · τ þ 1ffiffiffi
2

p S1; ð3Þ

where S1 and S respectively represent the isospin singlet
and isospin triplet, with τ being the Pauli matrices in
isospin space.

After integrating out various exchanged meson fields
similar to those in Eq. (3) using the expansion in Eq. (2),
the nonrelativistic effective potentials describing the q1q2
and q̄1q2 correlations are respectively given as follows [59]:

Vqq ¼
�
τ1 · τ2 þ

1

2
τ0;1 · τ0;2

�
ðcs þ caσ1 · σ2Þ; ð4Þ

Vq̄q ¼
�
−τ�1 · τ2 þ

1

2
τ0;1 · τ0;2

�
ðc̃s þ c̃aσ1 · σ2Þ; ð5Þ

where τðσÞ are the Pauli matrices denoting the isospin
(spin) operators of light quarks, while τ0 is the 2 × 2
identity matrix. The four terms in Eqs. (4) and (5) incor-
porate the isospin unrelated and related central potentials
and spin-spin couplings. The low-energy constants (LECs)
cs (c̃s) and ca (c̃a) are determined with the experimentally
well-established states in the molecular scenario. For
example, using the masses of PN

ψ and Tcc states as the
input, we obtained the values of cs and ca as

cs ¼ 146.4� 10.8 GeV−2;

ca ¼ −7.3� 10.5 GeV−2; ð6Þ

while utilizing the bound state and virtual state pictures
respectively for Xð3872Þ and Zcð3900Þ gives the ranges of
c̃s and c̃a as

184.3 GeV−2 < c̃a þ c̃s < 187.5 GeV−2;

78.1 GeV−2 < c̃a − c̃s < 180.3 GeV−2: ð7Þ

We ultimately need to translate the quark-level effective
potentials to the hadron level. Here, we take Vqq as an
example, and the translation of Vq̄q can be done using the
same form.

VI;J
H1H2

¼ h½H1H2�IJjVqqj½H1H2�IJi; ð8Þ

where ½H1H2�IJ represents the spin-flavor wave function of
the dihadron systemH1H2 with isospin I and spin J. These
wave functions are expanded in terms of the spin-flavor
wave functions of individual hadronsH1 andH2. For more
specific details, we refer to Refs. [48,49].
With the hadron-level effective potentials in hand, we

can insert them into the following Lippmann-Schwinger
(LS) equation to solve for the existence of bound or virtual
states in dihadron systems with specific quantum numbers,

t ¼ vþ vGt; ð9Þ

where v is the VI;J
H1H2

obtained in Eq. (8). The scattering
information is encoded in the T-matrix t. The nonrelativistic
form of the two-body propagator G is adopted,

(a) (b)

FIG. 1. An illustrative diagram that transforms the nonlocal
interaction into a local form in the case where q2 is much smaller
than M2

e. The bold (thin) and dashed lines represent the heavy
(light) quarks, and the exchanged light mesons, respectively. The
subfigures (a) and (b) represent the exchanged and local inter-
actions, respectively.
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GðEþ iϵÞ ¼
Z

Λ

0

k2dk
ð2πÞ3

2μ

p2 − k2 þ iϵ

¼ 2μ

ð2πÞ3
�
ptanh−1

�
p
Λ

�
− Λ −

iπ
2
p

�
; ð10Þ

where we use a sharp cutoff Λ to regularize the divergent
integral. The momentum p is related to the center of mass
energy E via p ¼ ½2μðE −mthÞ�1=2, in which μ and mth
denote the reduced mass and threshold of the dihadron
H1H2. To maintain consistency with Refs. [59,60], in this
calculation, the cutoff value for Λ will also be taken
as 0.4 GeV.
For the constant potential v, the integral equation (9) can

be further simplified into the following algebraic equation,

t−1 ¼ v−1 − G: ð11Þ

For single-channel scattering, the branch cut in Eq. (10)
gives rise to two Riemann sheets, known as the physical
sheet and the unphysical sheet. Bound and virtual states
correspond to the below-threshold poles of the T-matrix
locating at the real axis of the physical and unphysical
Riemann sheets, respectively. These poles in t correspond
to the zeros of t−1. The physical and unphysical Riemann
sheets can be reached by the following substitution of theG
function,

Physical∶ GðEþ iϵÞ;
Unphysical∶ GðEþ iϵÞ þ i

μ

4π2
p; ð12Þ

where the GðEþ iϵÞ is given by Eq. (10).

C. Parities of the neutral systems

We will encounter three types of neutral systems when
studying the particle-antiparticle combinations, for which
we can define their C parity.

(i) The neutral systems composed of a particle and its
own antiparticle, such as the ΣcΣ̄c and Σ�

cΣ̄�
c, etc.

Their P, C, and G parities are conventionally
defined as

P ¼ ð−1ÞLþ1; ð13Þ

C ¼ ð−1ÞLþS; ð14Þ

G ¼ ð−1ÞLþSþI; ð15Þ

where L, S, and I represent the orbital angular
momentum, spin and isospin of the dihadron sys-
tems H1H2. For the S-wave case (L ¼ 0), the total
angular momentum J equals to S.

(ii) The neutral systems composed of two particles with
different spins, such as the ΣcΣ̄�

c, Ξ
ð0Þ
c Ξ̄�

c, etc. Their P

parity is still given by Eq. (13), while the C parity
depends on the relative phase factor η in the wave
function, as well as the convention for the trans-
formation of the spin-3

2
field under charge conjuga-

tion. We take the ΣcΣ̄�
c as an example, and its wave

function is given by

jΣcΣ̄�
ci ¼

1ffiffiffi
2

p �
ΣcΣ̄�

c þ ηΣ̄cΣ�
c

�
: ð16Þ

We adopt the following convention

ĈΣ�
c ¼ Σ̄�

c; ð17Þ

which is similar to the one used in Ref. [66], but
differs from the convention in Ref. [44] by a negative
sign. Then the C andG parities for such systems will
be defined as

C ¼ ηð−1ÞSð−1Þð−1ÞL ¼ ηð−1ÞLþSþ1; ð18Þ

G ¼ ηð−1ÞLþSþIþ1: ð19Þ

(iii) The neutral system composed of Ξc and Ξ̄0
c. Its P

parity is also given by Eq. (13), while the C parity
will depend on the relative phase factor η in its wave
function,

jΞcΞ̄0
ci ¼

1ffiffiffi
2

p �
ΞcΞ̄0

c þ ηΞ̄cΞ0
c

�
; ð20Þ

and its C and G parities are defined as

C ¼ ηð−1ÞSþ1ð−1Þð−1ÞL ¼ ηð−1ÞLþS; ð21Þ

G ¼ ηð−1ÞLþSþI: ð22Þ

For the dihadron systems composed of generalized

identical particles, e.g., the ΣcΣc and Σ�
cΣ�

c, where Σð�Þ
c ¼

ðΣð�Þþþ
c ;Σð�Þþ

c ;Σð�Þ0
c Þ, their quantum numbers must satisfy

the following selection rule:

Lþ Sþ I þ 2i ¼ Even number; ð23Þ

where i represents the isospin of the component particle,
such as i ¼ 1 for the ΣcΣc and Σ�

cΣ�
c systems.

The various systems considered in this study are shown
in Table I. We do not consider the systems that include
the isospin singlet Λc and Λ due to the absence of iso-
spin related interactions. As a result, the interactions in
ΛðcÞ-containing systems are often very weak, making it
difficult to form molecular states in a single-channel sce-
nario, such as the ΛcD̄ð�Þ [67–69] and ΛcΛc systems [27].
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III. SPECTRUM OF THE MOLECULAR
HEXAQUARKS

A. Charmed baryon-(anti)charmed baryon systems

Our results for the Σð�Þ
c Σð�Þ

c and Σð�Þ
c Σ̄ð�Þ

c systems are
shown in Table II. We obtain three (two) molecular states in
the ΣcΣ̄c (ΣcΣc) system, six (four) molecular states in the
ΣcΣ̄�

c (ΣcΣ�
c) system, and five (four) molecular states in the

Σ�
cΣ̄�

c (Σ�
cΣ�

c) system. It can be seen that the molecular states

of the Σð�Þ
c Σ̄ð�Þ

c systems are often found in the highest
isospin or/and highest spin channels, while the molecular

states in the Σð�Þ
c Σð�Þ

c systems are found in the low isospin
channels, i.e., the channels with I ¼ 0, 1, and there are no
molecular states in the channel with I ¼ 2. This is a typical

feature of systems where molecular states are generated by
the interaction between light quarks (via theVqq), such as the
tetraquark state Tcc, the pentaquark states PN

ψ and PΛ
ψs, etc.,

which all follow this pattern. The systems we considered in
the following sections will mostly follow this pattern.
Meanwhile, we notice that the attractive interaction of

most isotensor channels in Σð�Þ
c Σ̄ð�Þ

c systems is stronger than
that of other channels, such as the 2þð0−þÞΣcΣ̄c,
2∓ð1−∓ÞΣcΣ̄�

c, and 2þð0−þÞ, 2−ð1−−Þ Σ�
cΣ̄�

c. The results
from the OBE model in Ref. [27] are consistent with our
results, for example, the attractive potential of the isotensor
ΣcΣ̄c is significantly stronger than that of other channels. The

calculations of the molecular states of the Σð�Þ
c Σð�Þ

c systems in
Ref. [33] are also qualitatively consistent with ours.

TABLE II. The IðGÞðJPðCÞÞ quantum numbers, effective potentials, and bound/virtual state solutions of the Σð�Þ
c Σð�Þ

c and Σð�Þ
c Σ̄ð�Þ

c

systems. The masses/poles are denoted as EB=EV for the bound/virtual states, respectively. The thresholds of corresponding systems are
given in the brackets in the first column with the form like “ΣcΣ̄c [4906.9].” The superscript † represents that the state can also be a near-
threshold virtual/bound state if it is labeled as a bound/virtual state. The masses (poles) are given in units of MeV.

Systems ½mth� IGðJPCÞ VI;J
H1H2

EB=EV Systems IðJPÞ VI;J
H1H2

EB=EV

ΣcΣ̄c [4906.9] 0þð0−þÞ 8c̃a − 6c̃s � � � ΣcΣc 0ð0þÞ 8ca − 6cs ½4861.6þ12.0
−12.2 �B

0−ð1−−Þ − 8
3
c̃a − 6c̃s ½4882.0; 4895.2�B

1−ð0−þÞ 8
3
c̃a − 2c̃s � � � 1ð1þÞ − 8

9
ca − 2cs ½4906.5þ0.4

−0.9 �B
1þð1−−Þ − 8

9
c̃a − 2c̃s ½4901.8; 4906.6�V

2þð0−þÞ −8c̃a þ 6c̃s ½4819.0; 4878.0�B 2ð0þÞ −8ca þ 6cs � � �
2−ð1−−Þ 8

3
c̃a þ 6c̃s � � �

ΣcΣ̄�
c [4971.6] 0−ð1−−Þ 22

3
c̃a − 6c̃s � � � ΣcΣ�

c 0ð1þÞ 6ca − 6cs ½4927.0þ10.3
−10.5 �B

0þð1−þÞ 6c̃a − 6c̃s � � �
0þð2−þÞ −2c̃a − 6c̃s ½4953.0; 4967.2�B 0ð2þÞ −2ca − 6cs ½4932.0þ7.0

−7.0 �B
0−ð2−−Þ −6c̃a − 6c̃s ½4910.5; 4911.7�B
1þð1−−Þ 22

9
c̃a − 2c̃s � � � 1ð1þÞ 22

9
ca − 2cs ½4970.3þ1.1

−2.0 �B
1−ð1−þÞ 2c̃a − 2c̃s � � �
1−ð2−þÞ − 2

3
c̃a − 2c̃s ½4956.6; 4970.1�V 1ð2þÞ −2ca − 2cs ½4971.3þ0.3

−1.3 �†B
1þð2−−Þ −2c̃a − 2c̃s ½4967.5; 4967.7�B
2−ð1−−Þ − 22

3
c̃a þ 6c̃s ½4893.5; 4949.1�B 2ð1þÞ −6ca þ 6cs � � �

2þð1−þÞ −6c̃a þ 6c̃s ½4914.0; 4961.7�B
2þð2−þÞ 2c̃a þ 6c̃s � � � 2ð2þÞ 2ca þ 6cs � � �
2−ð2−−Þ 6c̃a þ 6c̃s � � �

Σ�
cΣ̄�

c [5036.2] 0þð0−þÞ 10c̃a − 6c̃s � � � Σ�
cΣ�

c 0ð0þÞ 10ca − 6cs ½4989.0þ13.8
−14.0 �B

0−ð1−−Þ 22
3
c̃a − 6c̃s � � �

0þð2−þÞ 2c̃a − 6c̃s � � � 0ð2þÞ 2ca − 6cs ½4994.0þ7.0
−7.0 �B

0−ð3−−Þ −6c̃a − 6c̃s ½4974.7; 4975.9�B
1−ð0−þÞ 10

3
c̃a − 2c̃s � � � 1ð1þÞ 22

9
ca − 2cs ½5034.9þ1.2

−2.1 �B
1þð1−−Þ 22

9
c̃a − 2c̃s � � �

1−ð2−þÞ 2
3
c̃a − 2c̃s � � � 1ð3þÞ −2ca − 2cs ½5035.8þ0.3

−1.4 �†B
1þð3−−Þ −2c̃a − 2c̃s ½5031.9; 5032.2�B
2þð0−þÞ −10c̃a þ 6c̃s ½4916.3; 4985.2�B 2ð0þÞ −10ca þ 6cs � � �
2−ð1−−Þ − 22

3
c̃a þ 6c̃s ½4957.7; 5013.3�B

2þð2−þÞ −2c̃a þ 6c̃s ½5033.3; 5036.1�†B 2ð2þÞ −2ca þ 6cs � � �
2−ð3−−Þ 6c̃a þ 6c̃s � � �
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The results for Σð�Þ
c Ξð0;�Þ

c , Σð�Þ
c Ξ̄ð0;�Þ

c , and Ξð0;�Þ
c Ξð0;�Þ

c ,

Ξð0;�Þ
c Ξ̄ð0;�Þ

c systems are presented in Tables III and IV,
respectively. The systems such as ΞcΞc, Ξ0

cΞ0
c, Ξ�

cΞ�
c

as well as the corresponding particle-antiparticle pairs
were also considered in Refs. [27,31]. Their results
in most channels are in line with ours. It is worth noting
that in our framework, the effective potentials of
channels 0−ð1−−ÞΞcΞ̄c, 0�ð0−�ÞΞcΞ̄0

c, 0∓ð2−∓ÞΞcΞ̄�
c,

0þð1−þÞ Ξ0
cΞ̄�

c, and 0−ð3−−Þ Ξ�
cΞ̄�

c are exactly the same
as that of 0þð1þþÞ DD̄� (see Table IVof Ref. [59]), which
means that if Xð3872Þ is a weakly bound state of DD̄�,
there must be corresponding molecular states in these
systems as well.

B. Doubly charmed baryon-(anti)doubly charmed
baryon systems

Our results for the Ξð�Þ
cc Ξð�Þ

cc and Ξð�Þ
cc Ξ̄ð�Þ

cc systems are
shown in Table V, where Ξ�

cc has not been observed.
Therefore, we refer to both the predictions based on heavy
diquark-antiquark symmetry and the calculations of the
quark model to obtain a mass difference of mΞ�

cc
−mΞcc

of
85� 15 MeV [60]. As can be seen from Table V, we
use the notation �15 MeV to represent the mass uncer-
tainty of Ξ�

cc.
Our calculation gives a binding energy of about 10 MeV

in the 0ð1þÞΞccΞcc channel, which is consistent with the
results in Ref. [57]. As for the isovector ΞccΞ̄cc system,

TABLE III. The IðJPÞ quantum numbers, effective potentials, and bound/virtual state solutions of the Σð�Þ
c Ξð0;�Þ

c and Σð�Þ
c Ξ̄ð0;�Þ

c systems.
The superscript ♯ represents that this state might be nonexistent in the range of parameters. Other notations are the same as those in
Table II.

Systems ½mth� IðJPÞ VI;J
H1H2

EB=EV Systems IðJPÞ VI;J
H1H2

EB=EV

ΣcΞ̄c [4922.5] 1
2
ð0−Þ 6c̃a − 3c̃s � � � ΣcΞc

1
2
ð0þÞ 6ca − 3cs ½4912.0þ6.0

−6.7 �B
1
2
ð1−Þ −2c̃a − 3c̃s ½4915.5; 4918.7�B 1

2
ð1þÞ −2ca − 3cs ½4915.7þ3.0

−3.4 �B
3
2
ð0−Þ −6c̃a þ 3c̃s ½4864.4; 4901.4�B 3

2
ð0þÞ −6ca þ 3cs � � �

3
2
ð1−Þ 2c̃a þ 3c̃s � � � 3

2
ð1þÞ 2ca þ 3cs � � �

ΣcΞ̄0
c [5031.7] 1

2
ð0−Þ −2c̃a − 3c̃s ½5024.2; 5027.5�B ΣcΞ0

c
1
2
ð0þÞ −2ca − 3cs ½5024.5þ3.1

−3.5 �B
1
2
ð1−Þ 2

3
c̃a − 3c̃s � � � 1

2
ð1þÞ 2

3
ca − 3cs ½5023.2þ2.4

−2.6 �B
3
2
ð0−Þ 2c̃a þ 3c̃s � � � 3

2
ð0þÞ 2ca þ 3cs � � �

3
2
ð1−Þ − 2

3
c̃a þ 3c̃s ½∼5010.6�♯V 3

2
ð1þÞ − 2

3
ca þ 3cs � � �

ΣcΞ̄�
c [5098.6] 1

2
ð1−Þ 10

3
c̃a − 3c̃s � � � ΣcΞ�

c
1
2
ð1þÞ 10

3
ca − 3cs ½5088.6þ4.3

−4.7 �B
1
2
ð2−Þ −2c̃a − 3c̃s ½5090.9; 5094.2�B 1

2
ð2þÞ −2ca − 3cs ½5091.1þ3.1

−3.5 �B
3
2
ð1−Þ − 10

3
c̃a þ 3c̃s ½5078.7; 5098.1�B 3

2
ð1þÞ − 10

3
ca þ 3cs � � �

3
2
ð2−Þ 2c̃a þ 3c̃s � � � 3

2
ð2þÞ 2ca þ 3cs � � �

Σ�
cΞ̄c [4987.2] 1

2
ð1−Þ 5c̃a − 3c̃s � � � Σ�

cΞc
1
2
ð1þÞ 5ca − 3cs ½4976.8þ5.3

−6.0 �B
1
2
ð2−Þ −3c̃a − 3c̃s ½4970.8; 4971.4�B 1

2
ð2þÞ −3ca − 3cs ½4980.6þ3.5

−4.0 �B
3
2
ð1−Þ −5c̃a þ 3c̃s ½4943.7; 4975.3�B 3

2
ð1þÞ −5ca þ 3cs � � �

3
2
ð2−Þ 3c̃a þ 3c̃s � � � 3

2
ð2þÞ 3ca þ 3cs � � �

Σ�
cΞ̄0

c [5096.3] 1
2
ð1−Þ − 5

3
c̃a − 3c̃s ½5091.2; 5094.8�B Σ�

cΞ0
c

1
2
ð1þÞ − 5

3
ca − 3cs ½5088.7þ3.0

−3.3 �B
1
2
ð2−Þ c̃a − 3c̃s � � � 1

2
ð2þÞ ca − 3cs ½5087.4þ2.7

−2.9 �B
3
2
ð1−Þ 5

3
c̃a þ 3c̃s � � � 3

2
ð1þÞ 5

3
ca þ 3cs � � �

3
2
ð2−Þ −c̃a þ 3c̃s ½∼5093.1�♯V 3

2
ð2þÞ −ca þ 3cs � � �

Σ�
cΞ̄�

c [5163.2] 1
2
ð0−Þ 5c̃a − 3c̃s � � � Σ�

cΞ�
c

1
2
ð0þÞ 5ca − 3cs ½5152.1þ5.4

−6.1 �B
1
2
ð1−Þ 11

3
c̃a − 3c̃s � � � 1

2
ð1þÞ 11

3
ca − 3cs ½5153.0þ4.5

−5.0 �B
1
2
ð2−Þ c̃a − 3c̃s � � � 1

2
ð2þÞ ca − 3cs ½5154.1þ2.7

−2.9 �B
1
2
ð3−Þ −3c̃a − 3c̃s ½5146.0; 5146.6�B 1

2
ð3þÞ −3ca − 3cs ½5156.0þ3.7

−4.0 �B
3
2
ð0−Þ −5c̃a þ 3c̃s ½5118.7; 5150.6�B 3

2
ð0þÞ −5ca þ 3cs � � �

3
2
ð1−Þ − 11

3
c̃a þ 3c̃s ½5138.3; 5161.1�B 3

2
ð1þÞ − 11

3
ca þ 3cs � � �

3
2
ð2−Þ −c̃a þ 3c̃s ½∼5160.3�♯V 3

2
ð2þÞ −ca þ 3cs � � �

3
2
ð3−Þ 3c̃a þ 3c̃s � � � 3

2
ð3þÞ 3ca þ 3cs � � �
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Ref. [57] also obtained a bound state, while in our
calculation, the 1−ð0−þÞΞccΞ̄cc may be a virtual state or
may not exist within the parameter range.

We also obtain bound states in the isoscalar Ξð�Þ
cc Ξ�

cc
systems, with binding energies around 10 MeV. The results
in Ref. [58] are consistent with our calculations.

Furthermore, most of the results of Ξð�Þ
cc Ξ̄�

cc systems in
Ref. [58] agree with ours.
The 0þð1−þÞ and 0−ð2−−ÞΞccΞ̄�

cc as well as the
0−ð3−−Þ Ξ�

ccΞ̄�
cc can be regarded as the quadruply heavy

counterparts of Xð3872Þ, since they share the same

effective potentials under the heavy diquark-antiquark
symmetry [see Table IV of Ref. [59] for the effective
potentials of Xð3872Þ].

C. Hyperon-(anti)hyperon systems

The results of the hyperon-(anti)hyperon systems are
shown in Tables VI and VII. Under the extended heavy
quark symmetry, this type of system is very similar to the
charmed baryon-(anti)charmed baryon ones. In our model,
the ΛΛ system lacks significant isospin-isospin coupling
interactions, resulting in weak interactions that make it

TABLE IV. The IðGÞðJPðCÞÞ quantum numbers, effective potentials, and bound/virtual state solutions of the Ξð0;�Þ
c Ξð0;�Þ

c and Ξð0;�Þ
c Ξ̄ð0;�Þ

c

systems. The notations are the same as those in Tables II and III.

Systems ½mth� IGðJPCÞ VI;J
H1H2

EB=EV Systems IðJPÞ VI;J
H1H2

EB=EV

ΞcΞ̄c [4938.2] 0þð0−þÞ 15
2
c̃a − 5

2
c̃s � � � ΞcΞc 0ð1þÞ − 5

2
ca − 5

2
cs ½4935.5þ2.0

−2.8 �B
0−ð1−−Þ − 5

2
c̃a − 5

2
c̃s ½4928.5; 4929.0�B

1−ð0−þÞ − 9
2
c̃a þ 3

2
c̃s ½4902.0; 4925.5�B 1ð0þÞ − 9

2
ca þ 3

2
cs � � �

1þð1−−Þ 3
2
c̃a þ 3

2
c̃s � � �

ΞcΞ̄0
c [5047.3] 0�ð0−�Þ − 5

2
c̃a − 5

2
c̃s ½5037.2; 5037.6�B ΞcΞ0

c 0ð0þÞ − 5
2
ca − 5

2
cs ½5044.3þ2.1

−2.9 �B
0∓ð1−∓Þ 5

6
c̃a − 5

2
c̃s � � � 0ð1þÞ 5

6
ca − 5

2
cs ½5043.1þ1.8

−2.0 �B
1∓ð0−�Þ 3

2
c̃a þ 3

2
c̃s � � � 1ð0þÞ 3

2
ca þ 3

2
cs � � �

1�ð1−∓Þ − 1
2
c̃a þ 3

2
c̃s ½∼5005.1�♯V 1ð1þÞ − 1

2
ca þ 3

2
cs � � �

ΞcΞ̄�
c [5114.2] 0�ð1−�Þ 25

6
c̃a − 5

2
c̃s � � � ΞcΞ�

c 0ð1þÞ 25
6
ca − 5

2
cs ½5108.4þ3.7

−4.5 �B
0∓ð2−∓Þ − 5

2
c̃a − 5

2
c̃s ½5103.8; 5104.3�B 0ð2þÞ − 5

2
ca − 5

2
cs ½5111.0þ2.2

−2.9 �B
1∓ð1−�Þ − 5

2
c̃a þ 3

2
c̃s ½5104.8; 5114.1�B 1ð1þÞ − 5

2
ca þ 3

2
cs � � �

1�ð2−∓Þ 3
2
c̃a þ 3

2
c̃s � � � 1ð2þÞ 3

2
ca þ 3

2
cs � � �

Ξ0
cΞ̄0

c [5156.4] 0þð0−þÞ 5
6
c̃a − 5

2
c̃s � � � Ξ0

cΞ0
c 0ð1þÞ − 5

18
ca − 5

2
cs ½5152.3þ1.5

−1.7 �V
0−ð1−−Þ − 5

18
c̃a − 5

2
c̃s ½5051.6; 5153.5�V

1−ð0−þÞ − 1
2
c̃a þ 3

2
c̃s ½∼5117.4�♯V 1ð0þÞ − 1

2
ca þ 3

2
cs � � �

1þð1−−Þ 1
6
c̃a þ 3

2
c̃s � � �

Ξ0
cΞ̄�

c [5223.3] 0−ð1−−Þ − 5
18
c̃a − 5

2
c̃s ½5122.7; 5220.6�V Ξ0

cΞ�
c 0ð1þÞ − 5

18
ca − 5

2
cs ½5219.0þ1.5

−1.7 �B
0þð1−þÞ − 5

2
c̃a − 5

2
c̃s ½5212.5; 5212.9�B

0þð2−þÞ 25
6
c̃a − 5

2
c̃s � � � 0ð2þÞ − 5

2
ca − 5

2
cs ½5219.9þ2.3

−3.0 �B
0−ð2−−Þ − 5

2
c̃a − 5

2
c̃s ½5212.5; 5212.9�B

1þð1−−Þ 1
6
c̃a þ 3

2
c̃s � � � 1ð1þÞ 3

2
ca þ 3

2
cs � � �

1−ð1−þÞ 3
2
c̃a þ 3

2
c̃s � � �

1−ð2−þÞ − 5
2
c̃a þ 3

2
c̃s ½5213.5; 5223.3�B 1ð2þÞ − 5

2
ca þ 3

2
cs � � �

1þð2−−Þ 3
2
c̃a þ 3

2
c̃s � � �

Ξ�
cΞ̄�

c [5290.2] 0þð0−þÞ 25
6
c̃a − 5

2
c̃s � � � Ξ�

cΞ�
c 0ð1þÞ 55

18
ca − 5

2
cs ½5284.3þ3.2

−3.7 �B
0−ð1−−Þ 55

18
c̃a − 5

2
c̃s � � �

0þð2−þÞ 5
6
c̃a − 5

2
c̃s � � � 0ð3þÞ − 5

2
ca − 5

2
cs ½5286.6þ2.4

−3.1 �B
0−ð3−−Þ − 5

2
c̃a − 5

2
c̃s ½5279.1; 5279.6�B

1−ð0−þÞ − 5
2
c̃a þ 3

2
c̃s ½5280.1; 5290.1�B 1ð0þÞ − 5

2
ca þ 3

2
cs � � �

1þð1−−Þ − 11
6
c̃a þ 3

2
c̃s ½5286.4; 5290.2�V

1−ð2−þÞ − 1
2
c̃a þ 3

2
c̃s ½∼5254.6�♯V 1ð2þÞ − 1

2
ca þ 3

2
cs � � �

1þð3−−Þ 3
2
c̃a þ 3

2
c̃s � � �
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TABLE V. The IðGÞðJPðCÞÞ quantum numbers, effective potentials, and bound/virtual state solutions of the Ξð�Þ
cc Ξð�Þ

cc and Ξð�Þ
cc Ξ̄ð�Þ

cc

systems. The notations are the same as those in Tables II and III.

Systems ½mth� IGðJPCÞ VI;J
H1H2

EB=EV Systems IðJPÞ VI;J
H1H2

EB=EV

ΞccΞ̄cc [7243.1] 0þð0−þÞ 5
6
c̃a − 5

2
c̃s � � � ΞccΞcc 0ð1þÞ − 5

18
ca − 5

2
cs ½7233.5þ2.1

−2.2 �B
0−ð1−−Þ − 5

18
c̃a − 5

2
c̃s ½7209.0; 7243.1�V

1−ð0−þÞ − 1
2
c̃a þ 3

2
c̃s ½∼7232.8�♯V 1ð0þÞ − 1

2
ca þ 3

2
cs � � �

1þð1−−Þ 1
6
c̃a þ 3

2
c̃s � � �

ΞccΞ̄�
cc ½7328.1� 15� 0−ð1−−Þ − 5

18
c̃a − 5

2
c̃s ½7311.7� 16.4� 15�V ΞccΞ�

cc 0ð1þÞ − 5
18
ca − 5

2
cs ½7318.3þ2.1

−2.2 � 15�B
0þð1−þÞ − 5

2
c̃a − 5

2
c̃s ½7310.7� 0.3� 15�B

0þð2−þÞ 25
6
c̃a − 5

2
c̃s � � � 0ð2þÞ − 5

2
ca − 5

2
cs ½7319.4þ3.5

−3.8 � 15�B
0−ð2−−Þ − 5

2
c̃a − 5

2
c̃s ½7310.7� 0.3� 15�B

1þð1−−Þ 1
6
c̃a þ 3

2
c̃s � � � 1ð1þÞ 3

2
ca þ 3

2
cs � � �

1−ð1−þÞ 3
2
c̃a þ 3

2
c̃s � � �

1−ð2−þÞ − 5
2
c̃a þ 3

2
c̃s ½7318.6� 7.0� 15�B 1ð2þÞ − 5

2
ca þ 3

2
cs � � �

1þð2−−Þ 3
2
c̃a þ 3

2
c̃s � � �

Ξ�
ccΞ̄�

cc ½7413.1� 30� 0þð0−þÞ 25
6
c̃a − 5

2
c̃s � � � Ξ�

ccΞ�
cc 0ð1þÞ 55

18
ca − 5

2
cs ½7401.3þ4.2

−4.5 � 30�B
0−ð1−−Þ 55

18
c̃a − 5

2
c̃s � � �

0þð2−þÞ 5
6
c̃a − 5

2
c̃s � � � 0ð3þÞ − 5

2
ca − 5

2
cs ½7404.2þ3.6

−3.9 � 30�B
0−ð3−−Þ − 5

2
c̃a − 5

2
c̃s ½7395.5� 0.3� 30�B

1−ð0−þÞ − 5
2
c̃a þ 3

2
c̃s ½7403.4� 7.0� 30�B 1ð0þÞ − 5

2
ca þ 3

2
cs � � �

1þð1−−Þ − 11
6
c̃a þ 3

2
c̃s ½7409.2� 3.9� 30�†B

1−ð2−þÞ − 1
2
c̃a þ 3

2
c̃s ½∼7403.8� 30�♯V 1ð2þÞ − 1

2
ca þ 3

2
cs � � �

1þð3−−Þ 3
2
c̃a þ 3

2
c̃s � � �

TABLE VI. The IðGÞðJPðCÞÞ quantum numbers, effective potentials, and bound/virtual state solutions of the Σð�ÞΣð�Þ and Σð�ÞΣ̄ð�Þ
systems. The notations are the same as those in Tables II and III.

Systems ½mth� IGðJPCÞ VI;J
H1H2

EB=EV Systems IðJPÞ VI;J
H1H2

EB=EV

ΣΣ̄ [2386.3] 0þð0−þÞ 8c̃a − 6c̃s � � � ΣΣ 0ð0þÞ 8ca − 6cs ½2368.5þ8.9
−10.1�B

0−ð1−−Þ − 8
3
c̃a − 6c̃s ½2382.5; 2386.3�†B

1−ð0−þÞ 8
3
c̃a − 2c̃s � � � 1ð1þÞ − 8

9
ca − 2cs ½2363.2þ7.9

−11.4�V
1þð1−−Þ − 8

9
c̃a − 2c̃s ½2274.2; 2336.6�V

2þð0−þÞ −8c̃a þ 6c̃s ½2331.3; 2380.2�B 2ð0þÞ −8ca þ 6cs � � �
2−ð1−−Þ 8

3
c̃a þ 6c̃s � � �

ΣΣ̄� [2577.7] 0−ð1−−Þ 22
3
c̃a − 6c̃s � � � ΣΣ� 0ð1þÞ 6ca − 6cs ½2557.8þ8.1

−8.9 �B
0þð1−þÞ 6c̃a − 6c̃s � � �
0þð2−þÞ −2c̃a − 6c̃s ½2574.6; 2577.7�†B 0ð2þÞ −2ca − 6cs ½2561.7þ5.2

−5.7 �B
0−ð2−−Þ −6c̃a − 6c̃s ½2543.6; 2544.7�B
1þð1−−Þ 22

9
c̃a − 2c̃s � � � 1ð1þÞ 22

9
ca − 2cs ½2566.5þ6.2

−11.3�V
1−ð1−þÞ 2c̃a − 2c̃s � � �
1−ð2−þÞ − 2

3
c̃a − 2c̃s ½2409.1; 2521.6�V 1ð2þÞ −2ca − 2cs ½2560.0þ8.7

−14.9�V
1þð2−−Þ −2c̃a − 2c̃s ½2573.8; 2574.2�V
2−ð1−−Þ − 22

3
c̃a þ 6c̃s ½2528.3; 2573.7�B 2ð1þÞ −6ca þ 6cs � � �

2þð1−þÞ −6c̃a þ 6c̃s ½2546.7; 2577.7�†B
2þð2−þÞ 2c̃a þ 6c̃s � � � 2ð2þÞ 2ca þ 6cs � � �
2−ð2−−Þ 6c̃a þ 6c̃s � � �
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TABLE VI. (Continued)

Systems ½mth� IGðJPCÞ VI;J
H1H2

EB=EV Systems IðJPÞ VI;J
H1H2

EB=EV

Σ�Σ̄� [2769.2] 0þð0−þÞ 10c̃a − 6c̃s � � � Σ�Σ� 0ð0þÞ 10ca − 6cs ½2744.0þ11.4
−12.5 �B

0−ð1−−Þ 22
3
c̃a − 6c̃s � � �

0þð2−þÞ 2c̃a − 6c̃s � � � 0ð2þÞ 2ca − 6cs ½2748.0þ5.7
−6.0 �B

0−ð3−−Þ −6c̃a − 6c̃s ½2731.4; 2732.5�B
1−ð0−þÞ 10

3
c̃a − 2c̃s � � � 1ð1þÞ 22

9
ca − 2cs ½2762.3þ4.4

−8.5 �V
1þð1−−Þ 22

9
c̃a − 2c̃s � � �

1−ð2−þÞ 2
3
c̃a − 2c̃s � � � 1ð3þÞ −2ca − 2cs ½2757.0þ6.4

−11.5�V
1þð3−−Þ −2c̃a − 2c̃s ½2767.3; 2767.6�V
2þð0−þÞ −10c̃a þ 6c̃s ½2676.1; 2740.8�B 2ð0þÞ −10ca þ 6cs � � �
2−ð1−−Þ − 22

3
c̃a þ 6c̃s ½2715.7; 2763.2�B

2þð2−þÞ −2c̃a þ 6c̃s ½∼2765.2�♯V 2ð2þÞ −2ca þ 6cs � � �
2−ð3−−Þ 6c̃a þ 6c̃s � � �

TABLE VII. The IðGÞðJPðCÞÞ quantum numbers, effective potentials, and bound/virtual state solutions of the Σð�ÞΞð�Þ, Σð�ÞΞ̄ð�Þ,
Ξð�ÞΞð�Þ, and Ξð�ÞΞ̄ð�Þ systems. The notations are the same as those in Tables II and III.

Systems ½mth� IðGÞðJPðCÞÞ VI;J
H1H2

EB=EV Systems IðJPÞ VI;J
H1H2

EB=EV

ΣΞ̄ [2511.4] 1
2
ð0−Þ −2c̃a − 3c̃s ½2506.9; 2510.3�V ΣΞ 1

2
ð0þÞ −2ca − 3cs ½2510.2þ1.2

−3.3 �V
1
2
ð1−Þ 2

3
c̃a − 3c̃s � � � 1

2
ð1þÞ 2

3
ca − 3cs ½2510.8þ0.6

−1.6 �V
3
2
ð0−Þ 2c̃a þ 3c̃s � � � 3

2
ð0þÞ 2ca þ 3cs � � �

3
2
ð1−Þ − 2

3
c̃a þ 3c̃s � � � 3

2
ð1þÞ − 2

3
ca þ 3cs � � �

ΣΞ̄� [2726.6] 1
2
ð1−Þ 10

3
c̃a − 3c̃s � � � ΣΞ� 1

2
ð1þÞ 10

3
ca − 3cs ½2726.5þ0.1

−1.2 �†B
1
2
ð2−Þ −2c̃a − 3c̃s ½2724.2; 2726.3�V 1

2
ð2þÞ −2ca − 3cs ½2726.2þ0.3

−2.1 �†V
3
2
ð1−Þ − 10

3
c̃a þ 3c̃s ½2712.3; 2726.6�V 3

2
ð1þÞ − 10

3
ca þ 3cs � � �

3
2
ð2−Þ 2c̃a þ 3c̃s � � � 3

2
ð2þÞ 2ca þ 3cs � � �

Σ�Ξ̄ [2702.9] 1
2
ð1−Þ − 5

3
c̃a − 3c̃s ½2694.8; 2701.3�V Σ�Ξ 1

2
ð1þÞ − 5

3
ca − 3cs ½2702.6þ0.3

−1.7 �†V
1
2
ð2−Þ c̃a − 3c̃s � � � 1

2
ð2þÞ ca − 3cs ½2702.8þ0.1

−0.8 �†V
3
2
ð1−Þ 5

3
c̃a þ 3c̃s � � � 3

2
ð1þÞ 5

3
ca þ 3cs � � �

3
2
ð2−Þ −c̃a þ 3c̃s ½∼2636.9�♯V 3

2
ð2þÞ −ca þ 3cs � � �

Σ�Ξ̄� [2918.0] 1
2
ð0−Þ 5c̃a − 3c̃s � � � Σ�Ξ� 1

2
ð0þÞ 5ca − 3cs ½2917.4þ0.5

−2.7 �†B
1
2
ð1−Þ 11

3
c̃a − 3c̃s � � � 1

2
ð1þÞ 11

3
ca − 3cs ½2917.6þ0.4

−1.9 �†B
1
2
ð2−Þ c̃a − 3c̃s � � � 1

2
ð2þÞ ca − 3cs ½2917.9þ0.1

−0.7 �†B
1
2
ð3−Þ −3c̃a − 3c̃s ½2914.7; 2915.0�B 1

2
ð3þÞ −3ca − 3cs ½2917.9þ0.1

−1.6 �†V
3
2
ð0−Þ −5c̃a þ 3c̃s ½2893.8; 2916.9�B 3

2
ð0þÞ −5ca þ 3cs � � �

3
2
ð1−Þ − 11

3
c̃a þ 3c̃s ½2909.7; 2918.0�†B 3

2
ð1þÞ − 11

3
ca þ 3cs � � �

3
2
ð2−Þ −c̃a þ 3c̃s � � � 3

2
ð2þÞ −ca þ 3cs � � �

3
2
ð3−Þ 3c̃a þ 3c̃s � � � 3

2
ð3þÞ 3ca þ 3cs � � �

ΞΞ̄ [2636.6] 0þð0−þÞ 5
6
c̃a − 5

2
c̃s � � � ΞΞ 0ð1þÞ − 5

18
ca − 5

2
cs ½2633.1þ1.8

−2.8 �V
0−ð1−−Þ − 5

18
c̃a − 5

2
c̃s ½∼2559.9�♯V

1−ð0−þÞ − 1
2
c̃a þ 3

2
c̃s � � � 1ð0þÞ − 1

2
ca þ 3

2
cs � � �

1þð1−−Þ 1
6
c̃a þ 3

2
c̃s � � �

(Table continued)
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difficult to form bound states. Hence, we have focused our
attention on the two-body systems containing Σð�Þ and Ξð�Þ
hyperons.
In Ref. [70], Polinder et al. investigated the leading-order

interaction of the ΣΣ system using the chiral effective field
theory. They obtained large scattering length in the ΣΣ
system when the effective potential is iterated into the LS
equation. Additionally, they observed that the scattering
cross-section in the 0ð0þÞ channel of the ΣΣ system can
become significantly large near the threshold. This implies
that the ΣΣ system exhibits strong attractive interactions in
the 0ð0þÞ partial wave, which could potentially lead to the

formation of a bound state close to the threshold. This
implication is consistent with our calculations, for example,
we obtained a bound state with binding energy about
20 MeV in the 0ð0þÞ channel (see Table VI).
The mass spectra of other systems can be directly

obtained from Tables VI and VII.

D. Charmed baryon-(anti)doubly charmed
baryon systems

The spectra of charmed baryon-(anti)doubly charmed
baryon systems are given in Tables VIII and IX.

TABLE VII. (Continued)

Systems ½mth� IðGÞðJPðCÞÞ VI;J
H1H2

EB=EV Systems IðJPÞ VI;J
H1H2

EB=EV

ΞΞ̄� [2851.7] 0−ð1−−Þ − 5
18
c̃a − 5

2
c̃s ½∼2796.4�♯V ΞΞ� 0ð1þÞ − 5

18
ca − 5

2
cs ½2850.1þ1.1

−1.9 �V
0þð1−þÞ − 5

2
c̃a − 5

2
c̃s ½2851.4; 2851.6�B

0þð2−þÞ 25
6
c̃a − 5

2
c̃s � � � 0ð2þÞ − 5

2
ca − 5

2
cs ½2849.1þ2.2

−5.4 �V
0−ð2−−Þ − 5

2
c̃a − 5

2
c̃s ½2851.4; 2851.6�B

1þð1−−Þ 1
6
c̃a þ 3

2
c̃s � � � 1ð1þÞ 3

2
ca þ 3

2
cs � � �

1−ð1−þÞ 3
2
c̃a þ 3

2
c̃s � � �

1−ð2−þÞ − 5
2
c̃a þ 3

2
c̃s ½2834.6; 2851.7�†V 1ð2þÞ − 5

2
ca þ 3

2
cs � � �

1þð2−−Þ 3
2
c̃a þ 3

2
c̃s � � �

Ξ�Ξ̄� [3066.8] 0þð0−þÞ 25
6
c̃a − 5

2
c̃s � � � Ξ�Ξ� 0ð1þÞ 55

18
ca − 5

2
cs ½3066.7þ0.1

−1.8 �†V
0−ð1−−Þ 55

18
c̃a − 5

2
c̃s � � �

0þð2−þÞ 5
6
c̃a − 5

2
c̃s � � � 0ð3þÞ − 5

2
ca − 5

2
cs ½3065.8þ1.0

−3.6 �V
0−ð3−−Þ − 5

2
c̃a − 5

2
c̃s ½3065.9; 3066.1�B

1−ð0−þÞ − 5
2
c̃a þ 3

2
c̃s ½3055.4; 3066.8�†V 1ð0þÞ − 5

2
ca þ 3

2
cs � � �

1þð1−−Þ − 11
6
c̃a þ 3

2
c̃s ½3016.7; 3065.1�V

1−ð2−þÞ − 1
2
c̃a þ 3

2
c̃s � � � 1ð2þÞ − 1

2
ca þ 3

2
cs � � �

1þð3−−Þ 3
2
c̃a þ 3

2
c̃s � � �

TABLE VIII. The IðJPÞ quantum numbers, effective potentials, and bound/virtual state solutions of the Ξð�Þ
cc Σð�Þ

c , Ξð�Þ
cc Σ̄ð�Þ

c , ΞccΞ
ð0;�Þ
c ,

and ΞccΞ̄
ð0;�Þ
c systems. The notations are the same as those in Tables II and III.

Systems ½mth� IðJPÞ VI;J
H1H2

EB=EV Systems IðJPÞ VI;J
H1H2

EB=EV

ΞccΣ̄c [6075.0] 1
2
ð0−Þ −2c̃a − 3c̃s ½6064.6; 6068.4�B ΞccΣc

1
2
ð0þÞ −2ca − 3cs ½6064.9þ3.5

−3.8 �B
1
2
ð1−Þ 2

3
c̃a − 3c̃s � � � 1

2
ð1þÞ 2

3
ca − 3cs ½6063.5þ2.7

−2.8 �B
3
2
ð0−Þ 2c̃a þ 3c̃s � � � 3

2
ð0þÞ 2ca þ 3cs � � �

3
2
ð1−Þ − 2

3
c̃a þ 3c̃s ½∼6064.8�♯V 3

2
ð1þÞ − 2

3
ca þ 3cs � � �

ΞccΣ̄�
c [6139.7] 1

2
ð1−Þ − 5

3
c̃a − 3c̃s ½6131.9; 6136.3�B ΞccΣ�

c
1
2
ð1þÞ − 5

3
ca − 3cs ½6129.1þ3.4

−3.6 �B
1
2
ð2−Þ c̃a − 3c̃s � � � 1

2
ð2þÞ ca − 3cs ½6127.7þ3.0

−3.1 �B
3
2
ð1−Þ 5

3
c̃a þ 3c̃s � � � 3

2
ð1þÞ 5

3
ca þ 3cs � � �

3
2
ð2−Þ −c̃a þ 3c̃s ½∼6138.9�♯V 3

2
ð2þÞ −ca þ 3cs � � �

(Table continued)
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TABLE VIII. (Continued)

Systems ½mth� IðJPÞ VI;J
H1H2

EB=EV Systems IðJPÞ VI;J
H1H2

EB=EV

ΞccΞ̄c [6090.6] 0ð0−Þ − 5
2
c̃a − 5

2
c̃s ½6077.4; 6077.8�B ΞccΞc 0ð0þÞ − 5

2
ca − 5

2
cs ½6085.4þ2.9

−3.4 �B
0ð1−Þ 5

6
c̃a − 5

2
c̃s � � � 0ð1þÞ 5

6
ca − 5

2
cs ½6083.9þ2.2

−2.3 �B
1ð0−Þ 3

2
c̃a þ 3

2
c̃s � � � 1ð0þÞ 3

2
ca þ 3

2
cs � � �

1ð1−Þ − 1
2
c̃a þ 3

2
c̃s ½∼6067.2�♯V 1ð1þÞ − 1

2
ca þ 3

2
cs � � �

ΞccΞ̄0
c [6199.8] 0ð0−Þ 5

6
c̃a − 5

2
c̃s � � � ΞccΞ0

c 0ð0þÞ 5
6
ca − 5

2
cs ½6192.6þ2.2

−2.4 �B
0ð1−Þ − 5

18
c̃a − 5

2
c̃s ½6136.4; 6199.1�V 0ð1þÞ − 5

18
ca − 5

2
cs ½6193.1þ1.8

−2.0 �B
1ð0−Þ − 1

2
c̃a þ 3

2
c̃s ½∼6178.5�♯V 1ð0þÞ − 1

2
ca þ 3

2
cs � � �

1ð1−Þ 1
6
c̃a þ 3

2
c̃s � � � 1ð1þÞ 1

6
ca þ 3

2
cs � � �

ΞccΞ̄�
c [6266.7] 0ð1−Þ − 25

18
c̃a − 5

2
c̃s ½6262.4; 6265.4�B ΞccΞ�

c 0ð1þÞ − 25
18
ca − 5

2
cs ½6260.3þ2.5

−2.7 �B
0ð2−Þ 5

6
c̃a − 5

2
c̃s � � � 0ð2þÞ 5

6
ca − 5

2
cs ½6259.3þ2.2

−2.4 �B
1ð1−Þ 5

6
c̃a þ 3

2
c̃s � � � 1ð1þÞ 5

6
ca þ 3

2
cs � � �

1ð2−Þ − 1
2
c̃a þ 3

2
c̃s ½∼6245.9�♯V 1ð2þÞ − 1

2
ca þ 3

2
cs � � �

Ξ�
ccΣ̄c ½6160.0� 15� 1

2
ð1−Þ 10

3
c̃a − 3c̃s � � � Ξ�

ccΣc
1
2
ð1þÞ 10

3
ca − 3cs ½6147.0þ4.7

−5.0 � 15�B
1
2
ð2−Þ −2c̃a − 3c̃s ½6151.3� 1.9� 15�B 1

2
ð2þÞ −2ca − 3cs ½6149.7þ3.6

−3.8 � 15�B
3
2
ð1−Þ − 10

3
c̃a þ 3c̃s ½6147.4� 10.7� 15�B 3

2
ð1þÞ − 10

3
ca þ 3cs � � �

3
2
ð2−Þ 2c̃a þ 3c̃s � � � 3

2
ð2þÞ 2ca þ 3cs � � �

Ξ�
ccΣ̄�

c ½6224.7� 15� 1
2
ð0−Þ 5c̃a − 3c̃s � � � Ξ�

ccΣ�
c

1
2
ð0þÞ 5ca − 3cs ½6210.4þ6.0

−6.4 � 15�B
1
2
ð1−Þ 11

3
c̃a − 3c̃s � � � 1

2
ð1þÞ 11

3
ca − 3cs ½6211.1þ5.0

−5.3 � 15�B
1
2
ð2−Þ c̃a − 3c̃s � � � 1

2
ð2þÞ ca − 3cs ½6212.5þ3.0

−3.1 � 15�B
1
2
ð3−Þ −3c̃a − 3c̃s ½6204.2� 0.3� 15�B 1

2
ð3þÞ −3ca − 3cs ½6214.6þ4.2

−4.6 � 15�B
3
2
ð0−Þ −5c̃a þ 3c̃s ½6192.3� 16.4� 15�B 3

2
ð0þÞ −5ca þ 3cs � � �

3
2
ð1−Þ − 11

3
c̃a þ 3c̃s ½6208.3� 12.3� 15�B 3

2
ð1þÞ − 11

3
ca þ 3cs � � �

3
2
ð2−Þ −c̃a þ 3c̃s ½∼6224.0� 15�†V 3

2
ð2þÞ −ca þ 3cs � � �

3
2
ð3−Þ 3c̃a þ 3c̃s � � � 3

2
ð3þÞ 3ca þ 3cs � � �

TABLE IX. The IðJPÞ quantum numbers, effective potentials, and bound/virtual state solutions of the Ξ�
ccΞ

ð0;�Þ
c and Ξ�

ccΞ̄
ð0;�Þ
c systems.

The notations are the same as those in Tables II and III.

Systems ½mth� IðJPÞ VI;J
H1H2

EB=EV Systems IðJPÞ VI;J
H1H2

EB=EV

Ξ�
ccΞ̄c ½6175.6� 15� 0ð1−Þ 25

6
c̃a − 5

2
c̃s � � � Ξ�

ccΞc 0ð1þÞ 25
6
ca − 5

2
cs ½6167.2þ4.4

−4.9 � 15�B
0ð2−Þ − 5

2
c̃a − 5

2
c̃s ½6162.4� 0.2� 15�B 0ð2þÞ − 5

2
ca − 5

2
cs ½6170.3þ2.9

−3.4 � 15�B
1ð1−Þ − 5

2
c̃a þ 3

2
c̃s ½6169.1� 5.8� 15�B 1ð1þÞ − 5

2
ca þ 3

2
cs � � �

1ð2−Þ 3
2
c̃a þ 3

2
c̃s � � � 1ð2þÞ 3

2
ca þ 3

2
cs � � �

Ξ�
ccΞ̄0

c ½6284.8� 15� 0ð1−Þ − 25
18
c̃a − 5

2
c̃s ½6282.1� 1.5� 15�B Ξ�

ccΞ0
c 0ð1þÞ − 25

18
ca − 5

2
cs ½6278.5þ2.5

−2.7 � 15�B
0ð2−Þ 5

6
c̃a − 5

2
c̃s � � � 0ð2þÞ 5

6
ca − 5

2
cs ½6277.5þ2.2

−2.4 � 15�B
1ð1−Þ 5

6
c̃a þ 3

2
c̃s � � � 1ð1þÞ 5

6
ca þ 3

2
cs � � �

1ð2−Þ − 1
2
c̃a þ 3

2
c̃s ½∼6264.4� 15�♯V 1ð2þÞ − 1

2
ca þ 3

2
cs � � �

Ξ�
ccΞ̄�

c ½6351.7� 15� 0ð0−Þ 25
6
c̃a − 5

2
c̃s � � � Ξ�

ccΞ�
c 0ð0þÞ 25

6
ca − 5

2
cs ½6342.5þ4.5

−5.0 � 15�B
0ð1−Þ 55

18
c̃a − 5

2
c̃s � � � 0ð1þÞ 55

18
ca − 5

2
cs ½6343.0þ3.8

−4.1 � 15�B
0ð2−Þ 5

6
c̃a − 5

2
c̃s � � � 0ð2þÞ 5

6
ca − 5

2
cs ½6344.1þ2.3

−2.4 � 15�B
0ð3−Þ − 5

2
c̃a − 5

2
c̃s ½6337.6� 0.2� 15�B 0ð3þÞ − 5

2
ca − 5

2
cs ½6345.7þ3.1

−3.5 � 15�B
1ð0−Þ − 5

2
c̃a þ 3

2
c̃s ½6344.6� 6.2� 15�B 1ð0þÞ − 5

2
ca þ 3

2
cs � � �

1ð1−Þ − 11
6
c̃a þ 3

2
c̃s ½6349.2� 2.5� 15�†B 1ð1þÞ − 11

6
ca þ 3

2
cs � � �

1ð2−Þ − 1
2
c̃a þ 3

2
c̃s ½∼6332.3� 15�†V 1ð2þÞ − 1

2
ca þ 3

2
cs � � �

1ð3−Þ 3
2
c̃a þ 3

2
c̃s � � � 1ð3þÞ 3

2
ca þ 3

2
cs � � �
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The doubly charmed baryon Ξð�Þ
cc can be associated with

the anticharm meson D̄ð�Þ with the heavy diquark-antiquark
symmetry. Consequently, the Ξð�Þ

cc Σð�Þ
c and Ξð�Þ

cc Ξð�Þ
c systems

correspond respectively to the D̄ð�ÞΣð�Þ
c and D̄ð�ÞΞð�Þ

c sys-
tems. If the hidden-charm pentaquarks PN

ψ and PΛ
ψs are

indeed molecular states of D̄ð�ÞΣc and D̄ð�ÞΞc, it implies the

presence of corresponding molecular states in the Ξð�Þ
cc Σc

and Ξð�Þ
cc Ξc systems as well. A comprehensive analysis of

the spin-flavor symmetry between these systems can be
found in Ref. [49].

In Ref. [71], Chen et al. investigated the ΞccΣ
ð�Þ
c and

ΞccΞ
ð�Þ
c systems using the OBE model, taking into account

the coupled-channel effects. They obtained molecular
states in both the highest isospin channels and the lowest
isospin channels. The results in the lowest isospin channels
align with our calculations. However, our calculations
indicate the absence of bound states in the highest isospin
channel in such systems. Junnarkar et al. obtained a
molecular state with a binding energy of −8� 17 MeV
in the ΞccΣc system with JP ¼ 1þ through the lattice QCD
calculations [72]. This result is in good agreement with our
findings in the ΞccΣc system with 0ð1þÞ, where we
obtained a binding energy of −6.7þ2.2

−2.3 MeV. The results
presented in Ref. [72] have also been used by Pan et al.
to determine the spin of the PN

ψ ð4440Þ and PN
ψ ð4457Þ

states [73]. The mass hierarchy of the 0þ and 1þ states in
the ΞccΣc system exactly opposes that of the D̄�Σc system,
which consists of 1

2
− and 3

2
− states. Therefore, if the mass

splitting of the 0þ and 1þ states in the ΞccΣc system can be
accurately calculated on the lattice, it can be used to infer
the spin of the PN

ψ ð4440Þ and PN
ψ ð4457Þ based on their

masses.
Furthermore, we also calculated the mass spectra of the

Ξð�Þ
cc Σ̄ð�Þ

c and Ξð�Þ
cc Ξ̄ð0;�Þ

c systems. These systems will corre-

spond to the D̄ð�ÞΣ̄ð�Þ
c and D̄ð�ÞΞ̄ð0;�Þ

c systems, respectively,
within the heavy diquark-antiquark symmetry. Therefore, if

the D̄ð�ÞΣ̄ð�Þ
c and D̄ð�ÞΞ̄ð0;�Þ

c systems both contain double-
charm pentaquarks [60,74,75], it naturally follows that the

Ξð�Þ
cc Σ̄ð�Þ

c and Ξð�Þ
cc Ξ̄ð0;�Þ

c systems also possess triple-charm
hexaquarks.

E. Charmed baryon-(anti)hyperon systems

The results for charmed baryon-(anti)hyperon systems
are listed in Tables X–XII.
This type of systems such as Σð�Þ

c Σð�Þ, Σð�Þ
c Σ̄ð�Þ, Ξð0;�Þ

c Ξð�Þ,
and Ξð0;�Þ

c Ξ̄ð�Þ were investigated in literature [36,38,39]. In
Ref. [36], Kong et al. studied the possible molecular states

in Σð�Þ
c Σð�Þ and Σð�Þ

c Σ̄ð�Þ systems within the OBE model, and
they obtained a series of bound states in the isoscalar,
isovector, and isotensor channels. Their results in the

isoscalar Σð�Þ
c Σð�Þ systems are consistent with ours, while

in our work, the isovector states become virtual states due
to the weaker attractions, and no bound/virtual states can be
obtained in the isotensor channels. In Ref. [39], Wu et al.
noticed that the Σ�

cΣ̄ system in 0ð2−Þ and 1ð2−Þ channels
are likely to form bound states. We obtained the bound and
virtual state solutions in these two channels, respectively,
and we also found that the more attractive interaction in
2ð1−Þ channel gives rise to deeper bound state.

F. Doubly charmed baryon-(anti)hyperon systems

The results for doubly charmed baryon-(anti)hyperon
systems are given in Table XIII. We obtained several spin

multiplets in the lowest isospin Ξð�Þ
cc Σð�Þ and Ξð�Þ

cc Ξð�Þ
systems, and they can be related to the anticharmed strange
pentaquarks predicted in Ref. [60] within the heavy
diquark-antiquark symmetry. A series of bound/virtual

states were also obtained in Ξð�Þ
cc Σ̄ð�Þ and Ξð�Þ

cc Ξ̄ð�Þ systems.

G. General discussions

We noticed that most results from the OBE model are
qualitatively consistent with our calculations. Here, we
briefly discuss the possible reasons behind this consistency.
Although our calculations also adopt the idea of the OBE

model, we do not explicitly determine the coupling con-
stants between baryon fields and the exchanged mesons.
Instead, we absorb the contributions of all possible
exchanged mesons into the LECs. These LECs are deter-
mined using known experimental data (i.e., the mass
spectra of molecular tetraquarks and pentaquarks), and
are then used to calculate the corresponding mass spectrum
of molecular hexaquarks.
In contrast, the OBE model calculations explicitly

determine the coupling constants of various exchange
interactions using experimental data and phenomenological
approaches, and then derive the effective potential to solve
for the mass spectrum. Because the interactions in heavy-
flavor dihadron systems are dominated by the correlations
of q1q2 (q̄1q2), these two approaches may yield similar
results. Therefore, as long as the effective interaction of
q1q2 (q̄1q2) is described appropriately, consistent results
will be obtained.
However, in specific channels, such as the systems

dominated by Vqq interactions, the two approaches may
yield inconsistent results in high isospin channels. This
discrepancy could be attributed, on one hand, to the
uncertainties in the coupling constants determined using
phenomenological approaches, and on the other hand, to
the calculations in OBE model to vary the cutoff over a
large range to search for binding solutions. When the cutoff
becomes excessively large, the OBE potential may be
extended into an energy region where it is not applicable,
thus leading to spurious bound state solutions.
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TABLE X. The IðJPÞ quantum numbers, effective potentials, and bound/virtual state solutions of the Σð�Þ
c Σð�Þ, Σð�Þ

c Σ̄ð�Þ, ΣcΞð�Þ, and
ΣcΞ̄ð�Þ systems. The notations are the same as those in Tables II and III.

Systems ½mth� IðJPÞ VI;J
H1H2

EB=EV Systems IðJPÞ VI;J
H1H2

EB=EV

ΣcΣ̄ [3646.6] 0ð0−Þ 8c̃a − 6c̃s � � � ΣcΣ 0ð0þÞ 8ca − 6cs ½3616.4þ10.8
−11.4 �B

0ð1−Þ − 8
3
c̃a − 6c̃s ½3634.4; 3644.0�B 0ð1þÞ − 8

3
ca − 6cs ½3622.2þ6.6

−7.0 �B
1ð0−Þ 8

3
c̃a − 2c̃s � � � 1ð0þÞ 8

3
ca − 2cs ½3644.7þ1.7

−4.7 �V
1ð1−Þ − 8

9
c̃a − 2c̃s ½3608.5; 3633.3�V 1ð1þÞ − 8

9
ca − 2cs ½3642.7þ2.3

−3.8 �V
2ð0−Þ −8c̃a þ 6c̃s ½3576.0; 3631.0�B 2ð0þÞ −8ca þ 6cs � � �
2ð1−Þ 8

3
c̃a þ 6c̃s � � � 2ð1þÞ 8

3
ca þ 6cs � � �

ΣcΣ̄� [3838.0] 0ð1−Þ 20
3
c̃a − 6c̃s � � � ΣcΣ� 0ð1þÞ 20

3
ca − 6cs ½3804.8þ10.1

−10.5 �B
0ð2−Þ −4c̃a − 6c̃s ½3810.0; 3818.4�B 0ð2þÞ −4ca − 6cs ½3810.7þ7.8

−8.1 �B
1ð1−Þ 20

9
c̃a − 2c̃s � � � 1ð1þÞ 20

9
ca − 2cs ½3837.4þ0.6

−2.5 �V
1ð2−Þ − 4

3
c̃a − 2c̃s ½3833.3; 3836.5�V 1ð2þÞ − 4

3
ca − 2cs ½3836.3þ1.4

−3.1 �V
2ð1−Þ − 20

3
c̃a þ 6c̃s ½3782.9; 3830.6�B 2ð1þÞ − 20

3
ca þ 6cs � � �

2ð2−Þ 4c̃a þ 6c̃s � � � 2ð2þÞ 4ca þ 6cs � � �
ΣcΞ̄ [3771.7] 1

2
ð0−Þ −2c̃a − 3c̃s ½3770.7; 3771.7�B ΣcΞ 1

2
ð0þÞ −2ca − 3cs ½3770.8þ0.9

−1.9 �B
1
2
ð1−Þ 2

3
c̃a − 3c̃s � � � 1

2
ð1þÞ 2

3
ca − 3cs ½3770.2þ1.1

−1.5 �B
3
2
ð0−Þ 2c̃a þ 3c̃s � � � 3

2
ð0þÞ 2ca þ 3cs � � �

3
2
ð1−Þ − 2

3
c̃a þ 3c̃s ½∼3688.7�♯V 3

2
ð1þÞ − 2

3
ca þ 3cs � � �

ΣcΞ̄� [3986.9] 1
2
ð1−Þ 10

3
c̃a − 3c̃s � � � ΣcΞ� 1

2
ð1þÞ 10

3
ca − 3cs ½3983.0þ2.7

−3.6 �B
1
2
ð2−Þ −2c̃a − 3c̃s ½3984.5; 3986.3�B 1

2
ð2þÞ −2ca − 3cs ½3984.7þ1.7

−2.4 �B
3
2
ð1−Þ − 10

3
c̃a þ 3c̃s ½3975.0; 3986.9�†B 3

2
ð1þÞ − 10

3
ca þ 3cs � � �

3
2
ð2−Þ 2c̃a þ 3c̃s � � � 3

2
ð2þÞ 2ca þ 3cs � � �

Σ�
cΣ̄ [3711.3] 0ð1−Þ 20

3
c̃a − 6c̃s � � � Σ�

cΣ 0ð1þÞ 20
3
ca − 6cs ½3681.4þ9.8

−10.3�B
0ð2−Þ −4c̃a − 6c̃s ½3686.6; 3694.6�B 0ð2þÞ −4ca − 6cs ½3687.2þ7.5

−8.0 �B
1ð1−Þ 20

9
c̃a − 2c̃s � � � 1ð1þÞ 20

9
ca − 2cs ½3709.3þ1.7

−4.2 �V
1ð2−Þ − 4

3
c̃a − 2c̃s ½3702.7; 3707.6�V 1ð2þÞ − 4

3
ca − 2cs ½3707.3þ2.5

−4.7 �V
2ð1−Þ − 20

3
c̃a þ 6c̃s ½3660.0; 3705.9�B 2ð1þÞ − 20

3
ca þ 6cs � � �

2ð2−Þ 4c̃a þ 6c̃s � � � 2ð2þÞ 4ca þ 6cs � � �
Σ�
cΣ̄� [3902.7] 0ð0−Þ 10c̃a − 6c̃s � � � Σ�

cΣ� 0ð0þÞ 10ca − 6cs ½3867.2þ12.8
−13.4 �B

0ð1−Þ 22
3
c̃a − 6c̃s � � � 0ð1þÞ 22

3
ca − 6cs ½3868.7þ10.7

−11.1 �B
0ð2−Þ 2c̃a − 6c̃s � � � 0ð2þÞ 2ca − 6cs ½3871.7þ6.4

−6.6 �B
0ð3−Þ −6c̃a − 6c̃s ½3853.6; 3854.8�B 0ð3þÞ −6ca − 6cs ½3876.1þ9.2

−9.7 �B
1ð0−Þ 10

3
c̃a − 2c̃s � � � 1ð0þÞ 10

3
ca − 2cs ½3902.4þ0.3

−2.9 �†V
1ð1−Þ 22

9
c̃a − 2c̃s � � � 1ð1þÞ 22

9
ca − 2cs ½3902.2þ0.4

−2.5 �†V
1ð2−Þ 2

3
c̃a − 2c̃s � � � 1ð2þÞ 2

3
ca − 2cs ½3901.8þ0.7

−1.6 �V
1ð3−Þ −2c̃a − 2c̃s ½3902.4; 3902.5�B 1ð3þÞ −2ca − 2cs ½3900.8þ1.6

−4.2 �V
2ð0−Þ −10c̃a þ 6c̃s ½3796.5; 3863.7�B 2ð0þÞ −10ca þ 6cs � � �
2ð1−Þ − 22

3
c̃a þ 6c̃s ½3837.2; 3889.5�B 2ð1þÞ − 22

3
ca þ 6cs � � �

2ð2−Þ −2c̃a þ 6c̃s ½∼3902.6�♯V 2ð2þÞ −2ca þ 6cs � � �
2ð3−Þ 6c̃a þ 6c̃s � � � 2ð3þÞ 6ca þ 6cs � � �
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TABLE XI. The IðJPÞ quantum numbers, effective potentials, and bound/virtual state solutions of the Σ�
cΞð�Þ, Σ�

cΞ̄ð�Þ, ΞcΣð�Þ, ΞcΣ̄ð�Þ,
ΞcΞð�Þ, ΞcΞ̄ð�Þ, Ξ0

cΣ, and Ξ0
cΣ̄ systems. The notations are the same as those in Tables II and III.

Systems ½mth� IðJPÞ VI;J
H1H2

EB=EV Systems IðJPÞ VI;J
H1H2

EB=EV

Σ�
cΞ̄ [3836.4] 1

2
ð1−Þ − 5

3
c̃a − 3c̃s ½3835.6; 3836.4�†V Σ�

cΞ 1
2
ð1þÞ − 5

3
ca − 3cs ½3835.3þ1.0

−1.8 �B
1
2
ð2−Þ c̃a − 3c̃s � � � 1

2
ð2þÞ ca − 3cs ½3834.6þ1.2

−1.7 �B
3
2
ð1−Þ 5

3
c̃a þ 3c̃s � � � 3

2
ð1þÞ 5

3
ca þ 3cs � � �

3
2
ð2−Þ −c̃a þ 3c̃s ½∼3812.2�♯V 3

2
ð2þÞ −ca þ 3cs � � �

Σ�
cΞ̄� [4051.5] 1

2
ð0−Þ 5c̃a − 3c̃s � � � Σ�

cΞ� 1
2
ð0þÞ 5ca − 3cs ½4046.8þ3.6

−4.8 �B
1
2
ð1−Þ 11

3
c̃a − 3c̃s � � � 1

2
ð1þÞ 11

3
ca − 3cs ½4047.3þ2.9

−3.9 �B
1
2
ð2−Þ c̃a − 3c̃s � � � 1

2
ð2þÞ ca − 3cs ½4048.2þ1.7

−2.1 �B
1
2
ð3−Þ −3c̃a − 3c̃s ½4041.9; 4042.4�B 1

2
ð3þÞ −3ca − 3cs ½4049.5þ1.8

−2.9 �B
3
2
ð0−Þ −5c̃a þ 3c̃s ½4017.0; 4045.6�B 3

2
ð0þÞ −5ca þ 3cs � � �

3
2
ð1−Þ − 11

3
c̃a þ 3c̃s ½4035.2; 4051.5�†B 3

2
ð1þÞ − 11

3
ca þ 3cs � � �

3
2
ð2−Þ −c̃a þ 3c̃s ½∼4035.1�†V 3

2
ð2þÞ −ca þ 3cs � � �

3
2
ð3−Þ 3c̃a þ 3c̃s � � � 3

2
ð3þÞ 3ca þ 3cs � � �

ΞcΣ̄ [3662.2] 1
2
ð0−Þ 6c̃a − 3c̃s � � � ΞcΣ 1

2
ð0þÞ 6ca − 3cs ½3660.2þ2.0

−4.3 �B
1
2
ð1−Þ −2c̃a − 3c̃s ½3661.8; 3662.2�†B 1

2
ð1þÞ −2ca − 3cs ½3661.9þ0.3

−1.4 �†B
3
2
ð0−Þ −6c̃a þ 3c̃s ½3620.1; 3653.0�B 3

2
ð0þÞ −6ca þ 3cs � � �

3
2
ð1−Þ 2c̃a þ 3c̃s � � � 3

2
ð1þÞ 2ca þ 3cs � � �

ΞcΣ̄� [3853.7] 1
2
ð1−Þ 5c̃a − 3c̃s � � � ΞcΣ� 1

2
ð1þÞ 5ca − 3cs ½3850.3þ2.9

−4.4 �B
1
2
ð2−Þ −3c̃a − 3c̃s ½3845.9; 3846.3�B 1

2
ð2þÞ −3ca − 3cs ½3852.5þ1.1

−2.5 �B
3
2
ð1−Þ −5c̃a þ 3c̃s ½3821.8; 3849.3�B 3

2
ð1þÞ −5ca þ 3cs � � �

3
2
ð2−Þ 3c̃a þ 3c̃s � � � 3

2
ð2þÞ 3ca þ 3cs � � �

ΞcΞ̄ [3787.4] 0ð0−Þ − 5
2
c̃a − 5

2
c̃s ½3784.9; 3785.2�B ΞcΞ 0ð0þÞ − 5

2
ca − 5

2
cs ½3787.3þ0.1

−1.6 �†V
0ð1−Þ 5

6
c̃a − 5

2
c̃s � � � 0ð1þÞ 5

6
ca − 5

2
cs ½3787.3þ0.1

−0.5 �†B
1ð0−Þ 3

2
c̃a þ 3

2
c̃s � � � 1ð0þÞ 3

2
ca þ 3

2
cs � � �

1ð1−Þ − 1
2
c̃a þ 3

2
c̃s ½∼3635.3�♯V 1ð1þÞ − 1

2
ca þ 3

2
cs � � �

ΞcΞ̄� [4002.5] 0ð1−Þ 25
6
c̃a − 5

2
c̃s � � � ΞcΞ� 0ð1þÞ 25

6
ca − 5

2
cs ½4001.3þ1.2

−2.9 �B
0ð2−Þ − 5

2
c̃a − 5

2
c̃s ½3998.3; 3998.6�B 0ð2þÞ − 5

2
ca − 5

2
cs ½4002.4þ0.1

−1.2 �†B
1ð1−Þ − 5

2
c̃a þ 3

2
c̃s ½3999.0; 4002.5�†B 1ð1þÞ − 5

2
ca þ 3

2
cs � � �

1ð2−Þ 3
2
c̃a þ 3

2
c̃s � � � 1ð2þÞ 3

2
ca þ 3

2
cs � � �

Ξ0
cΣ̄ [3771.4] 1

2
ð0−Þ −2c̃a − 3c̃s ½3770.8; 3771.4�†B Ξ0

cΣ 1
2
ð0þÞ −2ca − 3cs ½3770.9þ0.5

−1.5 �B
1
2
ð1−Þ 2

3
c̃a − 3c̃s � � � 1

2
ð1þÞ 2

3
ca − 3cs ½3770.4þ0.8

−1.3 �B
3
2
ð0−Þ 2c̃a þ 3c̃s � � � 3

2
ð0þÞ 2ca þ 3cs � � �

3
2
ð1−Þ − 2

3
c̃a þ 3c̃s ½∼3674.7�†V 3

2
ð1þÞ − 2

3
ca þ 3cs � � �

BO WANG, KAN CHEN, LU MENG, and SHI-LIN ZHU PHYS. REV. D 110, 014038 (2024)

014038-14



TABLE XII. The IðJPÞ quantum numbers, effective potentials, and bound/virtual state solutions of the Ξ0
cΣ�, Ξ0

cΣ̄�, Ξ0
cΞð�Þ, Ξ0

cΞ̄ð�Þ,
Ξ�
cΣð�Þ, Ξ�

cΣ̄ð�Þ, Ξ�
cΞð�Þ, and Ξ�

cΞ̄ð�Þ systems. The notations are the same as those in Tables II and III.

Systems ½mth� IðJPÞ VI;J
H1H2

EB=EV Systems IðJPÞ VI;J
H1H2

EB=EV

Ξ0
cΣ̄� [3962.8] 1

2
ð1−Þ − 5

3
c̃a − 3c̃s ½3962.3; 3962.8�†V Ξ0

cΣ� 1
2
ð1þÞ − 5

3
ca − 3cs ½3961.2þ1.3

−2.0 �B
1
2
ð2−Þ c̃a − 3c̃s � � � 1

2
ð2þÞ ca − 3cs ½3960.4þ1.5

−1.9 �B
3
2
ð1−Þ 5

3
c̃a þ 3c̃s � � � 3

2
ð1þÞ 5

3
ca þ 3cs � � �

3
2
ð2−Þ −c̃a þ 3c̃s ½∼3941.7�♯V 3

2
ð2þÞ −ca þ 3cs � � �

Ξ0
cΞ̄ [3896.5] 0ð0−Þ 5

6
c̃a − 5

2
c̃s � � � Ξ0

cΞ 0ð0þÞ 5
6
ca − 5

2
cs ½3896.4þ0.1

−0.6 �†B
0ð1−Þ − 5

18
c̃a − 5

2
c̃s ½∼3872.2�♯V 0ð1þÞ − 5

18
ca − 5

2
cs ½3896.4þ0.1

−0.4 �†B
1ð0−Þ − 1

2
c̃a þ 3

2
c̃s ½∼3754.3�†V 1ð0þÞ − 1

2
ca þ 3

2
cs � � �

1ð1−Þ 1
6
c̃a þ 3

2
c̃s � � � 1ð1þÞ 1

6
ca þ 3

2
cs � � �

Ξ0
cΞ̄� [4111.6] 0ð1−Þ − 25

18
c̃a − 5

2
c̃s ½4109.9; 4111.6�V Ξ0

cΞ� 0ð1þÞ − 25
18
ca − 5

2
cs ½4111.3þ0.3

−1.1 �†B
0ð2−Þ 5

6
c̃a − 5

2
c̃s � � � 0ð2þÞ 5

6
ca − 5

2
cs ½4110.9þ0.6

−1.1 �B
1ð1−Þ 5

6
c̃a þ 3

2
c̃s � � � 1ð1þÞ 5

6
ca þ 3

2
cs � � �

1ð2−Þ − 1
2
c̃a þ 3

2
c̃s ½∼4008.6�♯V 1ð2þÞ − 1

2
ca þ 3

2
cs � � �

Ξ�
cΣ̄ [3838.3] 1

2
ð1−Þ 10

3
c̃a − 3c̃s � � � Ξ�

cΣ 1
2
ð1þÞ 10

3
ca − 3cs ½3836.6þ1.5

−2.8 �B
1
2
ð2−Þ −2c̃a − 3c̃s ½3837.6; 3838.3�†B 1

2
ð2þÞ −2ca − 3cs ½3837.7þ0.5

−1.6 �†B
3
2
ð1−Þ − 10

3
c̃a þ 3c̃s ½3830.1; 3838.3�†B 3

2
ð1þÞ − 10

3
ca þ 3cs � � �

3
2
ð2−Þ 2c̃a þ 3c̃s � � � 3

2
ð2þÞ 2ca þ 3cs � � �

Ξ�
cΣ̄� [4029.7] 1

2
ð0−Þ 5c̃a − 3c̃s � � � Ξ�

cΣ� 1
2
ð0þÞ 5ca − 3cs ½4025.9þ3.1

−4.6 �B
1
2
ð1−Þ 11

3
c̃a − 3c̃s � � � 1

2
ð1þÞ 11

3
ca − 3cs ½4026.4þ2.6

−3.6 �B
1
2
ð2−Þ c̃a − 3c̃s � � � 1

2
ð2þÞ ca − 3cs ½4027.2þ1.5

−1.9 �B
1
2
ð3−Þ −3c̃a − 3c̃s ½4021.3; 4021.7�B 1

2
ð3þÞ −3ca − 3cs ½4028.3þ1.4

−2.6 �B
3
2
ð0−Þ −5c̃a þ 3c̃s ½3996.9; 4024.8�B 3

2
ð0þÞ −5ca þ 3cs � � �

3
2
ð1−Þ − 11

3
c̃a þ 3c̃s ½4014.8; 4029.7�†B 3

2
ð1þÞ − 11

3
ca þ 3cs � � �

3
2
ð2−Þ −c̃a þ 3c̃s ½∼4010.0�♯V 3

2
ð2þÞ −ca þ 3cs � � �

3
2
ð3−Þ 3c̃a þ 3c̃s � � � 3

2
ð3þÞ 3ca þ 3cs � � �

Ξ�
cΞ̄ [3963.4] 0ð1−Þ − 25

18
c̃a − 5

2
c̃s ½3959.6; 3963.1�V Ξ�

cΞ 0ð1þÞ − 25
18
ca − 5

2
cs ½3963.3þ0.1

−0.5 �†B
0ð2−Þ 5

6
c̃a − 5

2
c̃s � � � 0ð2þÞ 5

6
ca − 5

2
cs ½3963.3þ0.1

−0.7 �†B
1ð1−Þ 5

6
c̃a þ 3

2
c̃s � � � 1ð1þÞ 5

6
ca þ 3

2
cs � � �

1ð2−Þ − 1
2
c̃a þ 3

2
c̃s ½∼3825.9�♯V 1ð2þÞ − 1

2
ca þ 3

2
cs � � �

Ξ�
cΞ̄� [4178.5] 0ð0−Þ 25

6
c̃a − 5

2
c̃s � � � Ξ�

cΞ� 0ð0þÞ 25
6
ca − 5

2
cs ½4177.0þ1.5

−3.1 �B
0ð1−Þ 55

18
c̃a − 5

2
c̃s � � � 0ð1þÞ 55

18
ca − 5

2
cs ½4177.3þ1.2

−2.4 �B
0ð2−Þ 5

6
c̃a − 5

2
c̃s � � � 0ð2þÞ 5

6
ca − 5

2
cs ½4177.7þ0.7

−1.2 �B
0ð3−Þ − 5

2
c̃a − 5

2
c̃s ½4173.9; 4174.2�B 0ð3þÞ − 5

2
ca − 5

2
cs ½4178.3þ0.2

−1.4 �†B
1ð0−Þ − 5

2
c̃a þ 3

2
c̃s ½4174.6; 4178.5�†B 1ð0þÞ − 5

2
ca þ 3

2
cs � � �

1ð1−Þ − 11
6
c̃a þ 3

2
c̃s ½4159.1; 4178.5�†V 1ð1þÞ − 11

6
ca þ 3

2
cs � � �

1ð2−Þ − 1
2
c̃a þ 3

2
c̃s ½∼4078.6�†V 1ð2þÞ − 1

2
ca þ 3

2
cs � � �

1ð3−Þ 3
2
c̃a þ 3

2
c̃s � � � 1ð3þÞ 3

2
ca þ 3

2
cs � � �
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TABLE XIII. The IðJPÞ quantum numbers, effective potentials, and bound/virtual state solutions of the Ξð�Þ
cc Σð�Þ, Ξð�Þ

cc Σ̄ð�Þ, Ξð�Þ
cc Ξð�Þ,

and Ξð�Þ
cc Ξ̄ð�Þ systems. The notations are the same as those in Tables II and III.

Systems ½mth� IðJPÞ VI;J
H1H2

EB=EV Systems IðJPÞ VI;J
H1H2

EB=EV

ΞccΣ̄ [4814.7] 1
2
ð0−Þ −2c̃a − 3c̃s ½4813.1; 4814.5�B ΞccΣ 1

2
ð0þÞ −2ca − 3cs ½4813.2þ1.3

−2.2 �B
1
2
ð1−Þ 2

3
c̃a − 3c̃s � � � 1

2
ð1þÞ 2

3
ca − 3cs ½4812.5þ1.3

−1.7 �B
3
2
ð0−Þ 2c̃a þ 3c̃s � � � 3

2
ð0þÞ 2ca þ 3cs � � �

3
2
ð1−Þ − 2

3
c̃a þ 3c̃s ½∼4745.4�♯V 3

2
ð1þÞ − 2

3
ca þ 3cs � � �

ΞccΣ̄� [5006.1] 1
2
ð1−Þ − 5

3
c̃a − 3c̃s ½5004.7; 5006.0�B ΞccΣ� 1

2
ð1þÞ − 5

3
ca − 3cs ½5002.9þ2.0

−2.5 �B
1
2
ð2−Þ c̃a − 3c̃s � � � 1

2
ð2þÞ ca − 3cs ½5002.0þ1.9

−2.3 �B
3
2
ð1−Þ 5

3
c̃a þ 3c̃s � � � 3

2
ð1þÞ 5

3
ca þ 3cs � � �

3
2
ð2−Þ −c̃a þ 3c̃s ½∼4993.7�†V 3

2
ð2þÞ −ca þ 3cs � � �

ΞccΞ̄ [4939.8] 0ð0−Þ 5
6
c̃a − 5

2
c̃s � � � ΞccΞ 0ð0þÞ 5

6
ca − 5

2
cs ½4939.1þ0.6

−1.1 �B
0ð1−Þ − 5

18
c̃a − 5

2
c̃s ½∼4924.4�♯V 0ð1þÞ − 5

18
ca − 5

2
cs ½4939.3þ0.5

−0.8 �B
1ð0−Þ − 1

2
c̃a þ 3

2
c̃s ½∼4838.5�♯V 1ð0þÞ − 1

2
ca þ 3

2
cs � � �

1ð1−Þ 1
6
c̃a þ 3

2
c̃s � � � 1ð1þÞ 1

6
ca þ 3

2
cs � � �

ΞccΞ̄� [5155.0] 0ð1−Þ − 25
18
c̃a − 5

2
c̃s ½5154.6; 5155.0�†B ΞccΞ� 0ð1þÞ − 25

18
ca − 5

2
cs ½5153.6þ1.1

−1.7 �B
0ð2−Þ 5

6
c̃a − 5

2
c̃s � � � 0ð2þÞ 5

6
ca − 5

2
cs ½5153.0þ1.2

−1.6 �B
1ð1−Þ 5

6
c̃a þ 3

2
c̃s � � � 1ð1þÞ 5

6
ca þ 3

2
cs � � �

1ð2−Þ − 1
2
c̃a þ 3

2
c̃s ½∼5083.8�♯V 1ð2þÞ − 1

2
ca þ 3

2
cs � � �

Ξ�
ccΣ̄ ½4899.7� 15� 1

2
ð1−Þ 10

3
c̃a − 3c̃s � � � Ξ�

ccΣ 1
2
ð1þÞ 10

3
ca − 3cs ½4896.6þ2.4

−3.4 � 15�B
1
2
ð2−Þ −2c̃a − 3c̃s ½4898.7� 0.7� 15�B 1

2
ð2þÞ −2ca − 3cs ½4898.1þ1.3

−2.2 � 15�B
3
2
ð1−Þ − 10

3
c̃a þ 3c̃s ½4894.4� 4.7� 15�†B 3

2
ð1þÞ − 10

3
ca þ 3cs � � �

3
2
ð2−Þ 2c̃a þ 3c̃s � � � 3

2
ð2þÞ 2ca þ 3cs � � �

Ξ�
ccΣ̄� ½5091.1� 15� 1

2
ð0−Þ 5c̃a − 3c̃s � � � Ξ�

ccΣ� 1
2
ð0þÞ 5ca − 3cs ½5085.3þ4.0

−5.1 � 15�B
1
2
ð1−Þ 11

3
c̃a − 3c̃s � � � 1

2
ð1þÞ 11

3
ca − 3cs ½5085.9þ3.3

−4.2 � 15�B
1
2
ð2−Þ c̃a − 3c̃s � � � 1

2
ð2þÞ ca − 3cs ½5086.9þ2.0

−2.3 � 15�B
1
2
ð3−Þ −3c̃a − 3c̃s ½5080.4� 0.3� 15�B 1

2
ð3þÞ −3ca − 3cs ½5088.3þ2.3

−3.2 � 15�B
3
2
ð0−Þ −5c̃a þ 3c̃s ½5069.3� 15.1� 15�B 3

2
ð0þÞ −5ca þ 3cs � � �

3
2
ð1−Þ − 11

3
c̃a þ 3c̃s ½5082.2� 9.0� 15�B 3

2
ð1þÞ − 11

3
ca þ 3cs � � �

3
2
ð2−Þ −c̃a þ 3c̃s ½∼5079.1� 15�♯V 3

2
ð2þÞ −ca þ 3cs � � �

3
2
ð3−Þ 3c̃a þ 3c̃s � � � 3

2
ð3þÞ 3ca þ 3cs � � �

Ξ�
ccΞ̄ ½5024.8� 15� 0ð1−Þ − 25

18
c̃a − 5

2
c̃s ½5024.1� 0.7� 15�V Ξ�

ccΞ 0ð1þÞ − 25
18
ca − 5

2
cs ½5024.4þ0.4

−1.2 � 15�B
0ð2−Þ 5

6
c̃a − 5

2
c̃s � � � 0ð2þÞ 5

6
ca − 5

2
cs ½5024.1þ0.7

−1.2 � 15�B
1ð1−Þ 5

6
c̃a þ 3

2
c̃s � � � 1ð1þÞ 5

6
ca þ 3

2
cs � � �

1ð2−Þ − 1
2
c̃a þ 3

2
c̃s ½∼4925.6� 15�♯V 1ð2þÞ − 1

2
ca þ 3

2
cs � � �

Ξ�
ccΞ̄� ½5240.0� 15� 0ð0−Þ 25

6
c̃a − 5

2
c̃s � � � Ξ�

ccΞ� 0ð0þÞ 25
6
ca − 5

2
cs ½5236.9þ2.6

−3.8 � 15�B
0ð1−Þ 55

18
c̃a − 5

2
c̃s � � � 0ð1þÞ 55

18
ca − 5

2
cs ½5237.3þ2.1

−3.0 � 15�B
0ð2−Þ 5

6
c̃a − 5

2
c̃s � � � 0ð2þÞ 5

6
ca − 5

2
cs ½5238.0þ1.2

−1.6 � 15�B
0ð3−Þ − 5

2
c̃a − 5

2
c̃s ½5233.3� 0.2� 15�B 0ð3þÞ − 5

2
ca − 5

2
cs ½5238.8þ1.1

−2.2 � 15�B
1ð0−Þ − 5

2
c̃a þ 3

2
c̃s ½5236.8� 3.0� 15�†B 1ð0þÞ − 5

2
ca þ 3

2
cs � � �

1ð1−Þ − 11
6
c̃a þ 3

2
c̃s ½5234.3� 5.7� 15�†V 1ð1þÞ − 11

6
ca þ 3

2
cs � � �

1ð2−Þ − 1
2
c̃a þ 3

2
c̃s ½∼5171.0� 15�♯V 1ð2þÞ − 1

2
ca þ 3

2
cs � � �

1ð3−Þ 3
2
c̃a þ 3

2
c̃s � � � 1ð3þÞ 3

2
ca þ 3

2
cs � � �
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IV. SUMMARY AND OUTLOOK

In the past two decades, numerous heavy flavor near-
threshold hadrons have been discovered in experiments,
which are considered as promising candidates for molecu-
lar tetraquarks and pentaquarks. In this paper, we system-
atically study the possible molecular hexaquarks in the
dibaryon systems. These dibaryon systems are composed

of charmed baryons ½Σð�Þ
c ;Ξð0;�Þ

c �, doubly charmed baryons

½Ξð�Þ
cc �, and hyperons ½Σð�Þ;Ξð�Þ� combined pairwise.

We consider all possible particle-particle and particle-
antiparticle combinations. We calculate the mass spectrum
of molecular hexaquarks in different systems, which can be
regarded as the heavy flavor counterparts of the deuteron.
Just as the mass spectrum of conventional hadrons can be

described using a set of parameters within the quark
potential models, in the molecular picture, there shall also
exist an underlying relation between the hadronic mole-
cules of different dihadron systems, rather than each
hadronic molecule being an independent entity. Based
on our previous research [59], we use the effective
potentials at the quark level to describe the residual strong
interactions of the S-wave dihadron systems. The inter-
actions in the baryon-baryon and baryon-antibaryon
systems are respectively governed by the correlations of

q1q2 and q̄1q2 (q ¼ u; d), for which we only need two
parameters to describe the corresponding interaction
strengths, and these two parameters are determined by
the well-established states, such as PN

ψ , Tcc, and Xð3872Þ,
Zcð3900Þ, respectively.
It can be easily inferred within our model that if the

molecular tetraquarks and pentaquarks exist, then the
molecular hexaquarks must also exist. Experimental
searches for these hexaquark states will help reveal
whether the nature prefers to construct higher-level struc-
tural units, i.e., hadronic molecular states, using the color-
singlet conventional hadrons, or whether it merely favors
putting the quarks into a bag, i.e., compact multiquark
states.
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