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We investigate doubly charmed hexaquark states within the diquark picture, by employing the
constituent quark model and the quark-interchange model as our theoretical frameworks. Using the
Gaussian expansion method, we systematically study these states, with calculating various properties such
as mass spectra, internal contributions of each Hamiltonian component, root-mean-square radii, and
two-body strong decay widths. Our analysis of the mass spectra reveals no stable state in this system.
Furthermore, the root-mean-square radii suggest that the doubly charmed hexaquark states exhibit a
compact configuration. By examining the decay widths, we identify potentially detectable states and their
primary decay channels within each subsystem. Despite the large decay phase space, we still find narrow
states with total widths of less than 10 MeV. This study provides a theoretical foundation for understanding
the structures and interactions of doubly charmed hexaquark states and offers valuable insights for future
experimental searches.
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I. INTRODUCTION

In the field of hadron physics, the study of exotic states
beyond conventional mesons (qq̄) and baryons (qqq) has
been a central research focus [1–5]. A pivotal breakthrough
occurred in 2003 with the Belle Collaboration’s discovery
of the Xð3872Þ [6], ushering in an era of rapid progress.
Subsequent experiments by collaborations such as LHCb,
BABAR, Belle, and BESIII have unveiled a spectrum
of unconventional hadronic states, including the Pc=Pcs
pentaquarks [7–10] and charmoniumlike XYZ states
[11–16]. These discoveries have motivated extensive theo-
retical efforts to elucidate their internal structures, explor-
ing configurations such as compact tetraquarks, molecular
states, hybrids, and glueballs [17–19].
Although the hidden-charm sector has dominated this

landscape, recent observations of the doubly charmed

baryon Ξþþ
cc ð3621Þ [20,21] and the tetraquark candidate

Tþ
ccð3875Þ [22,23] by LHCb have shifted attention to

the double-charm sector. This raises intriguing questions:
Could doubly charmed pentaquarks exist, analogous to
their hidden-charm counterparts? Moreover, what about
doubly charmed hexaquarks? The latter, as a six-quark
system, brings computational challenges due to the com-
plexity of its inherent six-body problem. Current theoretical
studies often adopt approximation methods. For example,
Liu et al. investigated the mass spectra of these systems
using the chromomagnetic interaction model [24].
Complementary to this approach, the one-boson-exchange
potential model has been employed to examine hadron-
level interactions and predict the properties of doubly
charmed hexaquarks within the framework of two-body
molecular states, as demonstrated in Refs. [25–31]. And
such similar triply charmed hexaquarks, and the hadronic
molecular states D�D�D̄�=D�D�D� are also studied with
QCD sum rules [32,33]. Further insights have emerged
from exploratory lattice QCD calculations, which address
the binding characteristics of these systems [34]. While
these efforts provide valuable insights, the reliance on
diverse approximations underscores the necessity for novel
methodologies to resolve persistent theoretical ambiguities
and deepen our understanding of hexaquark dynamics.
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A promising framework for simplifying such systems
is the diquark model [35–37], proven effective in hadron
spectroscopy. For example, the diquark-heavy quark pic-
ture has been widely applied to single heavy baryon
systems [38–41], where mass spectra could be well
depicted. In Ref. [42], relevant results further implied that
the diquark picture highly matches the symmetry of spectra
for the singly charmed baryons. Thus, the diquark is an
effective approach for researching baryon spectra. As an
important continuation of singly charmed baryon spectros-
copy, the hexaquark states in this work also contain several
light-flavor quarks. With the experiences in baryon sys-
tems, we propose that hexaquark spectra also have similar
symmetry with the same approach. Based on this, we
further expand and apply the diquark-diquark-heavy quark-
heavy quark picture (a four-body system) to the doubly
charmed hexaquark state system (a six-body system).
By “freezing” the diquarks’ internal degrees of freedom,
this simplification reduces computational complexity while
preserving key physical features, akin to charm baryon
treatments. Furthermore, the model also demonstrates
unique value in studying multiquark states with other
configurations—for instance, in the compact diquark-
antidiquark, diquarkþ diquarkþ antiquark, and diquark-
diquark-diquark configurations, it offers an effective way
to investigate hidden-charm and hidden-bottom XYZ
exotic states [43–45] (like Pc, Pcs states [46,47]). In
addition, R. Lebed et al. have successfully applied the
dynamical diquark model [48–50], which explicitly treats
the relative motion of color sources, allowing a more
realistic description of spatial separation and interaction
dynamics, to multiple flavor sectors: ss̄qq̄ [51], cc̄qq̄
[52–54], cc̄cc̄ [55], ccq̄q̄ [56], and cc̄qqq [57].
Notably, this framework suggests a structural parallel

between the Tþ
ccð3875Þ tetraquark (composed of two charm

quarks and two light antiquarks) and a hypothetical doubly
charmed hexaquark. Replacing two light antiquarks q̄q̄ in
Tþ
ccð3875Þ with two light diquarks ½qq�½qq� would yield a

hexaquark configuration (ccqqqq), potentially mirroring
properties of its tetraquark counterpart. Establishing
such connections theoretically reveals universal features
of multiquark systems, including potential shared pro-
perties like binding mechanisms and decay modes.
Experimentally, it provides guidance for detecting elusive
hexaquarks by leveraging known tetraquark signatures.
In this work, we systematically investigate the doubly

charmed hexaquark system ccqqqq (q ¼ n; s; n ¼ u; d)
using the Gaussian expansion method within the frame-
work of the constituent quark model. Our calculations
include: the mass spectra for all flavor configurations,
corresponding internal mass contributions, root-mean-
square (RMS) radii, and partial (total) decay widths.
The paper is organized as follows. After the Introduction,

Sec. II details the theoretical framework, including the
effective Hamiltonian, hexaquark configuration, and the

calculation methods for root-mean-square radii and two-
body strong decays. Then in Sec. III, we present results
for mass spectra, internal structure, and decay properties.
Finally, the key findings and implications for future studies
are summarized in Sec. IV.

II. THEORETICAL FRAMEWORK FOR DOUBLY
CHARMED HEXAQUARK SYSTEM

A. The effective Hamiltonian

In the constituent quark model, the nonrelativistic
Hamiltonian incorporates three key components to describe
quark interactions and calculate the properties of ground-
state hadrons: a linear confinement potential (modeling
long-range quark confinement), a Coulomblike potential
(accounting for short-range chromoelectric interactions),
and a hyperfine interaction potential (arising from spin-
dependent forces). The Hamiltonian is thus expressed as,

H¼
X4
i¼1

ðmiþTiÞ−Tcm−
3

4

X4
i<j

λci
2
:
λcj
2

�
VCon
ij þVSS

ij

�
: ð1Þ

Here, mi represents the mass of the i-th constituent quark;
Ti ¼ p2

i =ð2miÞ stands for the kinetic energy of the i-th
quark; Tcm denotes the center-of-mass kinetic energy of the
corresponding hexaquark system; and λci is the SUð3Þ color
operator associated with the i-th quark.
The confinement potential VCon

ij and spin-spin interaction
potential VSS

ij are defined as

VCon
ij ¼ −

κ

rij
þ rij

a20
−D;

VSS
ij ¼ κ0

mimj

1

r0ijrij
e−r

2
ij=r

2
0ijσi · σj; ð2Þ

where rij ¼ jri − rjj is the interquark distance between the
i-th and the j-th quarks, and σi denotes the SUð2Þ spin
operator of the i-th quark. The parameters r0ij and κ0

incorporate explicit mass dependence

r0ij ¼ 1

��
αþ β

mimj

mi þmj

�
;

κ0 ¼ κ0

�
1þ γ

mimj

mi þmj

�
: ð3Þ

The numerical values of the parameters in Eqs. (2)
and (3) are listed in Table I. For completeness, the table
also includes the calculated mass of singly charmed
baryons within the heavy-quark-diquark configuration,
alongside their experimental values for comparative
analysis.
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B. Hexaquark configuration

When two light quarks are treated as a tightly bound
diquark, the doubly charmed hexaquark system reduces to a
four-body system in the [diquark-diquark]-[quark-quark]
configuration.
The total wave function comprises flavor, spatial,

color, and spin components. In the flavor structure, six
distinct flavor configurations exist for the doubly charmed
hexaquark system: ½nn�½nn�cc, ½ss�½ss�cc, ½ns�½ns�cc,
½nn�½ns�cc, ½nn�½ss�cc, and ½ns�½ss�cc.
In the color structure, a diquark in the color-antitriplet

representation (ðqqÞ3̄c) is considered “good” due to its
attractive confinement potential, while the color-sextet
ðqqÞ6c (“bad” diquark) exhibits repulsive interactions.
Only color-singlet configurations are physically admis-
sible. The color decomposition proceeds as,

ð½3⊗3�⊗ ½3⊗3�Þ⊗ ð3⊗3Þ
¼ð½3̄⊕6�⊗ ½3̄⊕6�Þ⊗ ð3̄⊕6Þ→ ð3̄⊗ 3̄Þ⊗ ð3̄⊕6Þ
¼ð3⊕ 6̄Þ⊗ ð3̄⊕6Þ¼ð3⊗ 3̄Þ⊕ ð6̄⊗6Þ⊕ � �� ð4Þ

From Eq. (4), two color-singlet configurations emerge,

Ψ1 ¼ j½ðqqÞ3̄cðqqÞ3̄c �3cðccÞ3̄ci;
Ψ2 ¼ j½ðqqÞ3̄cðqqÞ3̄c �6̄cðccÞ6ci: ð5Þ

In the notation j½ðq1q2Þ3̄cðq3q4Þ3̄c �color1ðccÞcolor2i, color1,
and color2 stand for the color representations of diquark
pair and charm-quark pair, respectively.
In the spin structure, the system admits 20 spin con-

figurations. The general spin wave function is expressed as
j½ðq1q2Þspin1ðq3q4Þspin2 �spin3ðccÞspin4ispin5 , where spin1 and
spin2 represent the spins of the light diquarks (q1q2) and
(q3q4), respectively, while, spin3 and spin4 are the total spin
of charm-quark pair (cc) and diquark pair ½q1q2�½q3q4�,
respectively. Finally, spin5 represents the total spin of the
doubly charmed hexaquark state. All possible spin wave
functions are tabulated in Table II.
Based on the symmetrized configurations of flavor, color,

and spin spaces, we systematically construct the combined
flavor ⊗ color ⊗ spin space for the doubly charmed hex-
aquark system. For the ground state, the spatial wave
function is symmetric under the exchange of any two
identical quarks or diquarks. In accordance with the spin-
statistics theorem, this necessitates that the flavor ⊗ color ⊗
spin component must be antisymmetric (symmetric) under
the permutation of identical quarks (diquarks).
This framework parallels earlier theoretical studies of the

Θþ pentaquark [58], where Jaffe and Wilczek [59] treated
two diquarks as bosonic pointlike constituents within a
diquark-diquark-antiquark configuration. Their model pre-
dicted the Θþ as a bound state of two identical diquarks
and an antistrange quark, alongside an isospin I ¼ 3=2
multiplet including Ξ−−

5 (S ¼ −2, JP ¼ 1=2þ) near

TABLE II. All possible spin wave functions in the [diquark–diquark]-[quark-quark] configuration.

J ¼ 3 χ1 ¼ j½ðqqÞ1ðqqÞ1�2½cc�1i3
J ¼ 2 χ2 ¼ j½ðqqÞ1ðqqÞ1�2½cc�1i2 χ3 ¼ j½ðqqÞ1ðqqÞ1�2½cc�0i2 χ4 ¼ j½ðqqÞ1ðqqÞ1�1½cc�1i2 χ5 ¼ j½ðqqÞ1ðqqÞ0�1½cc�1i2

χ6 ¼ j½ðqqÞ0ðqqÞ1�1½cc�1i2
J ¼ 1 χ7 ¼ j½ðqqÞ1ðqqÞ1�2½cc�1i1 χ8 ¼ j½ðqqÞ1ðqqÞ1�1½cc�1i1 χ9 ¼ j½ðqqÞ1ðqqÞ1�0½cc�1i1 χ10 ¼ j½ðqqÞ1ðqqÞ1�1½cc�0i1

χ11 ¼ j½ðqqÞ1ðqqÞ0�1½cc�1i1 χ12 ¼ j½ðqqÞ0ðqqÞ1�1½cc�1i1 χ13 ¼ j½ðqqÞ1ðqqÞ0�1½cc�0i1 χ14 ¼ j½ðqqÞ0ðqqÞ1�1½cc�0i1
χ15 ¼ j½ðqqÞ0ðqqÞ0�0½cc�1i1

J ¼ 0 χ16 ¼ j½ðqqÞ1ðqqÞ1�1½cc�1i0 χ17 ¼ j½ðqqÞ1ðqqÞ0�1½cc�1i0 χ18 ¼ j½ðqqÞ0ðqqÞ1�1½cc�1i0 χ19 ¼ j½ðqqÞ1ðqqÞ1�0½cc�0i0
χ20 ¼ j½ðqqÞ0ðqqÞ0�0½cc�0i0

TABLE I. Parameters of the Hamiltonian determined by fitting the singly charmed baryon masses. The Mthe, Mexp, and error are the
theoretical value, the experimental value, and the error between them, respectively.

Parameter mn mc κ a0 κ0

Value 321.0 MeV 1508.0 MeV 1.5 × 102 MeV fm 2.0 × 10−2 ðMeV−1 fmÞ1=2 2.8 × 102 MeV

Parameter ms D α β γ

Value 642.0 MeV 1033.0 MeV 1.3 fm−1 −4.4 × 10−4 ðMeV fmÞ−1 −5.6 × 10−4 MeV−1

Baryon Λc Σc Σ�
c Ξc Ξ0

c Ξ�
c Ωc Ω�

c

Mthe (MeV) 2279.8 2447.2 2534.2 2487.2 2572.4 2648.7 2678.1 2747.2
Mexp (MeV) 2286.5 2452.9 2517.5 2467.8 2577.4 2645.9 2695.2 2765.9
Error (MeV) −6.7 −6.8 15.8 19.3 5.0 3.2 −17.1 −18.7
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1750 MeV [59]. Subsequent works by Liu et al. exten-
ded this approach to compute magnetic moments of
analogous pentaquark states [60–63]. While experimental
confirmation of Θþ and Ξ−−

5 remains elusive [64,65], the
symmetry-driven methodology developed for these sys-
tems provides a valuable foundation for constructing hexa-
quark wave functions.
Guided by these principles, we derive total wave

functions for distinct flavor configurations that rigorously
satisfy the spin-statistics theorem. The resulting configu-
rations are tabulated in Tables IV–VI.
A critical distinction arises in the role of interaction

terms: while Coulomb and linear confinement potentials do
not induce color-spin mixing, the hyperfine interaction
term does. The hyperfine interaction strength scales as
1=mimj, where mi and mj denote the masses of the charm
quark or diquarks (½nn�, ½ns�, and ½ss�). Given that all
constituent masses exceed 1 GeV, color-spin mixing is
strongly suppressed in the doubly charmed hexaquark
system. This suppression significantly simplifies the
spectroscopic analysis compared to light-quark systems.

C. Numerical calculation method

1. Gaussian expansion method

In the spatial space, the Jacobi coordinates for a four-
body system are defined in terms of single-particle coor-
dinates xi (i ¼ 1, 2, 3, and 4) as follows:

ξ1 ¼
ffiffiffiffiffiffiffiffi
1=2

p
ðx1 − x2Þ;

ξ2 ¼
ffiffiffiffiffiffiffiffi
1=2

p
ðx3 − x4Þ;

ξ3 ¼
�
m1x1 þm2x2

m1 þm2

�
−
�
m3x3 þm4x4

m3 þm4

�
;

R ¼ m1x1 þm2x2 þm3x3 þm4x4

m1 þm2 þm3 þm4

: ð6Þ

Here, ξ1 represents the relative Jacobi coordinate within
the diquarks ½q1q2� and ½q3q4�. Meanwhile, ξ2 denotes the
relative Jacobi coordinate between the charm quarks c,
while ξ3 describes the relative Jacobi coordinate between
the centers of mass of the two diquarks ð½qq�½qq�Þ and the
two charm quarks ðccÞ. Using the above Jacobi coordinates
[Eq. (6)], the spatial wave function with well-defined
symmetry for the pairs (12) and (34) can be readily
constructed. In the center-of-mass frame of the four-body
system (R ¼ 0) and the number of Jacobi coordinates
reduces to three (see Fig. 1).
The kinetic term in the Hamiltonian [Eq. (1)] can

be simplified for calculations. Denoted as Tc, it is
expressed as,

Tc ¼
X4
i¼1

p2
xi

2mi
−

p2
R

2M
¼ p2

ξ1

2m0
1

þ p2
ξ2

2m0
2

þ p2
ξ3

2m0
3

; ð7Þ

where the reduced masses m0
i are given by m0

1 ¼ 2×ðm1m2Þ
m1þm2

,

m0
2 ¼ 2×ðm3m4Þ

m3þm4
, and m0

3 ¼ ðm1þm2Þ×ðm3þm4Þ
m1þm2þm3þm4

.
The Gaussian expansion method [66–68] is employed to

solve the four-body Schrödinger equation. This method has
been widely applied to baryons [69], tetraquarks [70],
pentaquarks [71], and few-body molecular states [72–74].
The spatial wave function is expanded using a set of
correlated Gaussian bases constructed from the Jacobi
coordinates [Eq. (6)]:

Ψðξ1;ξ2;ξ3Þ

¼
Xn1max

n1¼1

Xn2max

n2¼1

Xn3max

n3¼1

cn1n2n3Ψ
n1n2n3ðξ1;ξ2;ξ3Þ

¼
Xn1max

n1¼1

Xn2max

n2¼1

Xn3max

n3¼1

cn1n2n3Exp½−vn1ξ21−vn2ξ
2
2−vn3ξ

2
3�: ð8Þ

Here, cn1n2n3 are expansion coefficients determined by
the Rayleigh-Ritz variational method, and vn1 , vn2 , vn3
are Gaussian range parameters chosen via a geometric
progression,

vni ¼
1

r2ni
; rni ¼ rminia

ni−1;

a ¼
�
rmaxi

rmini

� 1
nmaxi−1 ði ¼ 1; 2; 3Þ; ð9Þ

where nmaxi is the number of Gaussian functions, and a is
the ratio coefficient. There are three parameters frmaxi ;
rmini ; nmaxig to be determined through the variation method.
Stable results are achieved with f5 fm; 0.7 fm; 5g.

FIG. 1. Coordinates defined for the Hcc system and its two-
body decays into a baryon pair BC via quark rearrangement.
Here, the BC final state can form via two quark rearrangement
pathways: B1C1 (½c1ðq1q2Þ�½c2ðq3q4Þ�) and B2C2 (½c1ðq3q4Þ�
½c2ðq1q2Þ�), as illustrated in the figure.
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After the above preparations, the eigenvalues of the
doubly charmed hexaquark system are obtained by solving
the four-body Schrödinger equation,

ĤΨtotalðξ1; ξ2; ξ3Þ ¼ EΨtotalðξ1; ξ2; ξ3Þ; ð10Þ

where the Hamiltonian Ĥ [Eq. (1)] includes the kinetic term
Tc [Eq. (7)] and the two-body interaction term between
(di)quarks. The total wave function Ψtotalðξ1; ξ2; ξ3Þ com-
bines the spatial part [Eq. (8)] and the flavor-color-spin part.
The normalization, kinetic, and potential matrix ele-

ments are calculated as

Nnn0 ¼ hΨn1n2n3ðξ1; ξ2; ξ3Þψcsjψ 0
csΨn0

1
n0
2
n0
3ðξ1; ξ2; ξ3Þi;

Vnn0
α ¼ hΨn1n2n3ðξ1; ξ2; ξ3ÞψcsjVαjψ 0

csΨn0
1
n0
2
n0
3ðξ1; ξ2; ξ3Þi;

Tnn0
c ¼ hΨn1n2n3ðξ1; ξ2; ξ3ÞψcsjTcjψ 0

csΨn0
1
n0
2
n0
3ðξ1; ξ2; ξ3Þi;

ð11Þ

where ψcs is the spin-color wave function, V represents
VCon and VSS in Eq. (2), and n simply refers to fn1; n2; n3g
in Eq. (8). The Vα (α ¼ 1–6) imply Vðr12Þ, Vðr13Þ, Vðr14Þ,
Vðr23Þ, Vðr24Þ, and Vðr34Þ. According to Eq. (11), the
Schrödinger equation [Eq. (10)] is transformed into a
generalized matrix eigenvalue problem,

�
Tnn0
c þ

X6
α¼1

Vnn0
α − ENnn0

	
Cnn0 ¼ 0: ð12Þ

Solving this yields the eigenvalue E and the internal mass
contributions, as shown in Tables IV–VI.

2. Root-mean-square radii

To further probe the inner structure of the doubly
charmed hexaquark, we calculate the RMS radii between
all pairs of (di)quarks. This parameter is crucial for
distinguishing between compact multiquark states and
hadronic molecular states. Specifically, a molecular state
typically exhibits minimal spatial overlap between hadronic
constituents, whereas a compact multiquark state shows
significant overlap [74].
The RMS radius Rij is defined as,

R2
ij ¼

Z
ðxi − xjÞ2jΨðξ1; ξ2; ξ3Þj2dξ1dξ2dξ3: ð13Þ

The results for the different flavor combinations are listed
in Tables IV–VI. Specifically: R12 and R34 describe the
average distance between two charm quarks (cc) and two
diquarks (½qq�½qq�), respectively. R13, R14, R23, and R24

represent the average distance between the charm quark c
and the diquark ½qq�. R12−34 stands for the average distance
between the mass centers of charm quark pair (cc) and the
diquark pair (½qq�½qq�). R13−24 and R14−23 represent the

average distance between the mass centers of the two pairs
of charm quark-diquark c½qq�. Since the two charm quarks
c are identical particles, we have the following relation-
ships: R13−24 ¼ R14−23, R13 ¼ R23, and R14 ¼ R24.
If the average distance between the mass centers of the

two c½qq� pairs (R13−24, R14−23) is comparable to or even
smaller than the intrapair quark distances (R12, R13, and
R24, etc.), it implies strong spatial overlap between the
c½qq� clusters. Such a configuration supports the interpre-
tation of a compact hexaquark state, as opposed to a loosely
bound molecular system.

3. Two-body strong decay

In addition to mass spectra, we employ the quark-
interchange model to calculate the two-body strong decay
widths of doubly charmed hexaquarks. When the phase
space permits, the dominant two-body strong decay for
these states is the rearrangement process: cc½q1q2�½q3q4� →
c½q1q2� þ c½q3q4�, as illustrated in Fig. 1. Although the
decay into a doubly charmed baryon and a light baryon is
also kinematically allowed, it is suppressed due to diquark
dissociation constraints. In principle, the light diquarks
could both keep well and fall apart in the decay processes.
However, the two-type assignments of the diquarks have
two different decay patterns. The symmetry of the diquarks
is conserved in the first situation while broken in the second
scheme. For example, for the excited Λc states, Dð�ÞN and

Σð�Þ
c π are two important decay modes. The diquarks of

initial Λc are a whole body inDð�ÞN channels while broken

in the Σð�Þ
c π process. As shown in Ref. [75], the partial

widths of Dð�ÞN are much larger than those of the

Σð�Þ
c π channels. Similar results are also obtained in

Ref. [76]. These results imply that in low partial wave,
the decays with the diquarks are kept well and have a
significant tendency. Thus, following the experiences in
baryon systems, we also consider the decay processes
(cc½q1q2�½q3q4� → c½q1q2� þ c½q3q4�) with the diquarks
kept well as priority. Contributions from three-body strong
decays and radiative/weak decays are negligible, so we
focus exclusively on the above rearrangement channel.
The quark-interchange model [77,78] describes two-

body strong decays via quark rearrangement, driven by
the (di)quark-(di)quark interaction Vij. This approach has
successfully described decays of exotic states like the
Xð3872Þ [79], Xð4630Þ [80], Xð2900Þ [81,82], Xð6900Þ
[83], Zc, and Zb states [84,85], hidden and double charm-
strange tetraquarks [86], hidden-charm pentaquark Pc
states [87], hidden-charm pentaquarks with triple strange-
ness [88], and all-heavy pentaquark states [89].
The decay width is given by

Γ ¼ jP⃗Bj
ð2JA þ 1Þ32π2M2

A

Z
dΩjMðA → BCÞj2; ð14Þ
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where P⃗B is the final-state three-momentum in the center-
of-mass reference frame, and MA is the initial hexaquark
mass. The decay amplitude MðA → BCÞ is

MðA → BCÞ ¼ −ð2πÞ3=2
ffiffiffiffiffiffiffiffiffiffi
2MA

p ffiffiffiffiffiffiffiffi
2EB

p ffiffiffiffiffiffiffiffiffi
2EC

p
× T; ð15Þ

with T-matrix,

T ¼
X
i

hΨBΨCjVijΨAi

¼
X
i

D
ΨBΨCjVijΨA

ðccÞΨ
A
ð½qq�½qq�ÞΨ

A
ðccÞ−ð½qq�½qq�Þ

E
: ð16Þ

Here, ΨA, ΨB, ΨC denote the spatial wave functions of the
initial hexaquark and final baryons.
The T matrix in momentum space integrates the effective

potential,

T ¼ 1

ð2πÞ3
Z

dP⃗αVeffðP⃗α; P⃗BÞΨA
ðccÞ−ð½qq�½qq�ÞðP⃗αÞ; ð17Þ

where VeffðP⃗α; P⃗BÞ combines contributions from diagrams
C1, C2, T1, and T2 in Fig. 2. It factorizes as

VeffðP⃗α; P⃗BÞ ¼ IflavorIcolorIspin−space: ð18Þ

Here, the flavor factor Iflavor is taken as 1 for all diagrams.
The color factor Icolor is,

Icolor ¼ hΨBΨCj
λci
2
:
λcj
2
jΨ3̄cð6cÞ

A ðccÞΨ3cð6̄cÞ
A ð½qq�½qq�Þi: ð19Þ

Numerical values for each diagram are listed in Table III.
As for the spin-space factor Ispin−space, it is decoupled for
the doubly charmed hexaquark ground state. The spin
factor Ispin is

Ispin ¼ h½χBs3χCs4 �S0 jÔsj½χðccÞAs1χð½qq�½qq�ÞAs2 �Si; ð20Þ

where s1=s2 and s3=s4 represent the spins of initial and
final components, and S and S0 represent the total spin of
the initial and final state. Ôs stands for the spin operator,
taking 1 for the Coulomb and linear confinement potential,
and σi

2
· σj
2

for the hyperfine potential. The space factor
Ispace is,

Ispace ¼ hΨBΨCjÔqjΨA
ðccÞΨ

A
ð½qq�½qq�Þi

¼
Z Z

dk1dk2ΨBðkB þ KBÞΨCðkC þ KCÞ

× Ôqðk1 − k2ÞΨ�A
ðccÞðkα þ KαÞΨ�A

ð½qq�½qq�Þðkβ þ KβÞ;
ð21Þ

where Ôq represents the spatial operator. Its corresponding
specific forms are as follows: 1=q2, 1=q4, and exp½−q2�
represent the Coulomb, linear confinement, and hyperfine

FIG. 2. Quark-interchange diagrams for Hcc decaying into two baryons at the quark level. The curve line denotes the (di)quark–(di)
quark interactions.
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potential, respectively. The k⃗1 (k⃗2) is the initial (final) three-
momenta of the scattered constituent. We use the P⃗B, P⃗C,
P⃗α, and P⃗β to present the three-momenta of final singly
charmed baryons B, C and initial doubly charmed hex-
aquark (cc) and (½qq�½qq�) components, respectively. For
simplicity, we deal with the scattering problem in the
center-of-mass frame, so that P⃗B ¼ −P⃗C and P⃗α ¼ −P⃗β.
By applying the above relationships, for the four quark
exchange diagrams in Fig. 2, the relationships of k⃗i and K⃗i

(i ¼ B, C, α, β) expressed in terms of P⃗B, P⃗α, k⃗1, and k⃗2 are
shown in Table III. Here, the constituent quark mass-
dependent function fi (i ¼ α; β1; β2; B; C) is,

fα ¼
mc

mc þmc
¼ 1

2
; fβ1 ¼

m½q1q2�
m½q1q2� þm½q3q4�

;

fβ2 ¼
m½q3q4�

m½q1q2� þm½q3q4�
; fB ¼ m½q1q2�

mc þm½q1q2�
;

fC ¼ m½q3q4�
mc þm½q3q4�

: ð22Þ

The specific derivation of integral simplification for
Eq. (21) is referred to in Refs. [77,78]. Finally, with
the calculated T-matrix element Tfi, the two-body decay
widths are computed using Eq. (14) and presented in
Tables IV–VI.

III. NUMERICAL RESULTS AND DISCUSSIONS

By solving the Schrödinger equation Eq. (12) with the
Gaussian expansion method, we systematically calculated
the mass spectra of the doubly charmed hexaquark system.
The mass range of the doubly charmed hexaquark system
approximately spans 5000–6000 MeV. The mass spectra
and relevant configurations are listed in Tables IV–VI. The
internal contributions from each part of the Hamiltonian:
kinetic energy hTi, confinement potential hVConi, and
hyperfine interaction potential hVSSi, are also presented
in the same tables. The results show that the kinetic energy
hTi and confinement potential hVConi are of the same order
of magnitude. Additionally, it is found that the contribution

of hyperfine interaction potential hVSSi—proportional to
ð1=mimjÞ—significantly suppresses its mass contribution.
Owing to its smaller mass contribution, the degree of
configuration mixing remains relatively low. As a result,
configuration mixing does not induce obvious mass
shifts in physical states. Thus, each original configuration
maintains high purity in its corresponding physical state.
Meanwhile, the mass gaps between different color-spin
configurations of the same color configuration (j3̄3ic or
j66̄ic) are relatively small, leading to the existence of some
partner states in the doubly charmed hexaquark system.
Besides the mass spectra and internal mass contributions,

we provide the corresponding RMS radii according to
Eq. (13). Based on the results from relevant tables, most of
RMS radii are in the range from 1.2 to 1.6 fm, which are
roughly the same order of magnitude. If it is a molecular-
state configuration, some distances between charm quark
(c) and diquark (½qq�) are much greater than those between
the two charm quarks (cc) and between the two diquarks
(½qq� − ½qq�). Meanwhile, the RMS radius of the molecular
configuration can reach several femtometers. Therefore,
our calculation results are consistent with the expectations
of the compact hexaquark configuration. Finally, based on
Eq. (14), we presented the partial widths of each state
decaying into different two-body final states, as well as its
total width. It should be noted that the total decay width
here ignores the suppressed three-body strong decays,
the two-body strong decays with the final states: doubly
charmed baryon+light-flavor baryon (ccqþ qqq), as well
as the radiative decays and weak decays. Therefore, the
actual total widths of these states will be slightly larger than
our calculated values.
For clarity, according to Tables IV–VI, the relative mass

positions of each state, the total decay widths, and the
corresponding rearrangement decay channels are plotted
in Figs. 3–5. For convenience, we also label all possible
spin (isospin) quantum numbers of the rearrangement
decay channels with subscripts (superscripts). According
to the above-mentioned figures, there is no stable state in
the doubly charmed hexaquark system, and they are all
unstable states that can decay into two singly charmed
baryons through two-body strong interaction. The reason is

TABLE III. Color matrix element Icolor ¼ hλci
2
:
λcj
2
i and the momentum substitutions in Ispace for different scattering diagrams.

Diagram

hλci
2
:
λcj
2
i Momentum substitutions

ðccÞ3̄cð½qq�½qq�Þ3c ðccÞ6cð½qq�½qq�Þ6̄c k⃗α K⃗α k⃗β K⃗β k⃗B K⃗B k⃗C K⃗C

C1 2
ffiffi
3

p
9

ffiffi
6

p
9

k⃗1 −fαP⃗α k⃗2 −fβ2P⃗α − P⃗B k⃗2 −fBP⃗B k⃗2 −fCP⃗B − P⃗α

C2 2
ffiffi
3

p
9

ffiffi
6

p
9

k⃗1 −fαP⃗α k⃗2 −fβ1P⃗α þ P⃗B k⃗1 fBP⃗B − P⃗α k⃗1 fβ1P⃗α

T1 − 2
ffiffi
3

p
9

−
ffiffi
6

p
9

k⃗1 −fαP⃗α k⃗2 −fβ2P⃗α − P⃗B k⃗2 −fαP⃗α k⃗1 −fCP⃗B − P⃗α

T2 − 2
ffiffi
3

p
9

−
ffiffi
6

p
9

k⃗1 −fαP⃗α k⃗2 −fβ1P⃗α þ P⃗B k⃗1 fBP⃗B − P⃗α k⃗2 fβ1P⃗α
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that the pairwise attractive interaction provided by hVConi is
far smaller than that of the two singly charmed baryons in
the decay final states. Therefore, their masses are higher
than the threshold of the decay final states. For simplicity,
we use the notation HcontentðMass; I; JPÞ to label a par-
ticular doubly charmed hexaquark state.

A. The cc½nn�½nn� and cc½ss�½ss� subsystems

In the following, we first discuss the cc½nn�½nn� and
cc½ss�½ss� subsystems. For the cc½nn�½nn� subsystem, the
isospin of two ½nn� diquarks can couple to I ¼ 2, 1, and 0.
According to the spin-statistics theorem, the I ¼ 2 states
and the I ¼ 0 states have the same symmetry constraints for
total wave functions, leading to their degeneracy in mass
spectra, RMS radii, and decay properties. A similar
situation also occurs in the doubly heavy pentaquark
system. For the ccnnn̄ and bbnnn̄ subsystems with
Inn ¼ 1, the same spectra are obtained for the case of
the total isospin I ¼ 1=2 and 3=2 [90]. This arises because
both the confinement potential and hyperfine interaction in
the Hamiltonian are independent of isospin.
Of course, there is also a special configuration:

j½ðnnÞI¼0
s¼0ðnnÞI¼0

s¼0�I¼0;6̄c
s¼0 ðccÞI¼0;6c

s¼0 iI¼0
s¼0. In this configuration,

the two ½nn� diquarks only couple to total isospin I ¼ 0.
This feature leads to an additional allowed state:
Hc2½nn�2ð5043; 0; 0þÞ in the IðJPÞ ¼ 0ð0þÞ state, which is
absent in the IðJPÞ ¼ 0ð2þÞ sector. Notably, due to the
significant suppression of color-spin mixing, the mass gaps
between IðJPÞ ¼ 0ð0þÞ and 0ð2þÞ states are negligible
(Δm < 1 MeV), maintaining approximate degeneracy.
Apart from the Hc2½nn�2ð5043; 0; 0þÞ state, the remaining
0ð0þÞ and 2ð0þÞ states still have the same mass, RMS radii,
and decay behavior, and are represented by the same
dataset in Table IV.
For the Hc2½nn�2ð5043; 0; 0þÞ state, because of the low

mass and narrow width, it may be the most ideal in the
doubly charmed hexaquark system. In this scheme, there is
potential to observe this state. Its unique properties are as
follows: first, both ½nn� diquarks in the state are scalar
diquarks with I ¼ 0, S ¼ 0. Compared with other diquark
configurations, the structures of this system have an
antisymmetric color part and an antisymmetric spin part,
which result in the strongest internal confinement potential
and chromomagnetic interaction, and lead to higher sta-
bility. Consequently, this configuration achieves the lowest
mass (5043 MeV) within the doubly charmed hexaquark
spectrum. Second, this state mainly decays into the ΛcΛc
final state, while other decay channels are significantly
suppressed. Since the Λc is well established, we strongly
suggest searching for the hexaquark state in the ΛcΛc
channel. Finally, its total width Γtotal ¼ 14.3 MeV. Though
it is wider than the sub-MeV-scale width of the exper-
imentally discovered Tþ

ccð3875Þ, it still remains character-
istic of a narrow hadronic resonance. This is because

Tþ
ccð3875Þ lies slightly below theD�þD0 threshold, making

the three-body decay D0D0π its dominant channel and
resulting in an extremely narrow width. In contrast, the
Hc2½nn�2ð5043; 0; 0þÞ state is above theΛcΛc threshold, with
a larger decay phase space.
The discovery of Tþ

ccð3875Þ again demonstrates the
experimental detectability of the doubly charmed multi-
quark system. Therefore, we suggest that experimental
collaborations like LHCb, CMS, ATLAS, etc. produce
the ΛcΛc final state via high-luminosity pp collisions
and analyze the invariant mass spectrum within the
5000–5100 MeV range to search for this narrow peak
structure.
For the other two I½JP� ¼ 2ð0Þ½0þ� states: Hc2½nn�2ð5582;

2ð0Þ; 0þÞ and Hc2½nn�2ð5512; 2ð0Þ; 0þÞ, due to large phase
space, they both decay into the Σ�

cΣ�
c and ΣcΣc final states.

Their mass gap reaches 70 MeV, because of different color
configurations. Further, we find that compared with the
3̄ ⊗ 3 color configuration, the 6 ⊗ 6̄ color configuration
exhibits stronger attractive interactions, resulting in lower
masses for these states. Meanwhile, their total decay widths
are 44 MeV and 27 MeV, respectively. The corresponding
relative partial decay width ratios are as follows:

Γ½Hc2½nn�2ð5582; 2ð0Þ; 0þÞ → ΣcΣc�
Γ½Hc2½nn�2ð5582; 2ð0Þ; 0þÞ → Σ�

cΣ�
c�
¼ 1; ð23Þ

and

Γ½Hc2½nn�2ð5512; 2ð0Þ; 0þÞ → ΣcΣc�
Γ½Hc2½nn�2ð5512; 2ð0Þ; 0þÞ → Σ�

cΣ�
c�
¼ 2

11
; ð24Þ

respectively. For other I ¼ 2ð0Þ cc½nn�½nn� states, one can
perform similar discussions on the decay behaviors accord-
ing to Table IV and Fig. 3.
For the I ¼ 1 cc½nn�½nn� states, there is no ground

I½JP� ¼ 1½0þ� state due to symmetry constraints.
Meanwhile, the total decay widths of most of states are
larger than 20 MeV, classifying them as relatively broad
states. Among these states, the Hc2½nn�2ð5365; 1; 1þÞ is the
narrowest state. Although its decay phase space is larger
than that of Hc2½nn�2ð5283; 1; 1þÞ, its total width is only
about 10 MeV. For this state, we have

Γ½Hc2½nn�2ð5365; 1; 1þÞ → ΣcΛc�
Γ½Hc2½nn�2ð5365; 1; 1þÞ → Σ�

cΛc�
¼ 1

2
: ð25Þ

This indicates that the Σ�
cΛc decay channel is dominant.

The narrow width of Hc2½nn�2ð5365; 1; 1þÞ makes its
peak shape significantly distinguishable from the back-
ground. Therefore, we suggest that experiments scan the
invariant mass spectrum of Σ�

cΛc in the mass range of
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5300–5400 MeV, with particular attention to the narrow
peak structure near 5360 MeV. If the peak position and
width observed in the experiment are consistent with
theoretical predictions, and the branching ratio conforms
to the 1∶2 ratio, it can be confirmed as the signal of
Hc2½nn�2ð5365; 1; 1þÞ.

Moreover, for the Hc2½nn�2ð5590;1;1þÞ and Hc2½nn�2$5586;
1; 1þÞ states, they are degenerate states, which have the
same quantum numbers and similar masses (ΔM¼4MeV).
Although they have similar decay phase space, the total
decay width of Hc2½nn�2ð5590; 1; 1þÞ is 33 MeV, approx-
imately 1.5 times that of Hc2½nn�2ð5586; 1; 1þÞ. And their

FIG. 3. Relative positions for the cc½nn�½nn� (a) and cc½ss�½ss� (b) hexaquark states labeled with horizontal solid lines, the labels, e.g.,
5582ðΓ ¼ 43Þ represent the mass and total decay width of the corresponding state (units: MeV). In the cc½nn�½nn� subsystem, the black,
red, and purple horizontal lines represent the hexaquark states with I ¼ 2, 0, I ¼ 1, and I ¼ 0, respectively. The dotted lines denote
various S-wave baryon-baryon thresholds, and the superscripts (subscript) of the labels, e.g., ðΣ�

cΣ�
cÞ3;2;1;02;1;0 , represent the possible total

angular momenta (isospin) of the channels. The solid dots of different colors where the vertical dashed lines with arrows intersect the
horizontal solid lines represent the allowed rearranged S-wave decay processes. If a vertical dashed line with an arrow intersects a
horizontal solid line without a solid dot, it means that corresponding decay process is forbidden for the relevant state.
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relative partial decay width ratios are

ΓΣ�
cΣ�

c
∶ ΓΣcΣ�

c
∶ΓΣcΣc

¼ 1∶0.1∶5; ð26Þ

and

ΓΣ�
cΣ�

c
∶ΓΣcΣ�

c
∶ΓΣcΣc

¼ 25∶0.5∶1; ð27Þ

respectively. Evidently, ΣcΣc and Σ�
cΣ�

c are their dominant
decay channels, respectively. Although theoretically we can
distinguish them by their total decay widths and the
branching ratios, current experimental detectors still face
great difficulties in distinguishing degenerate states with a
mass difference (ΔM) of 4 MeV.
For the cc½ss�½ss� subsystem, since it has exactly the

same symmetry constraints as the cc½nn�½nn� subsystem
with I ¼ 2, the number of allowed states is also identical.
Due to symmetry constraints, there is no ground I½JP� ¼
0½3þ� state. Among them, the Hc2½ss�2ð6021; 0; 1þÞ is the
narrowest state whose total width is around 12 MeV, even
though it has more allowed decay channels: ΩcΩc, Ω�

cΩc,
and Ω�

cΩ�
c. Here, we obtain the following relative ratio of

decay widths:

ΓΩ�
cΩ�

c
∶ ΓΩ�

cΩc
∶ΓΩcΩc

¼ 3∶13∶1: ð28Þ

Our results show that the Ω�
cΩc channel is its dominant

decay channel. Moreover, all the cc½ss�½ss� states can decay
into Ω�

cΩ�
c final states, and this decay channel is crucial for

identifying cc½ss�½ss� states. Although theoretical predic-
tions indicate clear signals in the cc½ss�½ss� subsystem,
experimental discovery of this subsystem still faces sig-
nificant challenges. Firstly, the production probability
of the ½ss� quark pair in proton-proton collisions is much
lower than that of the ½nn� pair. Additionally, the exper-
imental reconstruction of its decay final states Ω�

c and Ωc is
relatively complex.

B. The cc½nn�½ns� and cc½ss�½sn� subsystems

Next, we discuss the cc½nn�½ns� and cc½ss�½sn�
subsystems. For the cc½nn�½ns� subsystem, the j½ðnnÞI¼0

ðnsÞI¼1
2�$ccÞi configuration only couples to I ¼ 1=2 states.

On the contrary, the j½ðnnÞI¼1ðnsÞI¼1
2�ðccÞi configuration

can couple to I ¼ 3=2 and I ¼ 1=2 states. Although color-
spin mixing occurs in the two above configurations for the
I ¼ 1=2 states, as can be seen from Table V, the hVSSi is
significantly suppressed, resulting in the mixing being
negligible. Thus, the I ¼ 3=2 and I ¼ 1=2 states from
the j½ðnnÞI¼1ðnsÞI¼1

2�ðccÞi configuration would have the
same mass spectra, RMS radii, and decay behaviors. For
these states, they are relatively broad states, and have many
different decay channels. Therefore, there are obstacles to
experimentally discovering these states. Their resonance
peaks are prone to be misjudged as continuous background

fluctuations. Thus, we do not recommend that relevant
experiments attempt to reconstruct resonance peaks from
these decay final states.
Here, we take the Hc2½nn�½ns�ð5710; 3=2ð1=2Þ; 2þÞ as an

example for discussion. Similar situations also apply to
other states. Its total decay width reaches 56 MeV and the
relative partial decay width ratio is,

ΓΣ�
cΞ�

c
∶ ΓΣ�

cΞ0
c
∶ΓΣcΞ�

c
∶ΓΣcΞ0

c
¼ 7.7∶1∶17∶36; ð29Þ

i.e., ΣcΞ�
c and ΣcΞ0

c are its dominant decay channels.
According to Fig. 4, for the cc½nn�½ns� states with the

configuration j½ðnnÞI¼0ðnsÞI¼1
2�ðccÞi, their masses are gen-

erally lower than those of the states with the configuration
j½ðnnÞI¼1ðnsÞI¼1

2�ðccÞi. This is because the mass of the
scalar diquark ½nn� is lower than that of the vector diquark
½nn� with I ¼ 1 and S ¼ 1. Meanwhile, the total decay
widths of j½ðnnÞI¼0ðnsÞI¼1

2�ðccÞi are generally smaller than
those of j½ðnnÞI¼1ðnsÞI¼1

2�ðccÞi, and the same situation
exists in the cc½nn�½nn� and cc½nn�½ss� subsystems. This
indicates that compared with other states, those containing
the scalar diquark configuration have lower masses,
stronger internal interactions, narrower total widths, rela-
tively longer lifetimes, and are more likely to be detected
experimentally in the doubly charmed hexaquark system.
Moreover, there exists a relatively narrow state,

Hc2½nn�½ns�ð5482; 1=2; 0þÞ, whose total width is less than
5 MeVand it only decays to ΛcΞ0

c final states. Its relatively
narrow width implies that its resonance peak is quite
distinct, and the specific decay mode provides a clear
signature for experimental searches. Therefore, the
Hc2½nn�½ns�ð5482; 1=2; 0þÞ has the potential to be discovered
in experiments. Further, we suggest the relevant experiment
check for the signal of Hc2½nn�½ns�ð5482; 1=2; 0þÞ in the
5400–5500 MeV energy window, and its lineshape should
be relatively prominent in the ΛcΞ0

c mass spectrum.
In addition, the Hc2½nn�½ns�ð5487; 1=2; 1þÞ and

Hc2½nn�½ns�ð5261; 1=2; 0þÞ are also relatively narrow states,
with total widths of 16 and 19 MeV, respectively. The
Hc2½nn�½ns�ð5261; 1=2; 0þÞ only decays to ΞcΛc final states.
For the Hc2½nn�½ns�ð5487; 1=2; 1þÞ, we obtain its relative
partial decay width ratios as,

Γ½Hc2½nn�½ns�ð5487; 1=2; 1þÞ → Ξ�
cΛc�

Γ½Hc2½nn�½ns�ð5487; 1=2; 1þÞ → Ξ0
cΛc�

¼ 5

3
: ð30Þ

For the cc½ss�½sn� subsystem, since it has exactly the
same symmetry constraints as the cc½nn�½ns� subsystem
with I ¼ 3=2, the number of allowed states is also exactly
identical. Due to the larger decay phase space and multiple
different decay channels, most of the states belong to
relatively broad states, with their decay widths ranging
from 35 to 100 MeV. Among them, there is a relatively
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FIG. 4. Relative positions for the cc½nn�½ns� (a) and cc½ss�½sn� (b) hexaquark states labeled with horizontal solid lines, the labels,
e.g., 5703ðΓ ¼ 48Þ represent the mass and total decay width of the corresponding state (units: MeV). In the cc½nn�½ns� subsystem,
the black and red horizontal lines represent the hexaquark states with I ¼ 3=2 and I ¼ 1=2, respectively. The notations are the same
as those of Fig. 3.
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special state: Hc2½ss�½sn�ð5806; 1=2; 2þÞ, whose total width is
27 MeV. Therefore, it is the narrowest state in the cc½ss�½sn�
subsystem. Moreover, it only decays into the Ω�

cΞc final
states, which means there is a high possibility of observing
it in the Ω�

cΞc decay channel. Based on the above research
on the typical states, and with reference to Table V and
Fig. 4, one can perform similar discussions on the decay
behaviors of other cc½ss�½sn� states, and further explore
their characteristics in depth.

C. The cc½nn�½ss� and cc½ns�½ns� subsystems

Finally, we discuss the cc½nn�½ss� and cc½ns�½ns� sub-
systems. These two subsystems both have the same quark
contents, the same quantum numbers, and same mass
range. However, we can still distinguish them easily,
because their decay final states show obvious differences.

The cc½nn�½ss� states mainly decay to Σð�Þ
c Ωð�Þ

c and ΛcΩ
ð�Þ
c

final states, with the Ξð�Þ
c Ξð�Þ

c decay channel being
extremely suppressed. In contrast, the decay behavior of
the cc½ns�½ns� states is completely opposite to that of the
cc½nn�½ss� states.
For isovector cc½nn�½ss� states, they are all relatively

broad states, with their total widths ranging from 30 to
70 MeV. Then for the four I½JP�¼1½1þ� states, three of
them, namely Hc2½nn�½ss�ð5811;1;1þÞ, Hc2½nn�½ss�ð5810;1;1þÞ,
and Hc2½nn�½ss�ð5809; 1; 1þÞ, are partner states with similar
masses and widths. Their total widths are 60, 69, and
64 MeV, respectively, and the mass gaps among them
are only 1 MeV. We can distinguish them by the ratios of
relative partial widths:

ΓΣ�
cΩ�

c
∶ ΓΣ�

cΩc
∶ΓΣcΩ�

c
∶ΓΣcΩc

¼ 6∶1∶14∶33;

ΓΣ�
cΩ�

c
∶ΓΣ�

cΩc
∶ΓΣcΩ�

c
∶ΓΣcΩc

¼ 1∶2∶23∶0.3;

and

ΓΣ�
cΩ�

c
∶ΓΣ�

cΩc
∶ΓΣcΩ�

c
∶ΓΣcΩc

¼ 22∶1∶35∶1; ð31Þ

respectively. From the above ratios, we notice that
the ΣcΩc channel is the dominant decay channel for the
Hc2½nn�½ss�ð5811; 1; 1þÞ. In contrast, the ΣcΩc channel is
suppressed in the Hc2½nn�½ss�ð5810;1;1þÞ and Hc2½nn�½ss�ð5809;
1; 1þÞ. They mainly decay to ΣcΩ�

c final states and ΣcΩ�
c,

Σ�
cΩ�

c final states, respectively.
For isoscalar states, there exists a narrow state,

Hc2½nn�½ss�ð5586; 0; 0þÞ. It has a total width of about
7 MeV and only decays to ΛcΩc final states. Although it
has a larger decay phase space, the signs of the Feynman
amplitudes MðA → BCÞ [Eq. (15)] from the four quark-
interchange diagrams (Fig. 2) are different for the ΛcΩc
decay channel. The contributions among them largely
cancel out, leading to the suppression of the decay width.
These characteristics, namely the narrow width and the

unique ΛcΩc-only decay mode, are highly desirable in
experimental searches. They make the lineshape of
Hc2½nn�½ss�ð5586; 0; 0þÞ more prominent in relevant experi-
ments, thus increasing the likelihood of its discovery.
Therefore, we suggest that experiments prioritize the search
for possible resonance peaks in the 5500–5600 MeV range
of the ΛcΩc invariant mass spectrum.
For the cc½ns�½ns� subsystem, the two ½ns� diquarks

need to satisfy the spin-statistics theorem as identical
particles in the j½ðnsÞI¼1=2

s¼1 ðnsÞI¼1=2
s¼1 �ðccÞi and j½ðnsÞI¼1=2

s¼0

ðnsÞI¼1=2
s¼0 �ðccÞi configurations. In the j½ðnsÞI¼1=2

s¼0

ðnsÞI¼1=2
s¼1 �ðccÞi configuration, since the two diquarks are

not identical particles, the constraints imposed on the color-
spin wave functions for their coupling to the I ¼ 1 state and
the I ¼ 0 state are identical. As a result, they have exactly
the same masses, RMS radii, and decay behaviors. Among
them, Hc2½ns�2ð5828; 1; 1þÞ is the state with the narrowest
width. Although it has multiple rearrangement decay
channels: Ξ�

cΞ�
c, Ξ�

cΞ0
c, and Ξ0

cΞ0
c, its total width is still

less than 10 MeV. The partial width ratio is,

ΓΞ�
cΞ�

c
∶ ΓΞ�

cΞ0
c
∶ΓΞ0

cΞ0
c
¼ 1∶2.5∶0.3: ð32Þ

Our results show that Ξ�
cΞ0

c is the dominant decay channel.
We propose that future experimental investigations
could explore the presence of the signal corresponding
to Hc2½ns�2ð5828; 1; 1þÞ within the mass range of 5800–
5900 MeV in the Ξ�

cΞ0
c final states. For other cc½ns�½ns�

states, one can perform similar discussions on the decay
behaviors according to Table VI and Fig. 5.

D. Discussions of the coupled-channel effects

In the above studies, we mainly focus on the quenched
situations. According to Figs. 3–5, some states have widths
with tens of MeV. In this way, the coupling between the
original states and channels may change the masses, i.e.,
the coupled-channel effects [91–96]. In addition, some of
the same JP may contain several states, which leads to more
complex coupled-channel effects, i.e., the different states
with the JP quantum numbers could be coupled by the
common channels. In order to quantitatively scale how large
the mass shifts from coupled-channel effects, we introduce
the following coupled-channel equation, i.e., [96,97],

�
M1

bare þ ΔM11ðMÞ ΔM12ðMÞ
ΔM21ðMÞ M2

bare þ ΔM22ðMÞ

��
c1
c2

�

¼ M

�
c1
c2

�
; ð33Þ

whereM is the eigenvalue of the equation, which is also the
physical mass obtained by the coupled-channel effects.
Different from the physical mass M, M1

bare and M2
bare are

bare masses of two states, i.e., the results from the pure
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TABLE VI. Numerical results of the mass spectrum, the mass contributions of each Hamiltonian part (in MeV), the root-mean-square
radii (in fm), and the partial decay widths and total decay widths of the fall-apart decay processes (in MeV) for the cc½nn�½ss� and
cc½ns�½ns� hexaquark states.

cc½nn�½ss� Each part contribution RMS radius Fall-apart decay properties

I½JP� Configuration Mass hTi hVConi hVSSi R12 R34
R13

R14

R23

R24
R12−34

R13−24
R14−23 Σ�

cΩ�
c Σ�

cΩc ΣcΩ�
c ΣcΩc Γsum

1½3þ� j½ðnnÞI¼1;3̄c
s¼1 ðssÞI¼0;3̄c

s¼1 �I¼1;3c
s¼2 ðccÞI¼0;3̄c

s¼1 iI¼1
s¼3

5834 1365.7 −1622.2 19.7 1.25 1.25 1.36 1.31 1.25 1.41 42.2 42.2

1½2þ� 0
B@ j½ðnnÞI¼1;3̄c

s¼1 ðssÞI¼0;3̄c
s¼1 �I¼1;3c

s¼2 ðccÞI¼0;3̄c
s¼1 iI¼1

s¼2

j½ðnnÞI¼1;3̄c
s¼1 ðssÞI¼0;3̄c

s¼1 �I¼1;3c
s¼1 ðccÞI¼0;3̄c

s¼1 iI¼1
s¼2

j½ðnnÞI¼1;3̄c
s¼1 ðssÞI¼0;3̄c

s¼1 �I¼1;6̄c
s¼2 ðccÞI¼0;6c

s¼0 iI¼1
s¼2

1
CA
 
5820

5819

5726

! 1373.4 −1629.9 5.7 1.25 1.25 1.36 1.30 1.40 1.25 4.5 13.4 39.7 57.6
1373.8 −1630.3 4.8 1.25 1.25 1.36 1.30 1.41 1.25 35.3 0.4 18.8 54.5
1366.0 −1715.5 4.2 1.44 1.45 1.32 1.25 1.10 1.44 14.3 9.3 10.7 34.3

1½1þ� 0
BBB@

j½ðnnÞI¼1;3̄c
s¼1 ðssÞI¼0;3̄c

s¼1 �I¼1;3c
s¼2 ðccÞI¼0;3̄c

s¼1 iI¼1
s¼1

j½ðnnÞI¼1;3̄c
s¼1 ðssÞI¼0;3̄c

s¼1 �I¼1;3c
s¼1 ðccÞI¼0;3̄c

s¼1 iI¼1
s¼1

j½ðnnÞI¼1;3̄c
s¼1 ðssÞI¼0;3̄c

s¼1 �I¼1;3c
s¼0 ðccÞI¼0;3̄c

s¼1 iI¼1
s¼1

j½ðnnÞI¼1;3̄c
s¼1 ðssÞI¼0;3̄c

s¼1 �I¼1;6̄c
s¼1 ðccÞI¼0;6c

s¼0 iI¼1
s¼1

1
CCCA
0
B@

5811

5810

5809

5730

1
CA

1378.5 −1635.0 −3.7 1.25 1.25 1.35 1.30 1.40 1.25 7.0 1.1 15.7 35.9 59.7
1378.9 −1635.4 −4.6 1.24 1.25 1.36 1.30 1.40 1.25 2.6 5.7 59.8 0.8 68.9
1379.2 −1635.6 −5.1 1.24 1.25 1.36 1.30 1.41 1.25 23.7 1.1 38.1 1.1 64.0
1363.7 −1713.2 8.3 1.45 1.45 1.32 1.25 1.10 1.45 23.4 2.7 3.5 4.0 33.6

1½0þ�  
j½ðnnÞI¼1;3̄c

s¼1 ðssÞI¼0;3̄c
s¼1 �I¼1;3c

s¼1 ðccÞI¼0;3̄c
s¼1 iI¼1

s¼0

j½ðnnÞI¼1;3̄c
s¼1 ðssÞI¼0;3̄c

s¼1 �I¼1;6̄c
s¼0 ðccÞI¼0;6c

s¼0 iI¼1
s¼0

! �
5805

5724

�
1381.5 −1638.0 −9.3 1.24 1.25 1.35 1.30 1.40 1.25 28.5 28.2 56.7
1367.1 −1714.5 2.1 1.44 1.45 1.32 1.25 1.10 1.44 28.9 6.2 35.1

I½JP� Configuration Mass hTi hVConi hVSSi R12 R34
R13

R14

R23

R24
R12−34

R13−24
R14−23

ΛcΩ�
c ΛcΩc Γsum

0½2þ� j½ðnnÞI¼0;3̄c
s¼0 ðssÞI¼0;3̄c

s¼1 �I¼0;3c
s¼1 ðccÞI¼0;3̄c

s¼1 iI¼0
s¼2

5598 1379.3 −1529.5 9.3 1.33 1.26 1.45 1.31 1.45 1.29 53.6 53.6

0½1þ�  
j½ðnnÞI¼0;3̄c

s¼0 ðssÞI¼0;3̄c
s¼1 �I¼0;3c

s¼1 ðccÞI¼0;3̄c
s¼1 iI¼0

s¼1

j½ðnnÞI¼0;3̄c
s¼0 ðssÞI¼0;3̄c

s¼1 �I¼1;6̄c
s¼1 ðccÞI¼0;6c

s¼0 iI¼0
s¼1

! �
5590

5503

�
1383.6 −1533.9 1.1 1.33 1.26 1.45 1.31 1.44 1.29 10.6 7.5 18.1
1375.7 −1617.5 6.1 1.52 1.47 1.43 1.24 1.13 1.48 18.8 4.0 22.8

0½0þ� j½ðnnÞI¼0;3̄c
s¼0 ðssÞI¼0;3̄c

s¼1 �I¼0;3c
s¼1 ðccÞI¼0;3̄c

s¼1 iI¼0
s¼0

5586 1385.8 −1536.1 −3.1 1.33 1.26 1.45 1.30 1.44 1.29 6.5 6.5

cc½ns�½ns� Each part contribution RMS Radius Fall-apart decay properties

I½JP� Configuration Mass hTi hVConi hVSSi R12 R34
R13

R14

R23

R24
R12−34

R13−24
R14−23

Ξ�
cΞ�

c Ξ�
cΞ0

c Ξ0
cΞ0

c ΞcΞc Γsum

1½2þ�  
j½ðnsÞI¼1

2;3̄c
s¼1 ðnsÞI¼1

2;3̄c
s¼1 �I¼1;3c

s¼1 ðccÞI¼0;3̄c
s¼1 iI¼1

s¼2

j½ðnsÞI¼1
2;3̄c

s¼1 ðnsÞI¼1
2;3̄c

s¼1 �I¼1;6̄c
s¼2 ðccÞI¼0;6c

s¼0 iI¼1
s¼2

! �
5837

5743

�
1373.0 −1641.0 4.8 1.24 1.25 1.33 1.33 1.40 1.24 37.6 0.4 38.0
1364.7 −1725.8 4.3 1.44 1.45 1.28 1.28 1.10 1.44 15.3 8.9 24.2

1ð1þÞ j½ðnsÞI¼1
2
;3̄c

s¼1 ðnsÞI¼1
2
;3̄c

s¼1 �I¼1;3c
s¼1 ðccÞI¼0;3̄c

s¼1 iI¼1
s¼1

5828 1378.0 −1646.0 −4.3 1.24 1.25 1.32 1.32 1.40 1.24 2.4 6.1 0.7 9.2

1½0þ� 0
BB@

j½ðnsÞI¼1
2
;3̄c

s¼1 ðnsÞI¼1
2
;3̄c

s¼1 �I¼1;3c
s¼1 ðccÞI¼0;3̄c

s¼1 iI¼1
s¼0

j½ðnsÞI¼1
2;3̄c

s¼1 ðnsÞI¼1
2;3̄c

s¼1 �I¼1;6̄c
s¼0 ðccÞI¼0;6c

s¼0 iI¼1
s¼0

j½ðnsÞI¼1
2;3̄c

s¼0 ðnsÞI¼1
2;3̄c

s¼0 �I¼1;6̄c
s¼0 ðccÞI¼0;6c

s¼0 iI¼1
s¼0

1
CCA
 
5823

5749

5470

! 1380.5 −1648.5 −8.9 1.23 1.25 1.32 1.32 1.40 1.24 27.6 29.5 57.1
1361.4 −1722.5 10.2 1.44 1.45 1.28 1.28 1.10 1.44 30.0 6.7 36.7
1369.1 −1643.4 6.1 1.50 1.47 1.32 1.32 1.13 1.48 26.7 26.7

0½3þ� j½ðnsÞI¼1
2;3̄c

s¼1 ðnsÞI¼1
2;3̄c

s¼1 �I¼0;3c
s¼2 ðccÞI¼0;3̄c

s¼1 iI¼0
s¼3

5851 1365.2 −1633.2 19.3 1.24 1.25 1.33 1.33 1.41 1.25 47.1 47.1

0½2þ� j½ðnsÞI¼1
2;3̄c

s¼1 ðnsÞI¼1
2;3̄c

s¼1 �I¼0;3c
s¼2 ðccÞI¼0;3̄c

s¼1 iI¼0
s¼2

5838 1372.7 −1640.7 5.6 1.24 1.25 1.33 1.33 1.40 1.25 4.2 13.4 17.6

0½1þ� 0
BBBBB@

j½ðnsÞI¼1
2
;3̄c

s¼1 ðnsÞI¼1
2
;3̄c

s¼1 �I¼0;3c
s¼2 ðccÞI¼0;3̄c

s¼1 iI¼0
s¼1

j½ðnsÞI¼1
2
;3̄c

s¼1 ðnsÞI¼1
2
;3̄c

s¼1 �I¼0;3c
s¼0 ðccÞI¼0;3̄c

s¼1 iI¼0
s¼1

j½ðnsÞI¼1
2
;3̄c

s¼1 ðnsÞI¼1
2
;3̄c

s¼1 �I¼0;6̄c
s¼1 ðccÞI¼0;6c

s¼0 iI¼0
s¼1

j½ðnsÞI¼1
2
;3̄c

s¼0 ðnsÞI¼1
2
;3̄c

s¼0 �I¼0;3c
s¼0 ðccÞI¼0;3̄c

s¼1 iI¼0
s¼1

1
CCCCCA

0
BB@

5829

5827

5747

5562

1
CCA

1377.7 −1645.7 −3.6 1.24 1.25 1.32 1.32 1.40 1.24 6.6 1.1 36.4 44.1
1378.2 −1646.2 −4.7 1.23 1.25 1.32 1.32 1.40 1.24 28.6 1.4 1.3 31.3
1362.5 −1723.6 8.2 1.44 1.45 1.28 1.28 1.10 1.44 25.0 2.9 4.5 32.4
1378.2 −1559.3 5.2 1.30 1.26 1.36 1.36 1.44 1.28 41.5 41.5

IðJPÞ Configuration Mass hTi hVConi hVSSi R12 R34
R13

R14

R23

R24
R12−34

R13−24
R14−23

ΞcΞ�
c ΞcΞ0

c Γsum

1ð0Þ½2þ� j½ðnsÞI¼1
2;3̄c

s¼0 ðnsÞI¼1
2;3̄c

s¼1 �I¼1;3c
s¼1 ðccÞI¼0;3̄c

s¼1 iI¼1
s¼2

5705 1372.9 −1596.9 9.8 1.27 1.26 1.37 1.33 1.42 1.26 68.4 68.4

1ð0Þ½1þ�  j½ðnsÞI¼1
2
;3̄c

s¼0 ðnsÞI¼1
2
;3̄c

s¼1 �I¼1;3c
s¼1 ðccÞI¼0;3̄c

s¼1 iI¼1
s¼1

j½ðnsÞI¼1
2
;3̄c

s¼0 ðnsÞI¼1
2
;3̄c

s¼1 �I¼1;6̄c
s¼1 ðccÞI¼0;6c

s¼0 iI¼1
s¼1

! �
5696

5608

�
1377.8 −1601.8 0.6 1.27 1.25 1.36 1.33 1.42 1.26 14.0 13.6 27.6
1366.5 −1683.7 6.2 1.47 1.46 1.33 1.27 1.11 1.46 9.6 9.2 18.8

1ð0Þ½0þ� j½ðnsÞI¼1
2
;3̄c

s¼0 ðnsÞI¼1
2
;3̄c

s¼1 �I¼1;3c
s¼1 ðccÞI¼0;3̄c

s¼1 iI¼1
s¼0

5691 1380.3 1604.3 −4.0 1.27 1.25 1.36 1.32 1.42 1.26 13.3 13.3
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FIG. 5. Relative positions for the cc½nn�½ss� (a) and cc½ns�½ns� (b) hexaquark states labeled with horizontal solid lines, the labels, e.g.,
5703ðΓ ¼ 48Þ represent the mass and total decay width of the corresponding state (units: MeV). In the cc½nn�½ss� and cc½ns�½ns�
subsystems, the black, red, and purple horizontal lines represent the hexaquark states with I ¼ 1, I ¼ 0, and I ¼ 1, 0, respectively. The
notations are same as those of Fig. 3.
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potential model. The ΔM11, ΔM22, ΔM12, and ΔM21 are
mass shifts, which are defined by

ΔM11ðMÞ ¼ 1

2JA1
þ 1

X
BiCi

Re
Z jTðA1 → BiCiÞj2

M − EBi
− ECi

d3PBi
;

ð34Þ

ΔM22ðMÞ ¼ 1

2JA2
þ 1

X
BiCi

Re
Z jTðA2 → BiCiÞj2

M − EBi
− ECi

d3PBi
;

ð35Þ

ΔM12ðMÞ

¼ 1

2JA1
þ 1

X
BiCi

Re
Z

TðA1 → BiCiÞT�ðA2 → BiCiÞ
M − EBi

− ECi

d3PBi
;

ð36Þ

ΔM21ðMÞ

¼ 1

2JA1
þ 1

X
BiCi

Re
Z

T�ðA1 → BiCiÞTðA2 → BiCiÞ
M − EBi

− ECi

d3PBi
;

ð37Þ

where A1ð2Þ and BiCi are bare states and intermediate
channels, respectively. TðA1ð2Þ → BiCiÞ is the transition
matrix element of A1ð2Þ → BiCi, which is defined in
Eqs. (16) and (17). In this work, we take the
Hc2½ss�2ð5950; 0þÞ and Hc2½ss�2ð6025; 0þÞ as examples to
illustrate the contributions from coupled-channel effects. In
this scheme, A1 and A2 correspond toHc2½ss�2ð5950; 0þÞ and
Hc2½ss�2ð6025; 0þÞ, respectively. As shown in Fig. 3, the two
0þ states could decay intoΩcΩc andΩ�

cΩ�
c in S wave. Thus,

we take the intermediate channels BiCi as ΩcΩc and Ω�
cΩ�

c.
Finally, we obtain two solutions, i.e., 5959 MeV and
6039 MeV. We find the mass shift is only about 10 MeV
and the sign is positive. We notice that even though the two
0þ states could couple with ΩcΩc and Ω�

cΩ�
c with S-wave,

the bare masses are about 400–600 MeV higher than the
thresholds. In this work, we find that the coupled-channel
effects are significant near the thresholds, i.e., the mass shifts
may be larger than 40 MeV. This property matches the
results in Refs. [92,93]. But in this work, the bare masses are
much higher than the thresholds, which leads to the coupled-
channel effects being highly depressed. On the other hand,
we notice that the coupled-channel effects enlarge the
masses. If the masses M are below the thresholds,
Eqs. (34) and (35) are general integrations, and the signs
are negative. But if the masses M are above the thresholds,
we should take the principal values of integrations in
Eqs. (34)–(37), and the signs are not determined. In some
situations, the coupled-channel effects may increase the
masses [92].

IV. SUMMARY

In the field of hadron physics, the study of novel exotic
states is a central research focus. Meanwhile, the diquark-
heavy quark picture has been widely applied to singly
charmed baryon systems, yielding theoretical results that
are in high agreement with experimental outcomes.
Inspired by this success and based on the observed
Tþ
ccð3875Þ, this study further extends the investigation

by replacing the two antiquarks q̄ with two strongly
correlated light diquarks ½qq�, forming the new doubly
charmed hexaquark system (cc½qq�½qq�). An in-depth
study is conducted within the diquark-diquark-heavy
quark-heavy quark picture framework, aiming to provide
a more realistic mass spectrum for the doubly charmed
hexaquark system.
In this research, we first construct total wave functions

that satisfy the spin-statistics theorem, covering the flavor,
spatial, color, and spin parts. Then, within the framework of
the constituent quark model, we systematically calculated
the mass spectra of the doubly charmed hexaquark system
using the Gaussian expansion method. Finally, through
detailed calculations, we also obtained corresponding
internal mass contributions, root-mean-square radii, two-
body strong decay partial widths, and total decay widths. In
addition, we conducted a dedicated discussion of coupled-
channel effects.
The mass spectra of the doubly charmed hexaquark

system are in the range of 5000–6000 MeV, and the
analysis of the mass spectra shows that there is no stable
state in this system. All states can decay into two final-state
singly charmed baryons through two-body rearrangement
strong decay. The analysis of the internal mass contribu-
tions shows that the contributions of the kinetic energy and
the confinement potential are of the same order of magni-
tude, while the contribution of the hyperfine interaction
potential is suppressed and relatively small, leading to low
configuration mixing and small mass gaps between certain
configurations, resulting in partner states.
Regarding the RMS radii, most results are in the range of

1.2–1.6 fm, roughly in the same order of magnitude. This
implies that the spatial distribution between quarks is
relatively close and the internal interactions within the
system are strong, which is consistent with the expectations
of the compact doubly charmed hexaquark configuration.
After that, we deeply analyzed the decay behavior of the

doubly charmed hexaquark system. The analysis indicates
that most observed states possess total decay widths
ranging from 30 to 100 MeV. However, there are still
some narrow states. Even though these states generally
have a large two-body decay phase space, the total widths
of some of them are even less than 10 MeV. Upon further
investigation of the reason, we found that for some specific
decay channels, the signs of the Feynman amplitudes
MðA → BCÞ from the four quark-exchange diagrams
are opposite. This causes their contributions to largely
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cancel each other out, ultimately leading to the suppression
of the decay width.
In the doubly charmed hexaquark system, the

Hc2½nn�2ð5043; 0; 0þÞ state is an ideal candidate for exper-
imental detection. Composed of two scalar ½nn� diquarks
(I ¼ 0, S ¼ 0), its structure enhances the internal confine-
ment potential and chromomagnetic interaction, resulting
in the lowest mass (5043 MeV) in the mass spectrum. It
mainly decays to the ΛcΛc final state with a total width of
14.3 MeV, with a narrow hadronic resonance characteristic.
Given the experimental detectability of doubly charmed
multiquark systems confirmed by the discovery of
Tþ
ccð3875Þ, we suggest the LHCb, CMS, ATLAS collab-

orations to analyze the ΛcΛc invariant mass spectrum in the
5000–5100 MeV range in high-luminosity pp collisions to
search for this state.
Furthermore, several narrow states also show great

potential for experimental detection. The Hc2½nn�½ns�ð5482;
1=2; 0þÞ state in the cc½nn�½ns� subsystem has a total width
of less than 5 MeV and decays only to ΛcΞ0

c, with high
detectability in the 5400–5500 MeV window. The
Hc2½nn�½ss�ð5586; 0; 0þÞ state in the cc½nn�½ss� subsystem
has a total width of about 7 MeVand decays only to ΛcΩc.
It may form a resonance peak in the 5500–5600 MeV
range of the ΛcΩc invariant mass spectrum. The
Hc2½ns�2ð5828; 1; 1þÞ state in the cc½ns�½ns� subsystem has
a total width of less than 10 MeV and its dominant decay
channel is Ξ�

cΞ0
c, showing distinct line shape compared to

the background in the 5800–5900 MeV range.
In addition, we also take Hc2½ss�2ð5950; 0þÞ and

Hc2½ss�2ð6025; 0þÞ as examples to illustrate the contribu-
tions from the coupled-channel effects. Since the masses

are much higher than the thresholds, the coupled-channel
effects are very small.
In summary, these results comprehensively reveal the

mass spectra, internal structures, and decay characteristics
of doubly charmed hexaquark states. We hope they can
provide some perspectives for further theoretical research.
Meanwhile, we also look forward to more experimental
collaborations focusing on doubly charmed hexaquark
states in the future. Conducting more experimental mea-
surements cannot only test our research results, but also
deepen the understanding of the interactions within multi-
quark systems.
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