
Dynamical study of D�DK and D�DD̄ systems at quark level

Yue Tan *

Department of Physics, Yancheng Institute of Technology, Yancheng 224000, People’s Republic of China

Xuejie Liu†

School of Physics, Henan Normal University, Xinxiang 453007, People’s Republic of China

Xiaoyun Chen‡

College of Science, Jinling Institute of Technology, Nanjing 211169, People’s Republic of China

Youchang Yang§

Department of Physics, Guizhou University of Engineering Science,
Bijie 551700, People’s Republic of China

Hongxia Huang∥ and Jialun Ping¶

Department of Physics, Nanjing Normal University, Nanjing 210023, People’s Republic of China

(Received 13 April 2024; accepted 10 June 2024; published 9 July 2024)

Inspired by the recent report from the LHCb Collaboration on Tcc, which can be interpreted as a
molecular DD�, we investigated two trimeson systems of the Tcc partner with IJP ¼ 01− in the framework
of a chiral quark model. In the first case, because of the attraction between D� and D̄, we explored the
existence of bound states in the system D�DD̄, which is obtained by adding D̄ into the molecular bound
state Tcc (DD�). Similarly, in the second case, we explored whether there is a bound state in the D�DK
system, which is obtained by addingK into the Tcc, given the attraction betweenD andK. The results show
that both of them are bound states, in which the binding energy of the molecular state DD�K is relatively
small, only 0.4� 0.4 MeV, while the binding energy of DD�D̄ is up to 1.6� 0.3 MeV. According to the
calculation results of the root-square-mean distances, the spatial structure of the two systems shows the
obvious ðDD�Þ-ðD̄=KÞ structure, in whichD is close toD� while DD� as a whole is relatively distant from
the third hadron (D̄=K), which are similar to the nucleon-electron structure. As a result, we strongly
recommend that these bound states DD�D̄ and DD�K are searched for experimentally.

DOI: 10.1103/PhysRevD.110.016005

I. INTRODUCTION

The quark model has been an important tool for under-
standing the low energy region of QCD; thus, unveiling the
internal quark structure of hadrons is very important. At
first, due to the limitation of experimental precision, the

mesons found in experiments are mainly ground states,
which can be well explained by the qq̄ (q ¼ u; d; s; c; b)
structure. However, the discovery of the Xð3872Þ opened a
new era in the quark model [1]. Since the energy of the qq̄
structure is 50–100 MeV in the quark model higher than
the experimental value of Xð3872Þ, the qq̄ structure cannot
explain the Xð3872Þ observed in experiments [2].
Therefore, the authors [3,4] proposed that the Xð3872Þ
may not be a qq̄ structure but rather a molecular state of
cq̄ − qc̄, specifically D�D̄, which has been confirmed by
numerous studies. After that, excited heavy mesons near
thresholds are widely believed to contain significant hid-
den-heavy molecular components qq̄0 þ nn̄ (n ¼ u; d; s)
[5–8]. Until the recent discovery of Tcc [9], the view has
been changed to the multiquark system that can be
composed of open charm or bottom quarks, because the
internal quark configuration of Tcc is a cq̄cq̄ configuration
different from the previous view. Therefore, it is reasonable
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to believe that with the continuous improvement of
experimental accuracy in the future, the exotic states with
an open flavor three-meson structure (qq̄0 − qq̄0 − qq̄0) will
be observed experimentally.
In fact, a lot of work [10–19] has been done on the

calculation of the trihadron system. In 2015, the authors
[10] take advantage of Faddeev-type Alt-Grassberger-
Sandhas equations, in which two phenomenological and
one chirally motivated K̄N potentials are used, to perform
dynamically exact calculations of a quasibound state in the
K̄ K̄ N trihadron system. The result shows that K̄N is a
good candidate of Λð1405Þ, and K̄ K̄ N is a good candidate
of the Ξð1950Þ state. Based on the fact that mesons D and
K can form D�

s0ð2317Þ, in Ref. [11], the authors search for
bound states in the DDK system. By coupling effects, they
found a bound state with the binding energy of the DDK
system about 60–70 MeV. According to this result,
Ref. [12] applies the Gaussian expansion method to study
the DDDK system and show that it binds as well. Through
the study of the partial decay of DDK, the authors in
Ref. [13] also believe that DDK is a stable state. In the
framework of the effective Lagrangian approach, the
authors of Ref. [14] claim that the molecular state D̄D̄�
is a possible candidate for Tcc, while the molecular state
D̄ð�ÞΣc is a candidate for Pc states. For the reason the two
molecules share a meson D̄, the trihadron state D̄D̄�Σc is
also a possible stable state. The authors [15] further
investigate three-hadron systems ηK�K̄�, πK�K̄�, and
KK�K̄� within the framework of fixed-center approxima-
tion, where K�K̄� is treated as the fixed center, correspond-
ing to the possible scalar meson a0ð1780Þ or the tensor
meson f02ð1525Þ. They find several resonances with a mass
about 2000 MeV. Under the assumption that the heavy
partner of the Tcc exists as a DD� state, Ortega [16]
explores the Efimov effect in theD�D�D� system and finds
a stable bound state.
According to the above work, there may be stable bound

states in the trihadron system, which is characterized by
one of the meson pair forming exotic states reported by
experiment. However, the three hadronic bound states
obtained by these works are almost all at the hadronic
level. To search for the stable trihadron state of the Tcc

partner, we will deeply study the DD�D̄ system that is
obtained by combining DD� in Tcc and D�D̄ in Xð3872Þ,
as well as the DD�K system that is obtained by combining
DD� in Tcc andDK inD�

s0ð2317Þwithin the quark level. In
this article, the S −D coupling effect is taken into account
in the calculation to replace the contribution from the color
structure of the three-meson structure. To calculate the
hexaquark properties, we use the Rayleigh-Ritz variational
method with a Gaussian expansion method (GEM), which
allows us to expand each relative motion in the system in
terms of Gaussian basis functions.
The structure of this paper is organized as follows: After

the Introduction, details of the chiral quark model (ChQM)

and GEM are introduced in Sec. II. In Sec. III, we present
the numerical results and a method of finding. The last
section is devoted to the summary.

II. THEORETICAL FRAMEWORK

Phenomenological models remain primary tools in
unveiling the nature of experimentally observed multi-
quark candidates. Therefore, the D�DK and D�DD̄ sys-
tems are thoroughly investigated by means of a ChQM.
Furthermore, the GEM, renowned for its high accuracy in
computing few-body systems, is utilized to explore the
bound states of the hexaquark system.

A. Chiral quark model

In the ChQM, the Hamiltonian consists of three parts: the
mass term (mi), the kinetic term ( p⃗i

2mi
), and the potential term

[VðrijÞ], which can be written as

H¼
X6
i¼1

miþ
p⃗2
12

2μ12
þ p⃗2

34

2μ34
þ p⃗2

56

2μ56
þ p⃗2

12;34

2μ12;34
þ p⃗2

1234;56

2μ1234;56

þ
X6
i<j¼1

½VconðrijÞþVogeðrijÞþVχ;χ¼π;η;K;σðrijÞ�; ð1Þ

where μij and p⃗ij are the reduced mass and momentum
of two interacting quarks or quark clusters, mi is the
constituent mass of the ith quark (antiquark), which can be
written as follows:

μ12 ¼
m1m2

m1 þm2

; μ34 ¼
m3m4

m3 þm4

; μ56 ¼
m5m6

m5 þm6

;

μ12;34 ¼
ðm1 þm2Þðm3 þm4Þ
m1 þm2 þm3 þm4

;

μ1234;56 ¼
ðm1 þm2 þm3 þm4Þðm5 þm6Þ
m1 þm2 þm3 þm4 þm5 þm6

;

p⃗12 ¼
m2p⃗1 −m1p⃗2

m1 þm2

; p⃗34 ¼
m4p⃗3 −m3p⃗4

m3 þm4

;

p⃗56 ¼
m6p⃗5 −m5p⃗6

m5 þm6

;

p⃗12;34 ¼
ðm3 þm4Þp⃗12 − ðm1 þm2Þp⃗34

m1 þm2 þm3 þm4

;

p⃗1234;56 ¼
ðm1 þm2 þm3 þm4Þp⃗56 − ðm5 þm6Þp⃗1234

m1 þm2 þm3 þm4 þm5 þm6

:

ð2Þ

In our investigation, we specifically consider dynamical
chiral symmetry breaking [Vχ;χ¼π;η;K;σðrijÞ], color confine-
ment [VconðrijÞ], and perturbative one-gluon exchange
interactions [VogeðrijÞ], which correspond to fundamental
properties of QCD in its low energy regime. Given the
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three-meson system (cq − cq̄ − qs̄ðqc̄Þ) with negative
parity, both S-wave andD-wave motions are present within
this system. As a result, the potential included in our
Hamiltonian incorporates both tensor force potential
[VTðrijÞ] and spin-orbit coupling potential [VSOðrijÞ].
VconðrijÞ represents the confining potential, mirroring

the essential “confinement” characteristic of QCD. Based
on lattice regularized QCD findings, it has been established
that multigluon exchanges yield an attractive potential that
increases linearly with the distance between infinitely
heavy quarks. Within the quark model, three distinct
potential energy forms exist: square confinement [20],
linear confinement [21], and exponential confinement [22]
with a screening effect. Square confinement and linear
confinement potentials share similarities, while the expo-
nential confinement potential is notable for its screening
effect at a higher energy region. Given our focus on the
bound state problem, there exists minimal disparity among
these three potential energies. Therefore, we adopt a square
confinement potential in this article. The VconðrijÞ com-
prises both the central force VC

conðrijÞ and the spin-orbit
force VSO

conðrijÞ:

VC
conðrijÞ ¼ ð−acr2ij − ΔÞλci · λcj ;

VSO
conðrijÞ ¼ −λci · λcj

ac
4m2

i m
2
j
½ððm2

i þm2
jÞð1 − 2asÞ

þ 4mimjð1 − asÞÞðS⃗þ · L⃗Þ
þ ððm2

j −m2
i Þð1 − 2asÞÞðS⃗− · L⃗Þ�: ð3Þ

In Eqs. (3), the parameters ac, as, and Δ are defined and
listed in Table I, and S⃗� ¼ S⃗i � S⃗j. λc are SUð3Þ color
Gell-Mann matrices.
Dynamical chiral symmetry breaking leads to the emer-

gence of the Goldstone boson exchange interactions among
constituent light quarks u, d, and s. The chiral part of the
Hamiltonian VχðrijÞ can be resumed as follows:

VχðrijÞ ¼ VC
π;η;K;σðrijÞ þ VT

π;η;KðrijÞ þ VSO
σ ðrijÞ; ð4Þ

where C stands for central, T for tensor, and SO for spin-
orbit potentials. The central part presents four different
contributions,

VC
χ ðrijÞ ¼ VC

π ðrijÞ þ VC
KðrijÞ þ VC

η ðrijÞ þ VC
σ ðrijÞ; ð5Þ

where it can be written as follows:

VC
π ðrijÞ ¼

g2ch
4π

m2
π

Λ2
π −m2

π

Λ2
π

Λ2
π −m2

π
mπ

�
YðmπrijÞ

−
Λ3
π

m3
π
YðΛπrijÞ

�
ðσ⃗i · σ⃗jÞ

X3
a¼1

λai λ
a
j ;

VC
KðrijÞ ¼

g2ch
4π

m2
K

Λ2
K −m2

K

Λ2
K

Λ2
K −m2

K
mK

�
YðmKrijÞ

−
Λ3
K

m3
K
YðΛKrijÞ

�
ðσ⃗i · σ⃗jÞ

X7
a¼4

λai λ
a
j ;

VC
η ðrijÞ ¼

g2ch
4π

m2
η

Λ2
η −m2

η

Λ2
η

Λ2
η −m2

η
mη

�
YðmηrijÞ

−
Λ3
η

m3
η
YðΛηrijÞ

�
ðσ⃗i · σ⃗jÞ

�
cosθPðλ8i λ8jÞ−

2

3
sinθP

�
;

VC
σ ðrijÞ ¼

g2ch
4π

Λ2
σ

Λ2
σ −m2

σ
mσ

�
YðmσrijÞ−

Λσ

mσ
YðΛσrijÞ

�
; ð6Þ

where λa are SUð3Þ flavor Gell-Mann matrices, mπ and mη

are the masses of SUð3Þ Goldstone bosons, taken to be
their experimental values; mσ is determined by the relation
m2

σ ≈m2
π þ 4m2

u;d. Λχ is the cutoff, and g2ch=4π is the
Goldstone-quark coupling constant, which is determined
from theNNπ coupling constant. Finally,YðxÞ is the standard
Yukawa function defined by YðxÞ ¼ e−x=x, GðxÞ ¼
ð1þ 1=xÞYðxÞ=x, and HðxÞ ¼ ð1þ 3=xþ 3=x2ÞYðxÞ=x.
There are three different contributions to the tensor

potential

VT
χ ðrijÞ ¼ VT

π ðrijÞ þ VT
KðrijÞ þ VT

η ðrijÞ; ð7Þ

TABLE I. Quark model parameters (mπ ¼ 0.7 fm−1, mσ ¼
3.42 fm−1, mη ¼ 2.77 fm−1). There are two sets of chiral quark
model parameters, the different parts of which are separated by /.

Quark masses mu ¼ md (MeV) 313
ms (MeV) 526=490
mc (MeV) 1728=1780

Goldstone bosons Λπðfm−1Þ 4.2
Ληðfm−1Þ 5.2
g2ch=ð4πÞ 0.54
θpð∘Þ −15

Confinement ac (MeV fm−2) 101
Δ (MeV) −78.3

OGE αqq 0.5723
αqc 0.4938=0.4865
αqs 0.5350=0.5106
αcc 0.3753

r̂0 (MeV) 28.17
r̂g (MeV) 34.5

as 0.777
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with each interaction given by

VT
π ðrijÞ¼

g2ch
4π

m2
π

Λ2
π −m2

π

Λ2
π

Λ2
π −m2

π
mπ

�
HðmπrijÞ

−
Λ3
π

m3
π
HðΛπrijÞ

�
Sij

X3
a¼1

λai λ
a
j ;

VT
KðrijÞ¼

g2ch
4π

m2
K

Λ2
K −m2

K

Λ2
K

Λ2
K −m2

K
mK

�
HðmKrijÞ

−
Λ3
K

m3
K
HðΛKrijÞ

�
Sij

X7
a¼4

λai λ
a
j ;

VT
η ðrijÞ¼

g2ch
4π

m2
η

Λ2
η−m2

η

Λ2
η

Λ2
η−m2

η
mη

�
HðmηrijÞ

−
Λ3
η

m3
η
HðΛηrijÞ

�
Sij

�
cosθPðλ8i λ8jÞ−

2

3
sinθP

�
; ð8Þ

where Sij is defined by 3ðσ⃗i · r̂ijÞðσ⃗j · r̂ijÞ − σ⃗i · σ⃗j. The
spin-orbit potential solely arises from the scalar σ exchange
between light quarks,

VSO
σ ðrijÞ ¼ −

g2ch
4π

Λ2
σ

Λ2
σ −m2

σ

m3
σ

2mimj

�
GðmσrijÞ

−
Λ3
σ

m3
σ
GðΛσrijÞ

�
L⃗ · S⃗: ð9Þ

Beyond the scale of chiral symmetry breaking, one expects
that the dynamics are influenced by QCD perturbative
effects. These effects mimic gluon fluctuations around
the instanton vacuum and are incorporated through the
VOGEðrijÞ which contains central force VC

ogeðrijÞ, spin-orbit
force VSO

ogeðrijÞ, and tensor force VT
ogeðrijÞ. The central

potential can be written as

VC
ogeðrijÞ ¼

αs
4
λci · λ

c
j

�
1

rij
−
2π

3

σi · σj
mimj

δðrijÞ
�
; ð10Þ

where σ are the SUð2Þ Pauli matrices, r0ðμijÞ ¼ r0
μij
, and αs

is an effective scale-dependent running coupling,

αsðμijÞ ¼
α0

ln ½ðμ2ij þ μ20Þ=Λ2
0�
: ð11Þ

The δðrijÞ function, arising as a consequence of the
nonrelativistic reduction of the one-gluon exchange dia-
gram between pointlike particles, has to be regularized in
order to perform exact calculations. It reads

δðrijÞ ¼
e−rij=r0ðμijÞ

4πrijr20ðμijÞ
:

The spin-orbit force VSO
ogeðrijÞ and tensor force VT

ogeðrijÞ can
be written as

VSO
ogeðrijÞ ¼ −

1

16

αsλci · λ
c
j

4m2
i m

2
j

�
1

r3ij
−
e−rij=rgðμÞ

r3ij

�
1þ rij

rgðμÞ
��

× ½ðm2
i þm2

j þ 4mimjÞðS⃗þ · L⃗Þ
þ ðm2

j −m2
i ÞðS⃗− · L⃗Þ�; ð12aÞ

VT
ogeðrijÞ ¼ −

1

16

αsλci · λ
c
j

4m2
i m

2
j

�
1

r3ij
−
e−rij=rgðμÞ

rij

�
1

r2ij
þ 1

3r2gðμÞ

þ 1

rijrgðμÞ
��

Sij: ð12bÞ

All the parameters are determined by fitting the meson
spectrum, taking into account only a quark-antiquark
component. They are shown in Table I.

III. THE WAVE FUNCTION

At the quark level, the six quarks are divided into three
subclusters as shown in Fig. 1. In this case, q1 and q̄2 form
the first subcluster wave function ψðrÞ; q3 and q̄4 form the
second subcluster wave function ψðRÞ; q5 and q̄6 form the
third subcluster wave function ψðξÞ; the wave function
ψðρÞ represents the relative motion between the first
subcluster and the second subcluster; the wave function
ψðλÞ represents the relative motion between one cluster
composed of q1, q̄2, q3, and q̄4 and the third subcluster. The
total wave function of a hexaquark system is the internal
product of color, spin, flavor, and space wave functions of
three subclusters and two spatial relative motions. The total
wave function ΨiðrÞ can be expanded as follows:

Ψi;j;kðrÞ ¼ AψSO
i ðrÞχfχc: ð13Þ

In Eq. (13), ψSO
i represents the function describing spin-

orbit coupling, χf denotes the flavor wave function, and χc

FIG. 1. The spatial configuration of D�DK or D�DD̄.
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represents the color wave function. A signifies the anti-
symmetrization operator. Since only two pairs of identical
particles, namely c1 and c3, as well as q2 and q4, exist in the
two systems under investigation, the expression for our
antisymmetrization operator can be written as follows:

A ¼ 1 − ð13Þ − ð24Þ þ ð13Þð24Þ: ð14Þ

In the following section, we will briefly outline the
process of obtaining each part of the wave function. First,
we begin with the flavor wave function. Since we are
studying the hexaquark system of Tcc partners, two flavor
wave functions are obtained:

χf1 ¼ 1ffiffiffi
2

p ðcūcd̄uc̄ − cd̄cūuc̄Þ ð15Þ

for the D�DD̄ system and

χf2 ¼ 1ffiffiffi
2

p ðcūcd̄us̄ − cd̄cūus̄Þ ð16Þ

for the D�DK system.
As we substitute the contribution of color-excited states

with the S −D coupling effects in this paper, for the total
color wave function of the hexaquark of Tcc partners, we
only consider the colorless wave function obtained by three
coupled color-singlet clusters, 1 ⊗ 1 ⊗ 1:

χc ¼ 1ffiffiffi
3

p ðr̄rþ ḡgþ b̄bÞ × 1ffiffiffi
3

p ðr̄rþ ḡgþ b̄bÞ

×
1ffiffiffi
3

p ðr̄rþ ḡgþ b̄bÞ: ð17Þ

Since J is a good quantum number, we couple the spatial
orbital wave functions ψLðrÞ and spin wave function χS of
the three subclusters to form ψJðrÞ; the specific details can
be found in our previous work [23]. The ψJðrÞ of these
three subclusters can be expressed as follows:

ψJ1;mJ1ðrÞ ¼ ϕL1;mL1
ðrÞ ⊗ χS1;mS1 ; ð18Þ

ψJ2;mJ2ðRÞ ¼ ϕL2;mL2
ðRÞ ⊗ χS2;mS2 ; ð19Þ

ψJ3;mJ3ðξÞ ¼ ϕL3;mL3
ðξÞ ⊗ χS3;mS3 : ð20Þ

The wave functions ψJ1;mJ1ðrÞ of the first subcluster and
ψJ2;mJ2ðRÞ of the second subcluster are coupled to form
the wave function ψJ12 . Subsequently, this coupled wave
function is coupled with the wave function ψJ3;mJ3ðξÞ of the
third subcluster to obtain the wave function ψJ123 . Two

relative motion wave functions ϕL4;mL4
ðλÞ and ϕL5;mL5

ðρÞ
are sequentially coupled with the wave function ψJ123 to
finally obtain the total orbit-spin wave function ψSO

i ðrÞ:

ψJ12;mJ12 ¼ ψJ1;mJ1ðrÞ ⊗ ψJ2;mJ2ðRÞ; ð21Þ

ψJ123;mJ123 ¼ ψJ12;mJ12 ⊗ ψJ3;mJ3ðξÞ; ð22Þ

ψJL4;mJL4
¼ ψJ123;mJ123 ⊗ ψL4;mL4

ðλÞ; ð23Þ

ψSO
i ðrÞ ¼ ψJL4;mJL4

⊗ ϕL5;mL5
ðρÞ;

i≡ fL1; S1; J1; L2; S2; J2; L3; S3;

J3; J12; J123; JL4; L4; L5g: ð24Þ

During this coupling process, a total of 14 variables are
involved, denoted simply as combinations represented by
the index i. Given that our calculation focuses on the bound
states of the hexaquark system of Tcc partners, all three
subclusters are in the ground state. Additionally, J12, J123,
and JL4 are all set to 1. Their intercluster motion can be
either S-wave or D-wave. We have listed their possible
combinations in Table II. Because of no difference between
the spins of quark and antiquark, the meson-meson
structure has the same spin wave function as the
diquark-antidiquark structure. The spin wave functions
of the subcluster are shown below,

χ11σ ¼ αα; χ10σ ¼ 1ffiffiffi
2

p ðαβ þ βαÞ;

χ1−1σ ¼ ββ; χ00σ ¼ 1ffiffiffi
2

p ðαβ − βαÞ:

In the context of quark spin, α and β represent the third
component of the quark spin, taking values of 1

2
and − 1

2
,

respectively, in two distinct cases.
Finally, the spatial wave functions are Gaussians

with range parameters chosen to lie in a geometrical
progression:

ϕnLmðrÞ ¼ NnLrLe−ðr=rnÞ
2

YLmðr̂Þ; ð25Þ

TABLE II. Different combinations of J − J coupling.

J1 ¼ 0 J2 ¼ 1 J3 ¼ 0 i
L1 ¼ 0 S1 ¼ 0 L2 ¼ 0 S2 ¼ 1 L3 ¼ 0 S3 ¼ 0 L4 ¼ 0 1
L1 ¼ 0 S1 ¼ 0 L2 ¼ 0 S2 ¼ 1 L3 ¼ 0 S3 ¼ 1 L4 ¼ 2 2
J1 ¼ 1 J2 ¼ 1 J3 ¼ 0 i
L1 ¼ 0 S1 ¼ 1 L2 ¼ 0 S2 ¼ 1 L3 ¼ 0 S3 ¼ 0 L4 ¼ 0 3
L1 ¼ 0 S1 ¼ 1 L2 ¼ 0 S2 ¼ 1 L3 ¼ 0 S3 ¼ 1 L4 ¼ 2 4
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where NnL are normalization constants, which can be
expressed by a general formula

NnL ¼
�
2Lþ2ð2νnÞLþ3

2ffiffiffi
π

p ð2Lþ 1Þ!!
�1

2

: ð26Þ

IV. RESULTS AND DISCUSSIONS

In this work, we primarily investigate the possibility of
bound states D�DD̄ and D�DK. Because we are more
concerned about the binding energy magnitude and also
want to ensure comparison with experimental results, we
apply a mass correction to the theoretical computed results,
where the final energy is the experimental threshold
plus the bounding energy (E ¼ ThresholdEXP: þ B:E:).
To reduce the dependence of our computational results
on model parameters, we adjusted two sets of parameters
for bound state calculations. The average of these results is
taken as the central value, while the discrepancy between
the two sets of calculations determines the upper and lower
limits of the error [Eðaverage valueÞ � error].
D�DK sector: Taking into account IJP ¼ 01−, in the

hexaquark system cq̄cq̄qs̄, we have considered four physi-
cal channels: D�DK, D�D�K, as well as D-wave-D�DK
and D-wave-D�D�K. The results of our calculations for
these channels are presented in Table III. The energies of
these four channels are about 4.4 GeV, and none of them are
bound states. However, when we consider the coupling

effects of the S-wave D�DK and D�D�K channels, the
coupling effect lowers the energy of the D�DK channel,
which was relatively lower, below the threshold line by
0.3� 0.3 MeV. Subsequently, we additionally consider
the coupling effect of S −D, and the results show that
the binding energy further increases to 0.4� 0.4 MeV. To
understand the binding mechanism of D�DK, we calcu-
lated the contributions of each term in the Hamiltonian to
the binding energy (the contribution of each potential
energy term of the coupling energy minus the contribution
of each potential energy term of the threshold channels) as
well as the root-mean-square (rms) distance. The results are
presented in Table IV. The results indicate that the kinetic
energy is repulsive, while most of the other potential energy
terms are attractive, with the color-magnetic term, π-meson
exchange, and σ-meson exchange playing a major role.
This is attributed to the relatively large spacing between
quarks, resulting in long-range attraction dominating the
potential energy. It is worth noting that the binding energy
of the D�DK system is generally small overall. Under the
second set of parameters, the D�DK system is unbound.
Based on the rms calculation, we further plotted the spatial
structure of the bound state D�DK, as shown in Fig. 2(a).
We denote the quarks in the cq̄cq̄qs̄ system as 1, 2, 3, 4, 5,
and 6. Due to the identical nature of particles c1 and c3, as
well as q̄2 and q̄4, we obtain rc1q̄2 ¼ rc1q̄4 ¼ rq̄2c3 ¼ rc3q̄4 .
However, these values do not represent the true distances
between particles but rather an averaged effect. Using a
triangular approximation [r2c1q̄2 ¼ ðr2re þ r2q̄2q̄4Þ=2], where

TABLE III. Results of calculations for the D�DK and DD�D̄ systems. The first and second lines represent the
results of the S-wave DD�KðD̄Þ and D�D�KðD̄Þ, respectively, while the third and fourth lines represent the results
of the D-wave DD�KðD̄Þ and D�D�KðD̄Þ. c:c:1 and B:E:1 denote the channel couplings and binding energies
under the S-wave configuration, while c:c:2 and B:E:2 denote the channel couplings and binding energies under the
combined S-wave and D-wave configurations. The calculation error comes from the difference between the results
of the two sets of parameters and the average values of the two sets of parameters. (Unit: MeV.).

Index Channel E Channel E

1 S-wave-DD�K 4365.2 S-wave-DD�D̄ 5736.4
2 S-wave-D�D�K 4507.2 S-wave-D�D�D̄ 5878.4
3 D-wave-DD�K 4368.3 D-wave-DD�D̄ 5738.5
4 D-wave-D�D�K 4509.5 D-wave-D�D�D̄ 5880.6
c:c:1 4364.9� 0.3 5735.3� 0.2
B:E:1 −ð0.3� 0.3Þ −ð1.1� 0.2Þ
c:c:2 4364.8� 0.4 5734.8� 0.3
B:E:2 −ð0.4� 0.4Þ −ð1.6� 0.3Þ

TABLE IV. The root-mean-square distances (unit: fm) and contributions of all potentials to the binding energy (unit: MeV) in D�DK
and D�D�D̄ systems. The calculation error comes from the difference between the results of the two sets of parameters and the average
values of the two sets of parameters. Where, “q” represents the “u” and “d” quarks, while “Q0” denotes the “c̄” (or “s̄”) quark.

Kinetic Confinement Cl. C.m. π η σ rcq̄ rcq rcQ0 rqq̄ rQ0q̄ rQ0q

D�DK 32.7� 0.7 −ð1.7� 0.1Þ −ð2.0� 0.1Þ −ð9.3� 0.2Þ −ð12.8� 0.2Þ 0.1� 0.1 −ð7.0� 0.2Þ 1.7 5.5 2.3 2.4 5.5 0.6
D�DD̄ 28.9� 1.1 −ð1.5� 0.1Þ −ð1.7� 0.1Þ −ð7.5� 0.4Þ −ð12.4� 0.4Þ 0.4� 0.1 −ð7.7� 0.3Þ 1.7 4.9 2.3 2.4 4.9 0.6
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rre is the real rms of rc1q̄2 , we can obtain a cluster of one
meson (c − q̄) with a distance of about 0.54 fm, which is
close to the rms we calculated for this meson alone. Overall,
the distance between two quarks from different clumps is
larger than 2 fm but the rms within the same cluster is about
0.5 fm, suggesting that the two clumps are separated by a
wide distance. In Fig. 2(a), we can see that the first two
mesons (D�D) are relatively compact, while the third meson
K is slightly farther away from the first two. The overall
structure resembles that of a nucleon-electron system.
D�DD̄ sector: Similar to the cq̄cq̄qs̄ system, in the

cq̄cq̄qc̄ system, we considered four physical channels:
D�DD̄, D�D�D̄, as well as D-wave-D�DD̄ and D-wave-
D�D�D̄. The bound state calculations show that these four
single channels are all scattering states. The coupling
energy of the two physical channels D�DD̄ and D�D�D̄,
both in the S-wave, is 5735.3� 0.2 MeV, and their binding
energy is 0.9� 0.4 MeV. The binding energy obtained by
the coupling of these two channels is already deeper than
the binding energy of the four channels in the cq̄cq̄qs̄
system. Then, we considered the contribution of the
D-wave to the final binding energy. The calculation results
show that the coupling effect of the D-wave increases the
binding energy by an additional 0.5 MeV, resulting in a
total binding energy of 1.6� 0.3 MeV. Compared to the
cq̄cq̄qs̄ system, the quarks in the third cluster of the
cq̄cq̄qc̄ system are heavier, so although their kinetic energy
is also repulsive, it is slightly lower than that of the former.
This conclusion is supported by the root-mean-square

distance of D�D�D̄ in Table IV, where the third subcluster
is closer to the first two subclusters, as shown in Fig. 2(b).

V. SUMMARY

Inspired by the discovery of Tcc (D�D) experimentally,
we combined two other well-known states, Xð3872Þ (D�D̄)
and D�

s0ð2317Þ (DK), to construct two hexaquark systems,
D�DK and D�DD̄. At the quark level, utilizing the
Gaussian expansion method, we performed dynamical
studies on these two systems.
The calculated results reveal that both systems exhibit

bound states, with the binding energy of D�DK slightly
smaller than that of D�DD̄. Due to the similarity in quark
composition between these two systems, the contributions
of various terms in the Hamiltonian to their binding
energies are quite similar, primarily dominated by long-
range potential energy attraction and kinetic energy repul-
sion. The calculation of the root-mean-square distance
allowed us to depict the spatial structures of these two
systems, resembling that of a nucleon-electron system. As
the third mesonD inD�DD̄ is significantly heavier than the
third meson K in D�DK, the spatial structure of the D�DD̄
system is more compact, with slightly less kinetic energy
repulsion compared to the D�DK system.
Considering the complexity of six-quark calculations,

we only considered four physical channels in each system.
If more excited states, such as P-wave and D-wave, are
taken into account, perhaps the binding energies of these
two systems would be deeper. However, the fact that the
D�DK and D�DD̄ systems form bound states with only
two channels coupled indicates their stability, strongly
suggesting further experimental exploration in the future.
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