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In this work, we explore a systematic investigation on S-wave interactions between a doubly charmed
baryon Ξccð3621Þ and a charmed meson in a T doublet ðD1; D�

2Þ. We first analyze the possibility for
forming ΞccD1=ΞccD�

2 bound states with the heavy quark spin symmetry. Then, we further perform a
dynamical study on the ΞccD1=ΞccD�

2 interactions within a one-boson-exchange model by considering
both the S −D wave mixing and coupled channel effect. Finally, our numerical results conform the
proposals from the heavy quark spin symmetry analysis: the ΞccD1 systems with IðJPÞ ¼ 0ð1=2þ; 3=2þÞ
and the ΞccD�

2 systems with IðJPÞ ¼ 0ð3=2þ; 5=2þÞ can possibly be loose triple-charm molecular
pentaquarks. Meanwhile, we also extend our model to the ΞccD̄1 and ΞccD̄�

2 systems, and our results
indicate the isoscalars of ΞccD̄1 and ΞccD̄�

2 can be possible molecular candidates.

DOI: 10.1103/PhysRevD.99.054021

I. INTRODUCTION

Since 2003, people have paid more and more attention to
the study of exotic states that are very different from
conventional mesons and baryons (made up of a pair of
quark and antiquark, and three quarks, respectively). The
study of exotic states can deepen our understanding of
the nonperturbative behavior of quantum chromodynam-
ics (QCD).
In particular, inspired by the near threshold observations

of X=Y=Z and Pc states (see Refs. [1–3] for review),
hadron-hadron interactions are studied in a heavy flavor
sector, through which the inner structures and underlying
mechanism of new discoveries could be explored.
Meanwhile, other possible hidden-charm tetraquark and
pentaquark exotic molecules are proposed and studied.
Last year, the LHCb Collaboration reported an important

observation of a doubly charmed baryon Ξccð3621Þ in the
Λþ
c K−πþπþ invariant mass spectrum [4]. This discovery

not only complements the baryon family, but also provides
us a good opportunity to study the interactions involved in a
doubly charmed baryon. Moreover, we can search for
possible double-charm, triple-charm, and tetrad-charm

multiquark molecules by constructing a doubly charmed
baryon and a nucleon system [5], a doubly charmed baryon
and a charmed baryon system [6], a doubly charmed baryon
and a doubly charmed baryon system [7], and a doubly
charmed baryon and a charmed meson system [8]. Here, we
also notice another theoretical prediction of triple-charm
pentaquarks [9,10].
As discussed in Ref. [8], if the near threshold structures,

the X=Y=Z and Pc states, can be, respectively, identified as
hidden-charm tetraquark and pentaquark molecules, one
can also propose that there may exist possible triple-charm
pentaquark molecular states, which are composed by a
doubly charmed baryon and a charmed meson. In Ref. [8],
after checking the ΞccD=ΞccD� interactions, a ΞccD state
with IðJPÞ ¼ 0ð1=2−Þ and a ΞccD� state with IðJPÞ ¼
0ð3=2−Þ can be recommended as possible triple-charm
pentaquark molecular candidates.
In a heavy quark limit, heavy mesons can be categorized

into different doublets based on the heavy quark spin
symmetry, i.e.,H ¼ ðD;D�Þ, S ¼ ðD0; D0

1Þ, T ¼ ðD1; D�
2Þ,

which correspond to jPl ¼ 1=2−, 1=2þ, and 3=2þ, respec-
tively. In this work, we want to further study the inter-
actions between a doubly charmed baryon Ξccð3621Þ and a
charmed meson in a T doublet, D1ð2420Þ and D�

2ð2460Þ.
Meanwhile, we discuss the properties of heavy quark spin
symmetry in the interactions between a doubly charmed
baryon and a charmed meson. The obtained information is
valuable to predict possible triple-charm pentaquark mol-
ecules, the ΞccD1 and ΞccD�

2 systems.
In this paper, we also perform quantitatively calculations

on the ΞccD1=ΞccD�
2 interactions by using a one-boson-

exchange model (OBE), which is often adopted to study the
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heavy flavor hadron interactions and identify newly X=Y=Z
and Pc states in a hadronic molecular picture. All of
coupling constants are estimated with the help of nucleon
couplings within a quark model. Both the S −D wave
mixing and coupled channel effect will be considered.
This paper is organized as follows. In Sec. II, we give a

heavy quark spin symmetry analysis of the S-wave inter-
action between a doubly charmed baryon and a charmed
meson in the T doublet. We study the effective potentials
with dynamical effects considered by adopting the OBE
model in Sec. III, and the corresponding numerical results
are presented in Sec. IV. We end with a conclusion and
discussion in Sec. V.

II. HEAVY QUARK SPIN SYMMETRY ANALYSIS

According to heavy quark spin symmetry (HQSS),
hadrons containing a single heavy quark with total spin
J� ¼ jl � 1=2 (except jl ¼ 0) come into doublets. Heavy
hadrons in the same doublet are approximatively degener-
ate. In this work, we will study the S-wave interaction
between a doubly charmed baryon Ξccð3621Þ and a
charmed meson in the T doublet. Here, the T doublet

includes D1 and D�
2 mesons with JP ¼ 1þ and 2þ,

respectively.
In general, the HQSS plays an important role for hadron-

hadron interaction in heavy flavor sectors. In order to
perform an HQSS analysis, we should first expand the spin
wave functions of heavy hadron systems in terms of a
heavy quark basis, i.e.,

jl1s1j1;l2s2j2; JMi ¼
X
S;L

½ð2Sþ 1Þð2Lþ 1Þð2j1 þ 1Þð2j2 þ 1Þ�1=2

8>><
>>:

l1 l2 L

s1 s2 S

j1 j2 J

9>>=
>>;jl1l2L; s1s2S; JMi: ð2:1Þ

In Fig. 1, we present the diagram for 9 − j coefficients in the heavy quark basis, where the spins for heavy quarks and
light quarks have been combined into Sccc and L, respectively. In the mQ → ∞ limit, Sccc, J, and L are conserved quantum
numbers.
Once expanding the spin wave functions for the discussed systems, we can obtain
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FIG. 1. Diagram for 9 − j coefficients in a heavy quark basis.
Here, j1 and j2 are the spins for the doubly-charmed baryon and
charmed meson, respectively. Inside the hadrons, s1 and s2 stand
for the spins of the heavy quarks, while l1 and l2 are the total
angular momentum for the light quarks. l2 ¼ 3=2 for D1=D�

2

mesons, and l2 ¼ 1=2 for D=D� mesons.
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After adopting the above orthogonal HQSS basis, matrix elements for different interactions satisfy

l0
2
hS0ccc; L0; J0; α0jHQCDjSccc; L; J; αil2 ¼ δαα0δJJ0δS0cccScccδLL0l0

2
hL; αjjHQCDjjL; αil2 : ð2:8Þ

Here, α stands for other QCD conserved quantum numbers (like isospin and hypercharge, etc.). In mQ → ∞, transition
matrix elements for QCD interactions between a different physical meson-baryon basis are related to the spin and flavor
wave functions [11]. For ΞccD=ΞccD� and ΞccD1=ΞccD�

2 systems with given quantum number configurations
jSccc; L; J; αi, one obtains

l0
2
¼1

2

hL ¼ 0; αjjHQCDjjL ¼ 0; αil2¼1
2
≃

l0
2
¼3

2

hL ¼ 2; αjjHQCDjjL ¼ 2; αil2¼3
2
; ð2:9Þ

l0
2
¼1

2

hL ¼ 1; αjjHQCDjjL ¼ 1; αil2¼1
2
≃ l0

2
¼3

2

hL ¼ 1; αjjHQCDjjL ¼ 1; αil2¼3
2
: ð2:10Þ

Finally, we can find a serial of approximative relations
between ΞccD1=ΞccD�

2 interactions and ΞccD=ΞccD� inter-
actions,

VJ¼1=2
ΞccD1

¼ −6VJ¼1=2
ΞccD

þ 7VJ¼3=2
ΞccD� ; ð2:11Þ

VJ¼3=2
ΞccD1

¼ 1

4
ð−9VJ¼1=2

ΞccD
þ 13VJ¼3=2

ΞccD� Þ; ð2:12Þ

VJ¼3=2
ΞccD�

2
¼ 1

4
ð−23VJ¼1=2

ΞccD
þ 27VJ¼3=2

ΞccD� Þ; ð2:13Þ

VJ¼5=2
ΞccD�

2
¼ −2VJ¼1=2

ΞccD
þ 3VJ¼3=2

ΞccD� : ð2:14Þ

At present, we have already studied the ΞccD=ΞccD�
interactions [8]. After adopting the OBE model and
considering the S −D wave mixing effect, the ΞccD state
with IðJPÞ ¼ 0ð1=2−Þ and the ΞccD� state with IðJPÞ ¼
0ð3=2−Þ are possible triple-charm pentaquark molecules,
and the ΞccD� state with IðJPÞ ¼ 0ð3=2−Þ is much stabler

than the ΞccD state with IðJPÞ ¼ 0ð1=2−Þ. Thus, we can
conclude that the OBE effective potential for the ΞccD�

state with IðJPÞ ¼ 0ð3=2−Þ is attractive more strongly than
that for the ΞccD state with IðJPÞ ¼ 0ð1=2−Þ, i.e.,

VIðJPÞ¼0ð3=2−Þ
ΞccD� < VIðJPÞ¼0ð1=2−Þ

ΞccD
< 0: ð2:15Þ

Using Eqs. (2.11)–(2.15), we can estimate that
(i) the interactions for the ΞccD1 system with IðJPÞ ¼

0ð1=2þÞ; 0ð3=2þÞ and the ΞccD�
2 system with

IðJPÞ ¼ 0ð3=2þÞ; 0ð5=2þÞ are all attractive.
(ii) compared to the effective potentials for the ΞccD�

state with IðJPÞ ¼ 0ð3=2−Þ, effective potentials for
the ΞccD1 system with IðJPÞ ¼ 0ð1=2þÞ; 0ð3=2þÞ
and ΞccD�

2 system with IðJPÞ ¼ 0ð3=2þÞ; 0ð5=2þÞ
should be much stronger.

(iii) since the interaction for the ΞccD� state with
0ð3=2−Þ is attractive much more strongly than that
for the ΞccD state with 0ð1=2−Þ, we can obtain
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two relations: VIðJPÞ¼0ð1=2þÞ
ΞccD1

< VIðJPÞ¼0ð3=2þÞ
ΞccD1

< 0,

VIðJPÞ¼0ð3=2þÞ
ΞccD�

2
< VIðJPÞ¼0ð5=2þÞ

ΞccD�
2

< 0.

(iv) together with the weaker kinetic terms as their
smaller reduced masses, the interactions for ΞccD1

systems with IðJPÞ ¼ 0ð1=2þÞ; 0ð3=2þÞ and ΞccD�
2

systems with IðJPÞ ¼ 0ð3=2þÞ; 0ð5=2þÞ can be
strong enough to bind as bound states.

III. INTERACTIONS WITHIN
A DYNAMICAL STUDY

After qualitatively analyzing the features of the S-wave
interactions with HQSS between a doubly charmed baryon
and a charmed meson in the T doublet, here we adopt the
OBE model to study the ΞccD1ð2420Þ and ΞccD�

2ð2460Þ
interactions quantitatively. Meanwhile, both the S-D wave
mixing effect and coupled channel effect will be taken into
consideration.
The flavor and spin-orbit wave functions for the dis-

cussed ΞccD1 and ΞccD�
2 systems are collected in Table I.

Here, the general expressions for the spin-orbital wave
functions j2Sþ1LJi are written as

jΞccD1ð2Sþ1LJÞi ¼
X

m;m0;mSmL

CS;mS
1
2
m;1m0C

J;M
SmS;LmL

χ1
2
mϵ

m0 jYL;mL
i;

ð3:1Þ

jΞccD�
2ð2Sþ1LJÞi¼

X
m;m00;mSmL

CS;mS
1
2
m;2m00C

J;M
SmS;LmL

χ1
2
mζ

m00 jYL;mL
i:

ð3:2Þ

CJ;M
SmS;LmL

, CS;mS
1
2
m;1m0 and CS;mS

1
2
m;2m00 are the Clebsch-Gordan

coefficients, χ1
2
m and YL;mL

correspond to the spin wave
function and the spherical harmonics function, respectively.
ϵm

0 ðm0 ¼ 0;�1Þ is defined as the polarization vector for
D1, with

ϵ�1 ¼ 1ffiffiffi
2

p ð0;�1; i; 0Þ; ϵ0 ¼ ð0; 0; 0;−1Þ:

ζm
00 ðm00 ¼ 0;�1;�2Þ denotes the polarization tensor

for D�
2, which can be constructed by ζm

00 ¼P
m1;m2

h1; m1; 1; m2j2; m00iϵm1ϵm2 [12].

A. Effective Lagrangians

According to the heavy quark symmetry, the chiral
symmetry, and the hidden gauge symmetry [13–17], the
OBE effective Lagrangians for charmed mesons in the T
doublet and the light scalar, pesudoscalar, and vector
mesons are constructed as

L ¼ g00σhTðQÞμ
a σT̄ðQÞ

aμ i þ ikhTðQÞμ
b

=Abaγ5T̄
ðQÞ
aμ i

þ iβ00hTðQÞλ
b vμðVμ − ρμÞbaT̄ðQÞ

aλ i
þ iλ00hTðQÞλ

b σμνFμνðρÞbaT̄ðQÞ
aλ i; ð3:3Þ

with the velocity v ¼ ð1; 0Þ. Surperfield T is defined as a
linear combination of charmed mesons in T doublets, i.e.,

Ta ¼
1þ =v
2

�
D�μν

2a γν −
ffiffiffi
3

2

r
D1aνγ5

�
gμν −

1

3
γνðγμ − vμÞ

��
:

ð3:4Þ

Its conjugate field satisfies T̄a ¼ γ0T†
aγ0. The notation h� � �i

stands for the trace of matrices in the spin and flavor space.
Vector meson field ρμ and vector meson strength tensor
FμνðρÞ are, respectively, defined as

ρμ ¼ i
gVffiffiffi
2

p Vμ; ð3:5Þ

FμνðρÞ ¼ ∂μρν − ∂νρμ þ ½ρμ; ρν�: ð3:6Þ

In the above expressions, the vector current Vμ and the axial
current Aμ are

Vμ ¼
1

2
ðξ†∂μξþ ξ∂μξ

†Þ; ð3:7Þ

Aμ ¼
1

2
ðξ†∂μξ − ξ∂μξ

†Þ; ð3:8Þ

with ξ ¼ expðiP=fπÞ and the pion decay constant is taken
as fπ ¼ 132 MeV. At the leading order, the vector current
and the axial current are

Vμ ¼ 0; ð3:9Þ

Aμ ¼
i
fπ

∂μP; ð3:10Þ

TABLE I. The flavor and spin-orbit wave functions for the
discussed ΞccD1 and ΞccD�

2 systems.

jI; I3i Flavor JP j2Sþ1LJi
ΞccD1 j1; 1i Ξþþ

cc Dþ
1

1=2þ j2S1
2
=j4D1

2
i

j1; 0i 1ffiffi
2

p ðΞþþ
cc D0

1 − Ξþ
ccD

þ
1 Þ 3=2þ j4S3

2
=2D3

2
=4D3

2
i

j1;−1i Ξþ
ccD0

1

j0; 0i 1ffiffi
2

p ðΞþþ
cc D0

1 þ Ξþ
ccD

þ
1 Þ

ΞccD�
2 j1; 1i Ξþþ

cc D�þ
2

3=2þ j4S3
2
=4D3

2
=6D3

2
i

j1; 0i 1ffiffi
2

p ðΞþþ
cc D�0

2 − Ξþ
ccD

�þ
2 Þ 5=2þ j5S5

2
=j4D5

2
=6D5

2
i

j1;−1i Ξþ
ccD�0

2

j0; 0i 1ffiffi
2

p ðΞþþ
cc D�0

2 þ Ξþ
ccD

�þ
2 Þ
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respectively. Pseudoscalar meson matrices P and vector
meson matrices Vμ are expressed as

P ¼

0
B@ π0ffiffi

2
p þ ηffiffi

6
p πþ

π− − π0ffiffi
2

p þ ηffiffi
6

p

1
CA;

Vμ ¼

0
B@

ρ0ffiffi
2

p þ ωffiffi
2

p ρþ

ρ− − ρ0ffiffi
2

p þ ωffiffi
2

p

1
CA

μ

;

respectively.
After expanding Eq. (3.3), we further obtain the concrete

effective Lagrangians,

LD1D1σ ¼ −2g00σD1aμD
μ†
1aσ; ð3:11Þ

LD�
2
D�

2
σ ¼ 2g00σD

�†
2aμνD

�μν
2a σ; ð3:12Þ

LD1D�
2
σ ¼

ffiffiffi
2

3

r
ig00σϵμνρτvρðD†

1aνD
�
2aμτ−D1aνD

�†
2aμτÞσ; ð3:13Þ

LD1D1P ¼ −
5ik
3fπ

ϵμνρτvτD
†
1aμD1bν∂ρPba; ð3:14Þ

LD�
2
D�

2
P ¼ 2ik

fπ
ϵμνρτvνD

�α†
2aρD

�
2bατ∂μPba; ð3:15Þ

LD1D�
2
P¼−

ffiffiffi
2

3

r
k
fπ

ðD†
1aμD

�μλ
2b þD1bμD

�μλ†
2a Þ∂λPba; ð3:16Þ

LD1D1V ¼−
ffiffiffi
2

p
β00gVðv ·VbaÞD1bμD

μ†
1a

þ5
ffiffiffi
2

p
iλ00gV
3

ðDν†
1aD

μ
1b−Dν

1bD
μ†
1aÞ∂μVbaν; ð3:17Þ

LD�
2
D�

2
V ¼

ffiffiffi
2

p
β00gVðν · VbaÞD�λν

2b D
�†
2aλν þ 2

ffiffiffi
2

p
iλ00gV

× ðD�λν
2b D

�μ†
2aλ −D�λν†

2a D�μ
2bλÞ∂μVbaν; ð3:18Þ

LD1D�
2
V ¼ iβ00gVffiffiffi

3
p ϵλαρτvρðv · VbaÞðD†

1aαD
�
2bλτ −D1bαD

†�
2aλτÞ

þ 2λ00gVffiffiffi
3

p ½3ϵμλντvλðDα†
1aD

�
2bατ þDα

1bD
�†
2aατÞ∂μVbaν

þ 2ϵλαρνvρðD†
1aαD

�μ
2bλ þD1bαD

†μ�
2aλÞ

× ð∂μVbaν − ∂νVbaμÞ�: ð3:19Þ

In Refs. [5,7], the effective Lagrangians for S-wave
doubly charmed baryons with the light mesons are con-
structed as

LΞcc
¼ gσΞ̄ccσΞcc þ gπΞ̄cciγ5PΞcc

þ hvΞ̄ccγμΞccVμ þ fv
2MΞcc

Ξ̄ccσμν∂μVνΞcc: ð3:20Þ

In addition, the normalization relations for axial-vector
meson D1, tensor meson D�

2, and the S-wave baryon Ξcc
satisfy

h0jDμ
1jQq̄ð1þÞi ¼ ϵμ

ffiffiffiffiffiffiffiffiffi
MD1

p
; ð3:21Þ

h0jD�μν
2 jQq̄ð2þÞi ¼ ζμν

ffiffiffiffiffiffiffiffiffi
MD�

2

q
; ð3:22Þ

h0jΞccjQQqð1=2þÞi ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
2MΞcc

q �
χ;

σ · p
2MΞcc

χ

�
T
: ð3:23Þ

So far, the coupling constants in Eqs. (3.11) and (3.20)
cannot be fixed based on the experimental data. In this work,
we will estimate all of the coupling constants in a quark
model,where theweak interaction betweenheavyquarks and
light quarks is ignored. For the light quark interactions, they
can be extracted from nucleon-nucleon interaction,

LN ¼ gσNNN̄σN þ
ffiffiffi
2

p
gπNNN̄iγ5πN

þ
ffiffiffi
2

p
gρNNN̄γμρ

μN þ fρNNffiffiffi
2

p
MN

N̄σμν∂μρνN: ð3:24Þ

In Table II, we collect the values for all of the coupling
constants. The derivations are presented in the Appendix.

TABLE II. A summary of hadron masses from PDG [20] and coupling constants adopted in our calculations. Here, masses are taken as
the average values, for example, mD1

¼ ðmDþ
1
þmD0

1
Þ=2. Hadron masses are given in units of MeV.

Ξcc T doublet N [21–23] mσ ¼ 600 mΞcc
¼ 3621.40

σ exchange gσ ¼ 1
3
gσNN g00σ ¼ 1

3
gσNN

g2σNN
4π ¼ 5.69 mπ ¼ 137.24 mD1

¼ 2422.00

π=η exchange gπ ¼ −
ffiffi
2

p
MΞcc

5MN
gπNN

k
fπ
¼ 3

5
ffiffi
2

p
MN

gπNN
g2πNN
4π ¼ 13.60 mη ¼ 547.28 mD�

2
¼ 2463.05

ρ=ω exchange hv ¼
ffiffiffi
2

p
gρNN β00gV ¼ −2gρNN g2ρNN

4π ¼ 0.84 mρ ¼ 775.49 mN ¼ 938.27

hv þ fv ¼ −
ffiffi
2

p
MΞcc

5MN
ðgρNN þ fρNNÞ λ00gV ¼ 3

10MN
ðgρNN þ fρNNÞ fρNN

gρNN
¼ 6.10 mω ¼ 782.65
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In particular, we need to emphasize that in the quark model
[18], the coupling k for the D1D�

2π vertex is the same as the
D�Dπ coupling g ¼ 0.59� 0.07� 0.01, and the latter is
extracted the decay width of theD�þ → D0πþ process [19].
We also adopt k ¼ g in the following calculations.

B. Potentials

With the help of the Breit approximation, the OBE
effective potentials Vh1h2→h3h4ðqÞ in momentum space can
be related to the t-channel scattering amplitude for process
h1h2 → h3h4,

Vh1h2→h3h4
E ðqÞ ¼ −

Mðh1h2 → h3h4ÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiQ
i2Mi

Q
f2Mf

q ; ð3:25Þ

where Mðh1h2 → h3h4Þ stands for the scattering ampli-
tude, Mi and Mf are the masses of the initial states and
final states, respectively. Once Fourier transformation is

performed, the effective potential VðrÞ in the coordinate
space can be deduced, i.e.,

VEðrÞ ¼
Z

d3q
ð2πÞ3 e

iq·rVh1h2→h3h4
E ðqÞF 2ðq2; m2

EÞ: ð3:26Þ

Here, we introduce a form factor F ðq2; m2
EÞ ¼ ðΛ2 −m2

EÞ=
ðΛ2 − q2Þ in every interactive vertex. It is used to reflect the
finite size effect of the discussed hadrons and compensate the
off-shell effects of the exchanged mesons. Λ, mE, and q are
the cutoff, themass, and the fourmomentumof the exchanged
meson, respectively. For the only phenomenological param-
eter, cutoffΛ, it is tuned from 0.8 to 5.0 GeV in our following
numerical calculations. According to the experience of the
deuteron [24,25], the value of the cutoff is taken around
1.0 GeV. A loosely bound state with cutoff around 1.0 GeV
can be a possible hadronic molecular candidate.
The OBE effective potentials in the coordinate space for

all of the investigated processes are given by

V1 ¼ −gσg00σYðΛ; mσ; rÞA1 −
5gπk

36fπMΞcc

�
GðIÞZðΛ; mπ; rÞ þ

ZðΛ; mη; rÞ
6

�
A3

−
5gπk

36fπMΞcc

�
GðIÞTðΛ; mπ; rÞ þ

TðΛ; mη; rÞ
6

�
A2 þ

1ffiffiffi
2

p hvβ00gV

�
GðIÞYðΛ; mρ; rÞ þ

YðΛ; mω; rÞ
2

�
A1

−
5hvλ00gV
3
ffiffiffi
2

p
MΞcc

�
GðIÞQðΛ; mρ; rÞ þ

QðΛ; mω; rÞ
2

�
A4 −

5ðhv þ fvÞλ00gV
9
ffiffiffi
2

p
MΞcc

�
GðIÞZðΛ; mρ; rÞ þ

ZðΛ; mω; rÞ
2

�
A3

þ 5ðhv þ fvÞλ00gV
18

ffiffiffi
2

p
MΞcc

�
GðIÞTðΛ; mρ; rÞ þ

TðΛ; mω; rÞ
2

�
A2; ð3:27Þ

V2 ¼ −gσg00σYðΛ; mσ; rÞA5 −
gπk

6fπMΞcc

�
GðIÞZðΛ; mπ; rÞ þ

ZðΛ; mη; rÞ
6

�
A7

−
gπk

6fπMΞcc

�
GðIÞTðΛ; mπ; rÞ þ

TðΛ; mη; rÞ
6

�
A6 þ

1ffiffiffi
2

p hvβ00gV

�
GðIÞYðΛ; mρ; rÞ þ

YðΛ; mω; rÞ
2

�
A5

−
ffiffiffi
2

p
hvλ00gV
MΞcc

�
GðIÞQðΛ; mρ; rÞ þ

QðΛ; mω; rÞ
2

�
A8 −

ffiffiffi
2

p ðhv þ fvÞλ00gV
3MΞcc

�
GðIÞZðΛ; mρ; rÞ þ

ZðΛ; mω; rÞ
2

�
A7

þ ðhv þ fvÞλ00gV
3
ffiffiffi
2

p
MΞcc

�
GðIÞTðΛ; mρ; rÞ þ

TðΛ; mω; rÞ
2

�
A6; ð3:28Þ

V3 ¼ −
gπkA10

3
ffiffiffiffiffi
24

p
fπMΞcc

�
GðIÞZðΛ0; mπ0; rÞ þ

ZðΛ0; mη0; rÞ
6

�
−

gπkA9

3
ffiffiffiffiffi
24

p
fπMΞcc

�
GðIÞTðΛ0; mπ0; rÞ þ

TðΛ0; mη0; rÞ
6

�

−
hvλ00gVffiffiffi
3

p
MΞcc

A11

�
GðIÞQðΛ0; mρ0; rÞ þ

QðΛ0; mω0; rÞ
2

�
−
ðhv þ fvÞλ00gV

3
ffiffiffi
3

p
MΞcc

�
GðIÞZðΛ0; mρ0; rÞ þ

ZðΛ0; mω0; rÞ
2

�
A10

−
ðhv þ fvÞλ00gV

6
ffiffiffi
3

p
MΞcc

�
GðIÞTðΛ0; mρ0; rÞ þ

TðΛ0; mω0; rÞ
2

�
A9: ð3:29Þ

Here, V1, V2, and V3 correspond to the OBE effective potentials for processes ΞccD1 → ΞccD1, ΞccD�
2 → ΞccD�

2, and
ΞccD1 → ΞccD�

2, respectively. Functions YðΛ; m; rÞ, TðΛ; m; rÞ, ZðΛ; m; rÞ, and QðΛ; m; rÞ are defined as
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YðΛ; m; rÞ ¼ 1

4πr
ðe−mr − e−ΛrÞ − Λ2 −m2

8πΛ
e−Λr; ð3:30Þ

TðΛ; m; rÞ ¼ r
∂
∂r

1

r
∂
∂r YðΛ; m; rÞ; ð3:31Þ

ZðΛ; m; rÞ ¼ ∇2YðΛ; m; rÞ; ð3:32Þ

QðΛ; m; rÞ ¼ 1

r
∂
∂r YðΛ; m; rÞ: ð3:33Þ

Variables in the above effective potentials denote

Λ2
0¼Λ2−q20; m2

E0¼m2
E−q20; q0¼

m2
D�

2
−m2

D1

2ðmΞcc
þmD�

2
Þ :

TABLE III. Matrix elements for the angular momentum operators.

hΞccD1jA1jΞccD1iJ¼1=2 hΞccD1jA2jΞccD1iJ¼1=2 hΞccD1jA3jΞccD1iJ¼1=2 hΞccD1jA4jΞccD1iJ¼1=2

�
1

0

0

1

� �
0ffiffiffi
2

p
ffiffiffi
2

p

2

� �
2

0

0

−1
� �

0

0

0

3

�

hΞccD�
2jA5jΞccD�

2iJ¼1=2 hΞccD�
2jA6jΞccD�

2iJ¼1=2 hΞccD�
2jA7jΞccD�

2iJ¼1=2 hΞccD�
2jA8jΞccD�

2iJ¼1=2

�
1

0

0

1

� �
− 3

5
3
ffiffi
6

p
10

3
ffiffi
6

p
10
8
5

� �
3
2

0

0

−1
� �

27
10

−
ffiffi
6

p
10

−
ffiffi
6

p
10

14
5

�

hΞccD�
2jA9jΞccD1iJ¼1=2 hΞccD�

2jA10jΞccD1iJ¼1=2 hΞccD�
2jA11jΞccD1iJ¼1=2

0
B@ 1ffiffi

5
p ffiffi

2
5

q 2
ffiffi
6

pffiffi
5

p

−
ffiffi
3
5

q
1
CA

 
0 ffiffi
5
2

q 0

0

!  
0

− 3ffiffiffiffi
10

p
0

−
ffiffi
3
5

q
!

hΞccD1jA1jΞccD1iJ¼3=2 hΞccD1jA2jΞccD1iJ¼3=2 hΞccD1jA3jΞccD1iJ¼3=2 hΞccD1jA4jΞccD1iJ¼3=2

 
1 0 0

0 1 0

0 0 1

!  
0 −1 −2
−1 0 1

−2 1 0

!  −1 0 0

0 2 0

0 0 −1

!  
0 0 0

0 2 −1
0 −1 2

!

hΞccD�
2jA5jΞccD�

2iJ¼3=2 hΞccD�
2jA6jΞccD�

2iJ¼3=2 hΞccD�
2jA7jΞccD�

2iJ¼3=2 hΞccD�
2jA8jΞccD�

2iJ¼3=2

 
1 0 0

0 1 0

0 0 1

! 0
B@ 0 3

5
3
ffiffiffiffi
21

p
10

3
5

0 3
ffiffiffiffi
21

p
14

3
ffiffiffiffi
21

p
10

3
ffiffiffiffi
21

p
14

4
7

1
CA

 3
2

0 0

0 3
2

0

0 0 −1

! 0
B@ 0 0 0

0 9
5

−
ffiffiffiffi
21

p
10

0 −
ffiffiffiffi
21

p
10

11
5

1
CA

hΞccD�
2jA9jΞccD1iJ¼3=2 hΞccD�

2jA10jΞccD1iJ¼3=2 hΞccD�
2jA11jΞccD1iJ¼3=2

0
BBB@

0 −
ffiffi
2
5

q
−

ffiffiffiffi
21
10

q
− 1ffiffiffiffi

10
p 1ffiffiffiffi

10
p − 2

ffiffi
6

pffiffiffiffi
35

p

−
ffiffi
2
5

q
0 −

ffiffiffiffi
15
14

q
1
CCCA

0
BB@

ffiffi
5
2

q
0 0

0 0 0

0
ffiffi
5
2

q
0

1
CCA

0
BB@

0 0 0

0 −
ffiffi
5
2

q
0

0 −
ffiffi
2
5

q
−

ffiffiffiffi
21
10

q
1
CCA
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I stands for the isospin for ΞccD1=ΞccD�
2 systems. GðIÞ is

the isospin factor: GðI ¼ 0Þ ¼ 3=2 and GðI ¼ 1Þ ¼ −1=2.
In the above OBE effective potentials, we also introduce

several spin-spin, spin-orbit, and tensor force operators,

A1¼ ϵ†4 ·ϵ2 χ
†
3 χ1; A2 ¼ χ†3Sðσ1; iϵ†4×ϵ2; r̂Þχ1;

A3¼ χ†3σ1 · ðiϵ†4×ϵ2Þχ1; A4 ¼ðiϵ†4×ϵ2Þ ·Lχ†3 χ1;
A5¼

X
m;n;a;b

C2;mþn
1m;1n C

2;aþb
1a;1b ðϵ†4m ·ϵ2aÞðϵ†4n ·ϵ2bÞχ†3 χ1;

A6¼
X

m;n;a;b

C2;mþn
1m;1n C

2;aþb
1a;1b ðϵ†4m ·ϵ2aÞχ†3Sðσ1; iϵ†4n×ϵ2b; r̂Þχ1;

A7¼
X

m;n;a;b

C2;mþn
1m;1n C

2;aþb
1a;1b ðϵ†4m ·ϵ2aÞχ†3σ1 · ðiϵ†4n×ϵ2bÞχ1;

A8¼
X

m;n;a;b

C2;mþn
1m;1n C

2;aþb
1a;1b ðϵ†4m ·ϵ2aÞðiϵ†4n×ϵ2bÞ ·Lχ†3 χ1;

A9¼
X
m;n

C2;mþn
1m;1n ðϵ†4m ·ϵ2Þχ†3Sðσ1;ϵ†4n; r̂Þχ1;

A10¼
X
m;n

C2;mþn
1m;1n ðϵ†4m ·ϵ2Þχ†3ðσ1 ·ϵ†4nÞχ1;

A11¼
X
m;n

C2;mþn
1m;1n ðϵ†4m ·ϵ2Þðϵ†4n ·LÞχ†3 χ1:

Here, Sðx; y; r̂Þ is the tensor force operator,

Sðx; y; r̂Þ ¼ 3ðr̂ · xÞðr̂ · yÞ − x · y; ð3:34Þ

with r̂ ¼ r=jrj. In Table III, we collect the corresponding
numerical matrices for these operators.

IV. NUMERICAL RESULTS

After we prepared the OBE effective potentials in
Sec. III, here we test if the ΞccD1 and ΞccD�

2 systems
can be possible triple-charm pentaquark molecules by
numerically solving the Schrödinger equation,

−
1

2μ

�
∇2 −

lðlþ 1Þ
r2

�
ψðrÞ þ VðrÞψðrÞ ¼ EψðrÞ; ð4:1Þ

where ∇2 ¼ 1
r2

∂
∂r r2

∂
∂r, and μ ¼ m1m2

m1þm2
being the reduced

mass for the discussed systems.
Before we present our numerical results, let us briefly

emphasize the cutoff parameter Λ introduced in the form
factor. Its value is related to the typical hadronic scale or to the
intrinsic size of hadrons; the reasonable values should be
around 1.0GeV [24,25]. Although the bound state properties
depend on the choice of Λ, we can predict possible loosely
bound molecular states at the qualitative level.

A. Single ΞccD1 and ΞccD�
2 systems

For the ΞccD1 and ΞccD�
2 systems, π=η=σ=ρ=ω

exchanges are allowed. According to the masses of the

exchanged mesons, π exchange, σ=η exchanges, and ρ=ω
exchanges contribute to the long, intermediate, and short
range forces, respectively. In Fig. 2, we present the r
dependence of the OBE effective potentials for the ΞccD1

system with I ¼ 0; J ¼ 1=2, and the cutoff Λ is taken as
1.00 GeV. Here, we notice that

(i) π-exchange interaction acts as a typical long range
force. When r > 1.2 fm, only π-exchange contribu-
tion survives.

(ii) the properties for the center force provided by scalar
and vector meson exchanges are consistent with
our previous conclusions, where the σ-exchange and
ω-exchange interactions are attractive, and the in-
teraction from ρ exchange is about 3 times stronger
than that provided by ω exchange.

Here, we shall emphasize again the proposals from our
HQSS analysis: the interactions for the ΞccD1 systems with
IðJPÞ ¼ 0ð1=2þ; 3=2þÞ and the ΞccD�

2 systems with
IðJPÞ ¼ 0ð3=2þ; 5=2þÞ are strongly attractive, and thus
they may be possible molecular state candidates. In
comparison to those high spin states, the ΞccD1 state with
IðJPÞ ¼ 0ð1=2þÞ and ΞccD�

2 state with IðJPÞ ¼ 0ð3=2þÞ
may be much more tight.
In Table IV, we collect the bound properties for the

ΞccD1 and ΞccD�
2 systems with different quantum number

configurations, where the Λ dependence of the binding
energy E and the root-mean-square radius rrms for the
ΞccD1 and ΞccD�

2 systems is presented in Fig. 3. When we
tuned cutoff Λ from 0.8 to 5.0 GeV, we can obtain bound
solutions for all of the investigated systems, the ΞccD1

systems with IðJPÞ ¼ 0ð1=2þ; 3=2þÞ, 1ð1=2þ; 3=2þÞ,
and the ΞccD�

2 systems with IðJPÞ ¼ 0ð3=2þ; 5=2þÞ,
1ð3=2þ; 5=2þÞ. If we strictly take the cutoff Λ around
1.0 GeV according to the experience of the deuteron

FIG. 2. The effective potential for theΞccD1 systemwith IðJPÞ ¼
0ð1=2þÞ, and cutoff Λ is fixed as 1.00 GeV. Here, V11ðrÞ ¼
h2S1

2
jVΞccD1→ΞccD1ðrÞj2S1

2
i, V12ðrÞ ¼ h4D1

2
jVΞccD1→ΞccD1ðrÞj2S1

2
i,

and V22ðrÞ ¼ h4D1
2
jVΞccD1→ΞccD1ðrÞj4D1

2
i.
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[24,25], the ΞccD1 systems with IðJPÞ ¼ 0ð1=2þ; 3=2þÞ
and the ΞccD�

2 systems with IðJPÞ ¼ 0ð3=2þ; 5=2þÞ can be
good triple-charm molecular candidates. The above results
also confirm the previous HQSS analysis in the quantita-
tive level.
Additionally, when taking the same binding energy

for all the bound states, we obtain two relations,
Λð½ΞccD1�I¼0

J¼1=2Þ<Λð½ΞccD1�I¼0
J¼3=2Þ and Λð½ΞccD�

2�I¼0
J¼3=2Þ<

Λð½ΞccD�
2�I¼0
J¼5=2Þ. In general, a bound state with smaller

cutoff value corresponds to a more attractive interaction.
Thus, these two cutoff relations also prove our previous
estimations in a sense,

VIðJPÞ¼0ð1=2þÞ
ΞccD1

< VIðJPÞ¼0ð3=2þÞ
ΞccD1

< 0; ð4:2Þ

VIðJPÞ¼0ð3=2þÞ
ΞccD�

2
< VIðJPÞ¼0ð5=2þÞ

ΞccD�
2

< 0: ð4:3Þ

To summarize, we can predict that there exist four triple-
charm molecular pentaquarks, the ΞccD1 systems with
IðJPÞ ¼ 0ð1=2þ; 3=2þÞ and the ΞccD�

2 systems with
IðJPÞ ¼ 0ð3=2þ; 5=2þÞ. For the isovector ΞccD1 and
ΞccD�

2 systems, if cutoff Λ smaller than 2.0 GeV is a
reasonable input, the ΞccD1 state with IðJPÞ ¼ 1ð3=2þÞ
and the ΞccD�

2 state with IðJPÞ ¼ 1ð5=2þÞ may be possible
triple-charm molecular candidates. In addition, their
allowed strong decay channels include Ωcccσ, Ωcccρ,
ΞccD, ΞccD�, and Ωcccππ.

B. ΞccD1=ΞccD�
2 coupled systems

Since the mass of the ΞccD1 and ΞccD�
2 systems are very

close, it is very necessary to consider the coupled channel
effect. In this subsection, we discuss the ΞccD1=ΞccD�

2

states with I ¼ 0, 1 and J ¼ 1=2; 3=2 by considering the
coupled channel effect, where possible coupled channels
are listed as follows:

FIG. 3. Λ dependence of bound state solutions (the binding
energy E and root-mean-square radius rrms) for the single ΞccD1

and ΞccD�
2 systems with all the possible configurations.

TABLE IV. Bound state solutions for the ΞccD1 and ΞccD�
2 systems. Here, the cutoff Λ, the binding energy E, and

the root-mean-square radius rrms are in units of GeV, MeV, and fm, respectively.

States Λ E rrms States Λ E rrms

½ΞccD1�I¼0
J¼1=2 0.91 −0.87 3.03 ½ΞccD�

2�I¼0
J¼3=2 0.91 −0.40 4.33

0.93 −3.29 1.69 0.94 −3.67 1.62
0.96 −10.30 1.07 0.97 −10.70 1.05

½ΞccD1�I¼1
J¼1=2 2.70 −0.39 4.52 ½ΞccD�

2�I¼1
J¼3=2 2.50 −0.37 4.58

3.85 −1.82 2.23 3.75 −2.37 1.98
5.00 −3.02 1.79 5.00 −3.94 1.59

½ΞccD1�I¼0
J¼3=2 1.09 −0.36 4.77 ½ΞccD�

2�I¼0
J¼5=2 1.11 −0.49 4.18

1.23 −4.75 1.63 1.23 −5.12 1.60
1.31 −12.36 1.16 1.34 −12.11 1.19

½ΞccD1�I¼1
J¼3=2 1.62 −0.30 5.00 ½ΞccD�

2�I¼1
J¼5=2 1.58 −0.34 4.72

2.09 −4.66 1.47 2.00 −4.59 1.47
2.56 −11.60 1.00 2.42 −11.50 1.00
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1=2þ∶ ΞccD1j2S1
2
=4D1

2
i; ΞccD�

2j4D1
2
=6D1

2
i;

3=2þ∶ ΞccD1j4S3
2
=2D3

2
=4D3

2
i; ΞccD�

2j4S3
2
=4D3

2
=6D3

2
i:

The relevant numerical results for the ΞccD1=ΞccD�
2

coupled systems with IðJPÞ ¼ 0; 1ð1=2þ; 3=2þÞ are given
in Table V. Here, the cutoffΛ is also taken in the range from
0.80 to 5.00 GeV.
Since a state with a higher partial wave is less likely to

form a bound state as its repulsive centrifugal force
lðlþ 1Þ=2Mr2. For the ΞccD1=ΞccD�

2 coupled system with
JP ¼ 1=2þ, there is only one S-wave component, the
ΞccD1j2S1

2
i. Compared to the single case, bound state

properties for the ΞccD1=ΞccD�
2 coupled system with JP ¼

1=2þ do not change too much. As presented in Table V, if
we take the same cutoff value in both the single system and
coupled system, binding energies for the ΞccD1=ΞccD�

2

coupled systems with IðJPÞ ¼ 0ð1=2þÞ increase less than
1.0 MeV. For the isovector ΞccD1=ΞccD�

2 coupled systems
with JP ¼ 1=2þ, this increased bind energy reaches several
MeV. All in all, the coupled channel effect plays a positive
but minor effect in the ΞccD1=ΞccD�

2 coupled systems
with JP ¼ 1=2þ.
For the ΞccD1=ΞccD�

2 coupled systems with JP ¼ 3=2þ,
there are two S-wave components, the ΞccD1j4S3

2
i and

ΞccD�
2j4S3

2
i. In Table V, although the bound eigenvalues for

both of the isoscalar and isovector ΞccD1=ΞccD�
2 coupled

systems with JP ¼ 3=2þ are similar to those from the
single systems on the whole, the probabilities for the
ΞccD�

2j4S3
2
i are obviously much larger. This indicates that

the coupled channel effect is indeed helpful for the systems
with very close masses and over one S-wave component.

Finally, we need to conclude again that the
ΞccD1=ΞccD�

2 coupled systems with IðJPÞ ¼
0ð1=2þ; 3=2þÞ can be good triple-charm molecular candi-
dates, and the dominant channel in the isoscalar
ΞccD1=ΞccD�

2 coupled systems with 1=2þ is the ΞccD1

channel with almost 95% probability. However, for the
IðJPÞ ¼ 1ð3=2þÞ state, it is a mixture mainly composed by
the ΞccD1 and ΞccD�

2 channel, and their probabilities are all
over several tens of percents. Meanwhile, the isovector
ΞccD1=ΞccD�

2 coupled systems with JP ¼ ð1=2þ; 3=2þÞ
may be possible triple-charm molecular states.

C. Other molecular pentaquarks

As a byproduct, we shall extend the obtained OBE
effective potentials to the other systems composed by an
S-wave doubly charmed baryon and an anticharmed meson
in the T doublet [26], i.e.,

VΞccT̄→ΞccT̄ðrÞ ¼
X
E

ð−1ÞGEVΞccT→ΞccT
E ðrÞ; ð4:4Þ

where GE stands for the G parity for all the allowed
exchanged mesons.
In Table VI, we present the bound state properties for the

ΞccD̄1 and ΞccD̄�
2 systems. There exist six group bound

states, the ΞccD̄1 systems with IðJPÞ ¼ 0ð1=2þ; 3=2þÞ,
ð1; 3=2þÞ, and the ΞccD̄�

2 states with IðJPÞ ¼
0ð3=2þ; 5=2þÞ, ð1; 5=2þÞ. Here, we find that the cutoff
Λ for the isovector ΞccD̄1 and ΞccD̄�

2 bound states are
around 2.0 GeV, which is a little away from the typical
value of the deuteron, 1.0 GeV. The remaining four
isoscalar bound states can be prime loose molecular
pentaquark candidates for their reasonable cutoff value,
binding energy, and size.

TABLE V. Bound state solutions for the ΞccD1=ΞccD�
2 states with IðJPÞ ¼ 0; 1ð1=2þ; 3=2þÞ. Cutoff Λ, binding energy E, and root-

mean-square radius rrms are in units of GeV, MeV, and fm, respectively. Pð%Þ denotes the probability for the different channels. Here, we
label the probability for the corresponding channel in a bold manner.

ðI; JPÞ Λ E rrms PðΞccD1j2S1
2
iÞ PðΞccD1j2D1

2
iÞ PðΞccD�

2j4D1
2
iÞ PðΞccD�

2j6D1
2
iÞ

ð0; 1
2
þÞ 0.90 −0.47 3.84 99.51 0.43 oð10−3Þ 0.05

0.93 −3.76 1.60 99.44 0.46 oð10−3Þ 0.09
0.96 −10.78 1.04 99.59 0.32 oð10−3Þ 0.09

ð1; 1
2
þÞ 2.30 −0.33 4.41 99.62 0.33 oð10−3Þ 0.05

3.15 −3.65 1.63 98.46 1.19 0.03 0.32
4.00 −10.24 1.04 96.70 2.30 0.09 0.92

ðI; JPÞ Λ E rrms PðΞccD1j4S3
2
iÞ PðΞccD1j2D3

2
iÞ PðΞccD1j4D3

2
iÞ PðΞccD�

2j4S3
2
iÞ PðΞccD�

2j4D3
2
iÞ PðΞccD�

2j6D3
2
iÞ

ð0; 3
2
þÞ 1.00 −0.53 3.64 88.65 0.17 0.81 10.35 oð10−3Þ oð10−3Þ

1.01 −2.44 1.68 65.67 0.14 0.67 33.50 oð10−3Þ oð10−3Þ
1.02 −6.49 0.96 41.91 0.08 0.34 57.65 oð10−3Þ 0.01

ð1; 3
2
þÞ 1.50 −0.22 4.87 99.36 0.05 0.24 0.29 oð10−3Þ 0.01

1.63 −1.67 2.23 95.76 0.07 0.44 3.50 0.17 0.06
1.76 −6.95 0.99 57.95 0.04 0.29 40.91 0.44 0.37
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V. CONCLUSION AND DISCUSSION

The hadronic molecular explanations of newly
X=Y=Z=Pc states inspire us to perform a systematic
investigation of the possible triple-charm molecular states.
If some of X=Y=Z and Pc states are really hidden-charm
molecular tetraquarks and pentaquarks, respectively, one
can naturally propose that there may exist possible triple-
charm molecular pentaquarks, which are made up by a
doubly charmed baryon and a charmed meson. In fact, we
already studied the ΞccD=ΞccD� interactions [8] and can
predict several possible triple-charm molecular pentaquarks.
In this work, we further study the S-wave interactions

between a doubly charmed baryon and a charmed meson in
the T doublet. According to the previous predictions in
Ref. [8], at first, we qualitatively propose that interactions
for the ΞccD1 systems with IðJPÞ ¼ 0ð1=2þÞ; 0ð3=2þÞ and
ΞccD�

2 systems with IðJPÞ ¼ 0ð3=2þÞ; 0ð5=2þÞ can be
strong enough to bind as bound states by using the
HQSS analysis. Then, the OBE model is applied to
the dynamical calculation, which is often adopted to study
the interaction of heavy flavor hadrons after the observation
of X=Y=Z=Pc states. Since the coupling constants are not
known, we need to calculate the coupling constants
between the hadrons and light mesons with the quark
model. In this work, we also introduce a cutoff parameter.
According to the experience of the interaction between the
nucleons and pion [24,25], a reasonable value of Λ is taken
around 1.0 GeV.
Finally, our numerical results show that the most

promising pentaquark moleculars are the isoscalar ΞccD1

systems with JP ¼ ð1=2þ; 3=2þÞ and the isoscalar ΞccD�
2

systems with JP ¼ ð3=2þ; 5=2þÞ, which is consistent with
the results of the HQSS analysis. Although the cutoff value
for the isovector ΞccD1 and ΞccD�

2 bound states is a little
away from the empirical value Λ around 1.0 GeV, we may
predict that they may be possible triple-charm molecular
candidates. Comparing the results whether considering the
coupled channel effect or not, we find that (i) the coupled
channel effect plays a negligible role in forming the loosely

hadronic molecules for the ΞccD1=ΞccD�
2 state with

IðJPÞ ¼ 0ð1=2þÞ, where there is only one S-wave compo-
nent, the ΞccD1j2S1

2
i. (ii) For the ΞccD1=ΞccD�

2 state with

IðJPÞ ¼ 0ð3=2þÞ, there are two S-wave components, the
ΞccD1j4S3

2
i and ΞccD�

2j4S3
2
i; the coupled channel effect is

very important.
As a byproduct, we extend our investigation to the ΞccD̄1

and ΞccD̄�
2 interactions, and there are several good

possible molecular pentaquarks, the ΞccD̄1 systems with
IðJPÞ ¼ 0ð1=2þ; 3=2þÞ and the ΞccD̄�

2 states with
IðJPÞ ¼ 0ð3=2þ; 5=2þÞ.
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APPENDIX: COUPLING CONSTANTS

The concrete expressions for interactions between
T-doublet charmed mesons and light mesons are written as

(i) scalar meson σ exchange:

htiH ¼ ig00σ ;

htiQ ¼ igσqqhD�
2jD�

2i ¼ igσqq: ðA1Þ

(ii) pseudoscalar meson π exchange:

htiH ¼−
k
fπ

q3;

htiQ¼ gqqπffiffiffi
2

p
Mq

q3hD�
2↑j
X
x

σ3xτ
3
xjD�

2↑i¼−
gqqπffiffiffi
2

p
Mq

q3:

ðA2Þ

TABLE VI. Bound state solutions for ΞccD̄1 and ΞccD̄�
2 systems. Notation × means no binding solutions. Here, the cutoff Λ, the

binding energy E, and the root-mean-square radius rrms are in units of GeV, MeV, and fm, respectively.

States Λ E rrms States Λ E rrms

½ΞccD̄1�I¼0
J¼1=2 1.16 −0.48 4.11 ½ΞccD̄�

2�I¼0
J¼3=2 1.15 −0.37 4.64

1.21 −3.82 1.63 1.23 −6.53 1.30
1.26 −11.29 1.03 1.26 −11.30 1.03

½ΞccD̄1�I¼1
J¼1=2 ✗ ✗ ✗ ½ΞccD̄�

2�I¼1
J¼3=2 ✗ ✗ ✗

½ΞccD̄1�I¼0
J¼3=2 1.07 −0.45 4.19 ½ΞccD̄�

2�I¼0
J¼5=2 1.05 −0.32 4.87

1.21 −5.91 1.41 1.18 −4.84 1.52
1.31 −11.97 1.09 1.31 −12.17 1.09

½ΞccD̄1�I¼1
J¼3=2 2.25 −0.55 3.27 ½ΞccD̄�

2�I¼1
J¼5=2 2.04 −1.54 1.90

2.26 −2.49 1.47 2.05 −3.92 1.18
2.28 −8.56 0.78 2.07 −10.49 0.72
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(iii) vector meson ρ exchange:

htiH ¼ iffiffiffi
2

p β00gVρ03 −
ffiffiffi
2

p
λ00gVϵ3ijρi3q

j;

htiQ ¼
ffiffiffi
2

p
igqqρρ03hD�

2j
X
x

τ3xjD�
2i þ

�
gqqρffiffiffi
2

p
Mq

þ fqqρffiffiffi
2

p
MN

�
ϵ3ijρ

i
3q

jhD�
2↑j
X
x

σ3xτ
3
xjD�

2↑i

¼ −
ffiffiffi
2

p
igqqρρ03 −

�
gqqρffiffiffi
2

p
Mq

þ fqqρffiffiffi
2

p
MN

�
ϵ3ijρ

i
3q

j:

ðA3Þ

Here, qi is the i component of the exchanged boson
momentum, notation ↑ means the third component of
the spin is þ2. The superscripts H and Q stand for the
interactions in the hadronic and quark level, respectively.
After comparing these interactions in hadronic level and
quark level, one can obtain several coupling constants
relations. Using the same method, coupling constants
for T-doublet charmed mesons and light meson interactions

can be related to those from nucleon-nucleon interac-
tions, i.e.,

g00σ ¼
1

3
gσNN;

k
fπ

¼ 3

5
ffiffiffi
2

p gπNN

MN
;

β00gV ¼ −2gρNN; λ00gV ¼ 3

10

gρNN þ fρNN

MN
: ðA4Þ
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