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Based on a contact Lagrangian that incorporates the SU(3) flavor and SU(2) spin symmetries, we discuss
the symmetry properties of the interactions among the heavy flavor meson-baryon PN

ψ , PΛ
ψs (with quark

components ½nc̄�½nnc�, ½sc̄�½nnc�, or ½nc̄�½nsc�) systems and dibaryonHN
Ωccc

,HΛ
Ωcccs

(with quark components

½nnc�½ncc�, ½nnc�½scc�, or ½nsc�½ncc�) systems (n ¼ u, d). The light quark components of the PN
ψ (PΛ

ψs) and

HN
Ωccc

(HΛ
Ωcccs

) systems have identical flavors, the interactions generated from the exchanges of light mesons

in the PN
ψ (PΛ

ψs) systems should be very similar to that of theHN
Ωccc

(HΛ
Ωcccs

) systems. We perform the single-

channel and multichannel calculations on the PN
ψ =PΛ

ψs=HN
Ωccc

=HΛ
Ωcccs

systems and introduce the SU(3)

breaking effect to identify the different mass spectra among the PN
ψ (HN

Ωccc
) and PΛ

ψs (HΛ
Ωcccs

) systems. We

suggest two kinds of evidences for the existence of the flavor-spin symmetry among the heavy flavor
PN
ψ =HN

Ωccc
=PΛ

ψs=HΛ
Ωcccs

molecule community, i.e., the mass arrangements of the PN
ψ =HN

Ωccc
=PΛ

ψs=HΛ
Ωcccs

mass

spectra and the binding energies of the heavy flavor meson-baryon (dibaryon) systems attributed to the
same contact potentials.

DOI: 10.1103/PhysRevD.109.114028

I. INTRODUCTION

In the past 10 years, many pentaquark candidates have
been reported experimentally. The PN

ψ ð4312Þ, PN
ψ ð4380Þ,

PN
ψ ð4440Þ, PN

ψ ð4457Þ [1,2], PN
ψ ð4337Þ [3], PΛ

ψsð4338Þ [4],
and PΛ

ψsð4459Þ [5]. Their masses are close to the thresholds

of the Σð�Þ
c D̄ð�Þ or ΞcD̄ð�Þ systems, this general feature

serves as an important evidence of their molecular nature.
Besides the molecular interpretations, the compact penta-
quark states, the hadro-charmounium states, the triangle
singularities, and the cusp effects are also suggested to
understand their underlying structures (Readers may refer

to the reviews [6–17]) for more experimental and theoreti-
cal details).
In the molecular picture, as the components of the

molecular state, the two hadrons bind together through
the interactions that are mainly generated from the
exchanges of light mesons. Thus, for the heavy flavor
molecular states, the light quark component and the heavy
quark component in each hadron play different roles. The
nonrelativistic heavy quark component in each hadron is
stimulative to stabilize the heavy flavor molecular system,
while the light quark component in one hadron and its
correlation to the light quark component of another hadron
will determine the types of the exchanged light mesons, and
thus primarily determine the property of interaction among
the two hadrons.

The Ξð�Þ
cc baryon can be related to the anti-charmed D̄ð�Þ

meson with the heavy diquark-antiquark symmetry
(HDAS) [18]. in other words, the existence of the molecular

state that is below the Σð�Þ
c D̄ð�Þ or ΞcD̄ð�Þ threshold implies

the existence of the molecular state that is below the Σð�Þ
c Ξð�Þ

cc
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or ΞcΞ
ð�Þ
cc threshold, respectively. In fact, due to the special

role of heavy quark components in stabilizing the molecular

system, the molecular state consists of the Σð�Þ
c (Ξc) and Ξ

ð�Þ
cc

components is expected to bind deeper than the molecular

state consists of the Σð�Þ
c (Ξc) and D̄ð�Þ components.

Similarly, the Ωð�Þ
cc can be related to the anti-charmed-

strange meson D̄ð�Þ
s with the HDAS. Note that the LHCb

collaboration reported the PΛ
ψsð4338Þ [4] state, which could

be the good candidate of ΞcD̄ molecular state. Besides,
from the J=ΨΛ invariant spectrum, there might be a
PΛ
ψsð4255Þ structure near theΛcD̄s threshold. The existence

of PΛ
ψsð4255Þ were discussed in some literatures [19–24],

since the threshold of the ΛcD̄s channel is very close to the
PΛ
ψsð4255Þ, the ΛcD̄s interaction attracted much attentions.

If the PΛ
ψsð4255Þ do exist, we should also check the

existence of its HDAS partner ΛcΩcc.

By replacing the c̄ quark in D̄ð�Þ=D̄ð�Þ
s mesons with the

cc pair, we obtain the expected hexaquark systems
HN

Ωccc
=HΛ

Ωcccs
that have identical light quark components

to that of the PN
ψ =PΛ

ψs systems, we list the considered heavy
flavor baryon-meson and dibaryon systems and their
corresponding thresholds in Table I.
In Table I, we adopt the experimental mass of the Ξþþ

cc
baryon measured from the LHCb collaboration [25,26].
The mass spectrum of the doubly charmed baryons has
been studied in many different frameworks, such as various
quark models [27–33], the bag models [34–36], Bethe-
Salpeter equation [37], Born-Oppenheimer EFT [38],
Regge analysis [39,40], QCD sum rule [41,42], and lattice

QCD [43–45]. We adopt the masses of the Ξ�
cc and Ωð�Þ

cc

doubly heavy baryons calculated from a relativistic quark
model [27].
In this work, we collect the PN

ψ =PΛ
ψs=HN

Ωccc
=HΛ

Ωcccs

systems together and investigate the possible flavor-spin
symmetry among the PN

ψ =PΛ
ψs=HN

Ωccc
=HΛ

Ωcccs
molecular

community, i.e., the interactions of the molecular states
can be related together through their flavor and spin
structures. Our framework [46–49] is based on the one-
boson-exchange (OBE) picture at hadron level, the inter-
action of two hadrons is generated from the exchanges of
light mesons. But we reexpress such process with a quark-
level Lagrangian possessing the SU(3) flavor symmetry
and SU(2) spin symmetry. This framework is particularly
convenient for the symmetry analysis of the interactions
among different dihadron systems [24].
The investigations on the triply charmed pentaquark or

hexaquark states can be found in a few literatures. In
Ref. [50], the authors suggested that if the Xð3872Þ and
Zbð10650Þ turn out to be the DD̄� and B�B̄� bound states,
then the HDAS implies the existences of the triply charmed
and triply bottomed pentaquark states, respectively. Within
the framework of OBE model, the triply heavy pentaquark
systems and the triply charmed hexaquark states have also
been investigated in Refs. [51,52] and [53], respectively. In
the framework of QCD sum rule, Ref. [54] constructed the
color-singlet-color-singlet type currents to investigate the
interactions of the scalar and axial-vector ΞccΣc dibaryon
states, their results suggested the existences of triply-
charmed dibaryon states. By checking the result of the
heavy dibaryon system ΣcΞcc from lattice QCD [55], the
authors in Ref. [56] proposed a model independent way to
determine the spins of the PN

ψ ð4440Þ and PN
ψ ð4457Þ, i.e., the

mass arrangement of the PN
ψ bound state spectrum is related

to the mass arrangement of the HN
Ωccc

bound state spectrum
through the heavy quark spin symmetry. In this work, we
will give an extended discussion on the symmetry properties
of the interactions in thePN

ψ =HN
Ωccc

as well as thePΛ
ψs=HΛ

Ωcccs

systems.
This paper is organized as follows. In Sec. II, we present

our theoretical framework. In Sec. III, we discuss the way
we determine the parameters introduced in our model,
then we present how the flavor-spin symmetry manifests
itself from our single-channel calculations on the PN

ψ =
HN

Ωccc
=PΛ

ψs=HΛ
Ωcccs

systems. In Sec. IV, we present and
discuss the results from our multichannel calculations on
the PN

ψ =HN
Ωccc

=PΛ
ψs=HΛ

Ωcccs
systems. Section V is devoted to

a summary.

II. FRAMEWORK

In this section, we present our framework to calculate the
mass spectra of the PN

ψ =HN
Ωccc

and PΛ
ψs=HΛ

Ωcccs
states. We

introduce [46,47] the S wave contact interactions via
exchanging scalar and axial-vector light mesons to

TABLE I. The heavy flavor meson-baryon and dibaryon
systems and their corresponding thresholds. We adopt the isospin
averaged masses for the single-charm mesons and baryons. For
the Ξcc baryon, we use the experimental mass from Refs. [25,26].

For the doubly charmed baryons Ξ�
cc and Ωð�Þ

cc , we use their
theoretical masses calculated from Ref. [27]. All values are in
units of MeV.

Quark content System and threshold

ðnncÞðnc̄Þ ΛcD̄ ΛcD̄� ΣcD̄ Σ�
cD̄ ΣcD̄� Σ�

cD̄�
4153.7 4295.0 4320.8 4385.4 4462.1 4526.7

ðnncÞðnccÞ ΛcΞcc ΛcΞ�
cc ΣcΞcc Σ�

cΞcc ΣcΞ�
cc Σ�

cΞ�
cc

5907.9 6013.5 6074.9 6139.5 6180.5 6245.1

ðnncÞðsc̄Þ ΛcD̄s ΛcD̄�
s ΣcD̄s Σ�

cD̄s ΣcD̄�
s Σ�

cD̄�
s

4255.5 4398.7 4422.5 4487.1 4565.7 4630.3
ðnscÞðnc̄Þ ΞcD̄ ΞcD̄� Ξ0

cD̄ Ξ�
cD Ξ0

cD̄� Ξ�
cD̄�

4336.7 4478.0 4446.0 4513.2 4587.4 4654.5
ðnncÞðsccÞ ΛcΩcc ΛcΩ�

cc ΣcΩcc Σ�
cΩcc ΣcΩ�

cc Σ�
cΩ�

cc
6064.5 6158.5 6231.5 6296.1 6325.5 6390.1

ðnscÞðnccÞ ΞcΞcc ΞcΞ�
cc Ξ0

cΞcc Ξ�
cΞcc Ξ0

cΞ�
cc Ξ�

cΞ�
cc

6090.5 6196.1 6199.9 6267.4 6305.5 6373.0
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collectively describe the interactions of the PN
ψ =HN

Ωccc
and

PΛ
ψs=HΛ

Ωcccs
systems

L ¼ gsq̄Sqþ gaq̄γμγ5Aμq: ð1Þ

The fictitious scalar field S and axial-vector fieldAμ can be
expanded as

S ¼ S3λ
i þ S2λ

j þ S1λ
8; ð2Þ

Aμ ¼ Aμ
3λ

i þAμ
2λ

j þAμ
1λ

8; ð3Þ

respectively. The λi (i ¼ 1, 2, 3), λj (j ¼ 4, 5, 6, 7), and λ8

are the generators of SU(3) group. S3 (A
μ
3), S2 (A

μ
2), and S1

(Aμ
1) denote the isospin triplet, isospin doublet, and isospin

single scalar (axial-vector) fields, respectively.
The effective potential introduced from the exchanges of

scalar and axial-vector mesons can be written as

V ¼ g̃sλ1 · λ2 þ g̃aλ1 · λ2σ1 · σ2: ð4Þ

The σ1ð2Þ is the Pauli matrix in the spin space. The redefined
coupling constants are g̃s ¼ g2s=m2

S and g̃a ¼ g2a=m2
A,

where mS and mA are the masses of the scalar and
axial-vector light mesons.
To calculate the effective potential of the considered

PN
ψ =PΛ

ψs=HN
Ωccc

=HΛ
Ωcccs

systems, we need to construct the
wave functions of the mesons and baryons involved in
Table I. We collectively present their flavor and spin wave
functions in Tables II and III, respectively.
With the above preparations, the total wave function

of the considered heavy flavor dihadron system can be
written as

j½H1H2�IJi ¼
X

mI1
mI2

CI;Iz
I1;mI1

;I2;mI2
ϕH1

I1;mI1
ϕH2

I2;mI2

⊗
X

mS1
;mS2

CJ;Jz
S1;mS1

;S2;mS2
ϕH1

S1;mS1
ϕH2

S2;mS2
: ð5Þ

Here,H1ð2Þ stands for the considered heavy flavor meson or

baryon. The CI;Iz
I1;mI1

;I2;mI2
and CJ;Jz

S1;mS1
;S2;mS2

are the Clebsch-

Gordan coefficients.
With the constructed total wave function, the effective

potential for a specific heavy flavor dihadron system
with total isospin I and total angular momentum J can
be written as

V ½H1H2�IJ ¼ h½H1H2�IJjVj½H1H2�IJi: ð6Þ

Here, since we only consider the interactions that are
introduced from the exchanges of light mesons, the oper-
ators λ1 · λ2 and λ1 · λ2σ1 · σ2 only act on the light quark
components of the total wave function j½H1H2�IJi.

TABLE II. The flavor wave functions of the heavy flavor
hadrons considered in this work.

Meson jImIi ϕM
ImI

Meson jImIi ϕM
ImI

D̄ð�Þ0 j 1
2
1
2
i uc̄ D̄ð�Þ− j 1

2
− 1

2
i dc̄

D̄ð�Þ−
s

j00i sc̄

Baryon jImIi ϕB
ImI

Baryon jImIi ϕB
ImI

Λþ
c j00i 1ffiffi

2
p ðdu − udÞc Σð�Þþþ

c
j11i uuc

Σð�Þþ
c

j10i 1ffiffi
2

p ðudþ duÞc Σð�Þ0
c

j1 − 1i ddc

Ξþ
c j 1

2
1
2
i 1ffiffi

2
p ðus − suÞc Ξ0

c j 1
2
− 1

2
i 1ffiffi

2
p ðds − sdÞc

Ξ0ð�Þþ
c j 1

2
1
2
i 1ffiffi

2
p ðusþ suÞc Ξ0ð�Þ0

c j 1
2
− 1

2
i 1ffiffi

2
p ðdsþ sdÞc

Ξð�Þþþ
cc j 1

2
1
2
i ucc Ξð�Þþ

cc j 1
2
− 1

2
i dcc

Ωð�Þþ
cc

j00i scc

TABLE III. The spin wave functions of the heavy flavor hadrons considered in this work.

Hadron jSmSi ϕM
SmS

Hadron jSmSi ϕM
SmS

j11i ↑↑
D̄=D̄s j00i 1ffiffi

2
p ð↑↓ − ↓↑Þ D̄�=D̄�

s j10i 1ffiffi
2

p ð↑↓þ ↓↑Þ
j1 − 1i ↓↓

Hadron jSmSi ϕB
SmS

Hadron jSmSi ϕB
SmS

Λc=Ξc j 1
2
1
2
i 1ffiffi

2
p ð↑↓ − ↓↑Þ↑

j 1
2
− 1

2
i 1ffiffi

2
p ð↑↓ − ↓↑Þ↓ j 3

2
3
2
i ↑↑↑

Σc=Ξ0
c j 1

2
1
2
i − 1ffiffi

6
p ð↑↓þ ↓↑Þ↑þ

ffiffi
2
3

q
↑↑↓ Σ�

c=Ξ�
c j 3

2
1
2
i ffiffi

1
3

q
ð↑↑↓þ ↑↓↑þ ↓↑↑Þ

j 1
2
− 1

2
i 1ffiffi

6
p ð↑↓þ ↓↑Þ↓ −

ffiffi
2
3

q
↓↓↑ =Ξ�

cc=Ω�
cc j 3

2
− 1

2
i ffiffi

1
3

q
ð↑↓↓þ ↓↑↓þ ↓↓↑Þ

Ξcc=Ωcc j 1
2
1
2
i − 1ffiffi

6
p ↑ð↑↓þ ↓↑Þ þ

ffiffi
2
3

q
↓↑↑ j 3

2
− 3

2
i ↓↓↓

j 1
2
− 1

2
i 1ffiffi

6
p ↓ð↑↓þ ↓↑Þ −

ffiffi
2
3

q
↑↓↓
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At present, the experimentally observed PN
ψ [1,2] and

PΛ
ψs [4,5] molecular candidates have the lowest isospin 1

2

and 0, respectively. In Ref. [46], with the same framework,
we proposed an isospin criterion to explain why the
experimentally observed PN

ψ =PΛ
ψs molecular candidates

prefer the lowest isospin numbers. This criterion suggest
that when the light quark components of these systems
couple to lower isospin numbers, the interactions generated
from such configurations lead to more attractive forces,
which is crucial for the formation of the heavy flavor bound
states. Thus, in this work, we only focus on the PN

ψ =HN
Ωccc

and PΛ
ψs=HΛ

Ωcccs
systems with the lowest isospin numbers,

i.e., I ¼ 1=2 and I ¼ 0 for the PN
ψ =HN

Ωccc
and PΛ

ψs=HΛ
Ωcccs

systems, respectively.
We collect the considered channels with the lowest

isospin and all possible total angular momentum numbers
for each PN

ψ =PΛ
ψs=HN

Ωccc
=HΛ

Ωcccs
system in Table IV.

The effective potential matrices V
PN
ψ

J , V
PΛ
ψs

J , V
HN

Ωccc
J , V

HΛ
Ωcccs

J
can be calculated from Eq. (6) with J ¼ 1=2, 3=2, and 5=2
for the PN

ψ and PΛ
ψs systems, and with J ¼ 0, 1, 2, and 3

for the HN
Ωccc

and HΛ
Ωcccs

systems. Then we find the bound
state solutions by solving the following coupled-channel
Lippmann-Schwinger equation

TðEÞ ¼ V þ VGðEÞTðEÞ; ð7Þ

with

V ¼

0
BBBBBBBBB@

v11 � � � v1i � � � v1n

..

. ..
. ..

.

vj1 � � � vji � � � vjn

..

. ..
. ..

.

vn1 � � � vni � � � vnn

1
CCCCCCCCCA
; ð8Þ

TðEÞ ¼

0
BBBBBBBBB@

t11ðEÞ � � � t1iðEÞ � � � t1nðEÞ
..
. ..

. ..
.

tj1ðEÞ � � � tjiðEÞ � � � tjnðEÞ
..
. ..

. ..
.

tn1ðEÞ � � � tniðEÞ � � � tnnðEÞ

1
CCCCCCCCCA
; ð9Þ

and

GðEÞ ¼ diagfG1ðEÞ;…; GiðEÞ;…; GnðEÞg: ð10Þ

Here, we adopt a dipole form factor uðΛÞ ¼ ð1þ q2=Λ2Þ−2
[21,24,57,58] to suppress the contributions from higher
momenta, i.e.,

Gi ¼
1

2π2

Z
dq

q2

E−
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

i1 þ q2
p

−
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

i2 þ q2
p u2ðΛÞ: ð11Þ

Three parameters g̃s, g̃a, and Λ are introduced in our model,
we will discuss the determination of these three parameters
in Sec. III.
The bound state solution satisfies the following equation

jjI − VGjj ¼ 0: ð12Þ

The I is the unit matrix. For the bound state below the
lowest channel, we find its solution in the first Riemann
sheet of the lowest channel. For the quasibound state
between the thresholds of the ith (lower) and jth (higher)
channels, they generally has nonzero imaginary parts due to
its nontrivial couplings to the lower i channels. We find the
quasi-bound state solution between the first Riemann sheet
of the higher jth channel and the second Riemann sheet of
the lower ith channel.

III. PARAMETERS AND THE RESULTS FROM
OUR SINGLE-CHANNEL FROMALISM

In this section, we briefly introduce theway we determine
the three parameters g̃s, g̃a, and Λ that are introduced in our
model. Then we use a single channel formalism to give a
preliminary discussion on how the flavor-spin symmetry
manifests itself among the PN

ψ =PΛ
ψs=HN

Ωccc
=HΛ

Ωcccs
systems.

TABLE IV. The heavy flavor meson-baryon channels (PN
ψ and

PΛ
ψs systems) and dibaryon channels (HN

Ωccc
and HΛ

Ωcccs
systems)

with the lowest isospin numbers and all possible total angular
momentum numbers.

IðJPÞ Channel

PN
ψ

1
2
ð1
2
−Þ ΛcD̄;ΛcD̄�;ΣcD̄;ΣcD̄�;Σ�

cD̄�
1
2
ð3
2
−Þ ΛcD̄�;Σ�

cD̄;ΣcD̄�;Σ�
cD̄�

1
2
ð5
2
−Þ Σ�

cD̄�

PΛ
ψs

0ð1
2
−Þ ΛcD̄s;ΛcD̄�

s ;ΞcD̄;ΞcD̄�;Ξ0
cD̄;Ξ0

cD̄�;Ξ�
cD̄�

0ð3
2
−Þ ΛcD̄�

s ;ΞcD̄�;Ξ�
cD̄;Ξ0

cD̄�;Ξ�
cD̄�

0ð5
2
−Þ Ξ�

cD̄�

HN
Ωccc

1
2
ð0þÞ ΛcΞcc;ΣcΞcc;Σ�

cΞ�
cc

1
2
ð1þÞ ΛcΞcc;ΛcΞ�

cc;ΣcΞcc;Σ�
cΞcc;ΣcΞ�

cc;Σ�
cΞ�

cc
1
2
ð2þÞ ΛcΞ�

cc;Σ�
cΞcc;ΣcΞ�

cc;Σ�
cΞ�

cc
1
2
ð3þÞ Σ�

cΞ�
cc

HΛ
Ωcccs

1
2
ð0þÞ ΛcΩcc;ΞcΞcc;Ξ0

cΞcc;Ξ�
cΞ�

cc
1
2
ð1þÞ ΛcΩ�

cc;ΞcΞcc;ΞcΞ�
cc;Ξ0

cΞcc;Ξ�
cΞcc;Ξ0

cΞ�
cc;Ξ�

cΞ�
cc

1
2
ð2þÞ ΞcΞ�

cc;Ξ�
cΞcc;Ξ0

cΞ�
cc;Ξ�

cΞ�
cc

1
2
ð3þÞ Ξ�

cΞ�
cc
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A. Determination of the parameters

We use the masses of the PN
ψ ð4440Þ and PN

ψ ð4457Þ [2] as
inputs to determine the g̃s and g̃a. The JP numbers of these
two states have not been measured yet, since they both lie
slightly below the ΣcD̄� threshold, the following two
scenarios are possible for their assignments

Scenario1∶PN
ψ ð4440Þ

����ΣcD̄�;
1

2

−
�
; PN

ψ ð4457Þ
����ΣcD̄�;

3

2

−
�
;

ð13Þ

Scenario2∶PN
ψ ð4457Þ

����ΣcD̄�;
1

2

−
�
; PN

ψ ð4440Þ
����ΣcD̄�;

3

2

−
�
:

ð14Þ

We fix the cutoff Λ at 1.0 GeV. Since we only consider the
exchanges of the scalar and axial-vector light mesons, this
value is comparable to the mass of the ground scalar or
axial-vector mesons, and they are integrated out in our
effective theory. Besides, we also checked that our numeri-
cal results have weakΛ-dependences around 1.0 GeV. With
the above two sets of assignments, the g̃s and g̃a can be
obtained by solving the following equations [24]

Re
������I − V

PN
ψ

1=2G
PN
ψ

1=2

������ ¼ 0; ð15Þ

Im
������I − V

PN
ψ

1=2G
PN
ψ

1=2

������ ¼ 0; ð16Þ

Re
������I − V

PN
ψ

3=2G
PN
ψ

3=2

������ ¼ 0; ð17Þ

Im
������I − V

PN
ψ

3=2G
PN
ψ

3=2

������ ¼ 0; ð18Þ

then the parameters g̃s and g̃a in scenario 1 and scenario 2
are obtained as

Scenario1∶ g̃s¼ 8.28GeV−2; g̃a ¼−1.46GeV−2; ð19Þ

Scenario2∶g̃s ¼ 9.12 GeV−2; g̃a ¼ 1.25 GeV−2: ð20Þ

The parameter g̃s that is related to the operator λ1 · λ2 is
much larger than the parameter g̃a that is related to the
operator λ1 · λ2σ1 · σ2. The first term in Eq. (4) provides the
driving force for the formation of molecular states, the values
of g̃a obtained from these two scenarios have opposite signs,
the different signs of g̃a will lead to different mass arrange-
ments for a specific dihadron system with different total
angular momentum numbers. The PN

ψ =PΛ
ψs states in the

scenario 1 have been discussed in detail within the same
framework in Ref. [24]. However, since both scenarios
cannot be excluded at present, to give more valuable
predictions to the considered heavy flavor meson-baryon

and dihadron systems, in this work, we further add the
results of the PN

ψ and PΛ
ψs systems with the inputs from the

scenario 2.

B. Flavor-spin symmetry among the
PN
ψ=PΛ

ψs=HN
Ωccc

=HΛ
Ωcccs

systems in the single channel
formalism

With the obtained parameters g̃s and g̃a in both scenarios,
we firstly present a single channel calculation to discuss
how the flavor-spin symmetry manifests itself among the
PN
ψ =PΛ

ψs=HN
Ωccc

=HΛ
Ωcccs

systems. Here, we list the diagonal
matrix elements of the operators Of ¼ hλ1 · λ2i and Ofs ¼
hλ1 · λ2σ1 · σ2i for the PN

ψ =PΛ
ψs=HN

Ωccc
=HΛ

Ωcccs
systems with

different total angular momentum numbers in Table V.
Then the numerical effective potential for a dihadron
½H1H2�IJ system can be directly written as

V ½H1H2�IJ ¼ g̃sOf þ g̃aOfs: ð21Þ

With the numerical effective potentials, we solve the
corresponding bound state solutions with the inputs from
the scenario 1 and scenario 2, and collect them in Table VI.
In our convention, the negative and positive effective

potentials correspond to the attractive and repulsive forces,
respectively. As given in Table V, the ½ΛcD̄�1

2
, ½ΛcD̄��1

2
;3
2
,

½ΛcΞcc�0;1, and ½ΛcΞ�
cc�1;2 systems have repulsive forces

and do not have bound state solutions. Besides, the ½ΛcD̄s�1
2
,

½ΛcD̄�
s �1

2
;3
2
, ½ΛcΩcc�0;1, and ½ΛcΩ�

cc�1;2 systems have weak
attractive forces but not strong enough to form bound
states. However, we find that after including the coupled-
channel and SU(3) breaking effects, the existences of the
½ΛcD̄s�1

2
, ½ΛcD̄�

s �1
2
;3
2
, ½ΛcΩcc�0;1, and ½ΛcΩ�

cc�1;2 bound states
are possible, we will discuss this issue in Sec. IV B.
From Table V, we also find that the systems

Σð�Þ
c D̄ ↔ Ξ0ð�Þ

c D̄; ð22Þ

Σ�
cD̄� ↔ Ξ0ð�Þ

c D̄�; ð23Þ

Σð�Þ
c Ξcc ↔ Ξ0ð�Þ

c Ξcc; ð24Þ

Σð�Þ
c Ξ�

cc ↔ Ξ0ð�Þ
c Ξ�

cc; ð25Þ

with the same total angular momentum numbers (with the
same spin wave functions) have identical contact potentials.
This is the main manifestation of the SU(3) symmetry.
The diagonal matrix elements Ofs for the ½ΞcD̄��1

2
and

½ΞcD̄��3
2
systems are all 0, the Ξc and D̄� components have

vanishing spin-spin interaction from their light degrees of
freedom. The inclusion of the spin-spin interaction terms
from their heavy degrees of freedom could distinguish the

FLAVOR-SPIN SYMMETRY OF THE … PHYS. REV. D 109, 114028 (2024)

114028-5



ΞcD̄� molecular states with J ¼ 1=2 and J ¼ 3=2, but this
is beyond the scope of this work. Thus, if we only consider
the interactions introduced from the exchanges of light
mesons, the ½ΞcD̄��1

2
and ½ΞcD̄��3

2
systems have identical

effective potential and thus have identical binding energy,
as presented in Table VI.
The degeneracy of a dihadron system with different total

angular momentum numbers also appear in the ½ΛcD̄��1
2
;3
2
,

½ΛcΞcc�0;1, ½ΛcΞ�
cc�1;2, ½ΛcD̄�

s �1
2
;3
2
, ½ΛcΩcc�0;1, ½ΛcΩ�

cc�1;2,
½ΞcΞcc�0;1, ½ΞcΞ�

cc�1;2 systems, as can be seen from their
effective potentials listed in Table V. By checking the
results listed in Table VI, we find that among the above
systems, the ½ΞcΞcc�0;1 and ½ΞcΞ�

cc�1;2 systems have bound
state solutions, the ½ΞcΞcc�0 (½ΞcΞ�

cc�1) and ½ΞcΞcc�1
(½ΞcΞ�

cc�2) have identical binding energy, one needs to
introduce the spin-spin interaction terms from their heavy
degrees of freedom to discriminate the ½ΞcΞcc�0 (½ΞcΞ�

cc�1)
and ½ΞcΞcc�1 (½ΞcΞ�

cc�2) bound states. In this work, we
assume that the mass corrections induced from the
exchanges of cc̄ mesons are very small and neglect this
effect.
By simply collecting the systems that have identical

attractive effective potentials, we obtain six groups of
heavy flavor dihadron systems, we label these six groups
of systems with the superscript A-F on the angular
momentum J in Tables V and VI.
Among the systems in A-F groups, the systems in F

group have weak attractive force and can form bound state

only if we consider the coupled-channel and SU(3) break-
ing effects, we will discuss the F group in Sec. IV C.
As can be seen from Tables Vand VI, on the one hand, in

each of the A-E groups, with the same effective potential,
the heavy-flavor dibaryon bound state has deeper binding
energy than that of the heavy flavor meson-baryon bound
state, this result implies the special role of heavy flavor
quark components in stabilizing the molecules. On the
other hand, since the heavy flavor dibaryon system and the
baryon-meson system with identical effective potential in
the same group have different binding energies, although
they are related via the flavor-spin symmetry, one cannot
directly identify a heavy flavor dibaryon bound state as the
flavor-spin symmetry partner of a heavy flavor baryon-
meson bound state through their binding energies, which
might be observed in the future. Alternatively, in each
group, the flavor-spin symmetry manifests itself very well
in the heavy flavor meson-baryon and dibaryon systems,
separately. For example, from Table VI, we further list the
binding energies in group A obtained with the inputs from
scenario 1 as follows

½ΞcD̄�1
2
∶ −8.2MeV; ½ΞcD̄��1

2
;3
2
∶ −9.7MeV; −9.7MeV

½ΣcD̄�1
2
∶ −8.1MeV; ½Ξ0

cD̄�1
2
∶ −8.9MeV;

½Σ�
cD̄�3

2
∶ −8.5MeV; ½Ξ�

cD̄�3
2
∶ −9.3MeV;

for the heavy flavor baryon-meson bound states and

TABLE V. The diagonal matrix elements of the Of ¼ hλ1 · λ2i and Ofs ¼ hðλ1 · λ2Þðσ1 · σ2Þi for the
PN
ψ =HN

Ωccc
=PΛ

ψs=HΛ
Ωcccs

systems. We use the superscript A-F on the total angular momentum J to denote six
groups of dihadron systems that have identical effective potentials.

System Of Ofs System Of Ofs

½ΛcD̄�1
2

2
3

0 ½ΛcΞcc�0;1 2
3
; 2
3

0, 0

½ΛcD̄��1
2
;3
2

2
3
; 2
3

0, 0 ½ΛcΞ�
cc�1;2 2

3
; 2
3

0, 0

½ΣcD̄�1
2
A − 10

3
0 ½ΣcΞcc�0B;1 − 10

3
;− 10

3
− 20

9
; 20
27

½Σ�
cD̄�3

2
A − 10

3
0 ½Σ�

cΞcc�1;2C − 10
3
;− 10

3 − 50
27
; 10
9

½ΣcD̄��1
2
;3
2
B − 10

3
;− 10

3
40
9
;− 20

9
½ΣcΞ�

cc�1;2B − 10
3
;− 10

3
100
27

;− 20
9

½Σ�
cD̄��1

2
D;3

2
;5
2
E − 10

3
;− 10

3
;− 10

3
50
9
; 20
9
;− 10

3
½Σ�

cΞ�
cc�0D;1;2C;3E − 10

3
;− 10

3
;− 10

3
50
9
; 110
27

; 10
9
;− 10

3

System Of Ofs System Of Ofs

½ΛcD̄s�1
2
F − 4

3
0 ½ΛcΩcc�0F;1F − 4

3
;− 4

3
0, 0

½ΛcD̄�
s �1

2
F ;3

2
F − 4

3
;− 4

3
0, 0 ½ΛcΩ�

cc�1F;2F − 4
3
;− 4

3
0, 0

½ΞcD̄�1
2
A − 10

3
0 ½ΞcΞcc�0A;1A − 10

3
;− 10

3
0, 0

½ΞcD̄��1
2
A;3

2
A − 10

3
;− 10

3
0, 0 ½ΞcΞ�

cc�1A;2A − 10
3
;− 10

3
0, 0

½Ξ0
cD̄�1

2
A − 10

3
0 ½Ξ0

cΞcc�0B;1 − 10
3
;− 10

3
− 20

9
; 20
27

½Ξ�
cD̄�3

2
A − 10

3
0 ½Ξ�

cΞcc�1;2C − 10
3
;− 10

3
− 50

27
; 10
9

½Ξ0
cD̄��1

2
;3
2
B − 10

3
;− 10

3
40
9
;− 20

9
½Ξ0

cΞ�
cc�1;2B − 10

3
;− 10

3
100
27

;− 20
9

½Ξ�
cD̄��1

2
D;3

2
;5
2
E − 10

3
;− 10

3
;− 10

3
50
9
; 20
9
;− 10

3
½Ξ�

cΞ�
cc�0D;1;2C;3E − 10

3
;− 10

3
;− 10

3
;− 10

3
50
9
; 110
27

; 10
9
;− 10

3
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½ΞcΞcc�0;1∶ − 22.0 MeV − 22.0 MeV

½ΞcΞ�
cc�1;2∶ − 22.5 MeV;−22.5 MeV;

for the heavy flavor dibaryon bound states, respectively.
The heavy flavor meson-baryon or dibaryon systems in
group A have very similar binding energies, this phenome-
non can serve as a fingerprint for the existence of the flavor-
spin symmetry. We can also obtain the same conclusion by
checking the binding energies of the heavy flavor baryon-
meson or dibaryon systems in B-E groups. Besides, this
conclusion also applies to the results in A-E groups
obtained with the inputs from scenario 2, as can be checked
from Table VI.
From our single-channel calculation, the flavor-spin

symmetry manifests itself very well in the PN
ψ =HN

Ωccc
=

PΛ
ψs=HΛ

Ωcccs
systems, however, different from the PN

ψ and
HN

Ωccc
systems, the inclusion of strange quark will violate

the SU(3) flavor symmetry, this might introduce signifi-
cant differences to the mass spectra of the PΛ

ψs and
HΛ

Ωcccs
systems. Besides, the coupled-channel effect may

also shift the masses of the bound states obtained from the
single-channel calculation in the PN

ψ =HN
Ωccc

=PΛ
ψs=HΛ

Ωcccs

systems. In the following, we discuss the influences of
these two effects on the violations of flavor-spin
symmetry.

IV. PN
ψ=PΛ

ψ=HN
Ωccc

=HΛ
Ωcccs

SPECTRA IN THE
COUPLED-CHANNEL FORMALISM

The flavors of light quark components in the PN
ψ and

HN
Ωccc

systems are the same, the replacement of a u=d quark

within the PN
ψ and HΩN

ccc
systems to an s quark lead to the

PΛ
ψs and HΛ

Ωcccs
systems. In this section, we first discuss the

molecular spectra of the PN
ψ and HN

Ωccc
systems by includ-

ing the coupled-channel effect. Then we proceed to discuss
the PΛ

ψs and HΛ
Ωcccs

systems. To give more complete

descriptions to the spectra of the PΛ
ψs and HΛ

Ωcccs
systems,

we will consider both the coupled-channel effect and
SU(3) breaking effect.

TABLE VI. The bound state solutions of the PN
ψ =HN

Ωccc
=PΛ

ψs=HΛ
Ωcccs

systems obtained within the single-channel formalism. The results
are calculated from the inputs of scenario 1 and scenario 2. We use the superscript A-F on the total angular momentum J to denote six
groups of dihadron systems that share identical effective potentials. All the results are in units of MeV.

Scenario 1 Scenario 2

System Mass (MeV) BE (MeV) System Mass (MeV) BE (MeV)

½ΣcD̄�1
2
A 4312.6 −8.1 ½ΣcD̄�1

2
A 4307.6 −13.1

½Σ�
cD̄�3

2
A 4376.9 −8.5 ½Σ�

cD̄�3
2
A 4371.7 −13.6

½ΣcD̄��1
2
;3
2
B 4438.8, 4457.5 −23.2;−4.6 ½ΣcD̄��1

2
;3
2
B 4456.8, 4440.9 −5.3;−21.1

½Σ�
cD̄��1

2
D;3

2
;5
2
E 4498.8, 4510.3, 4523.8 −27.9;−16.4;−2.9 ½Σ�

cD̄��1
2
D;3

2
;5
2
E 4522.9, 4516.6, 4501.6 −3.8;−10.1;−25.1

½ΣcΞcc�0B;1 6060.8, 6050.3 −14.0;−24.6 ½ΣcΞcc�0B;1 6037.5, 6048.1 −37.3;−26.8
½Σ�

cΞcc�1;2C 6123.7, 6112.7 −15.9;−26.8 ½Σ�
cΞcc�1;2C 6102.7, 6113.2 −36.9;−26.3

½ΣcΞ�
cc�1;2B 6143.0, 6166.0 −37.5;−14.5 ½ΣcΞ�

cc�1;2B 6162.6, 6142.4 −17.8;−38.0
½Σ�

cΞ�
cc�0D;1 6198.3, 6205.1 −46.8;−40.1 ½Σ�

cΞ�
cc�0D;1 6232.0, 6227.7 −13.2;−17.4

½Σ�
cΞ�

cc�2C;3E 6217.7, 6233.6 −27.4;−11.6 ½Σ�
cΞ�

cc�2C;3E 6218.2, 6201.9 −26.9;−43.2

½ΞcD̄�1
2
A 4328.1 −8.2 ½ΞcD̄�1

2
A 4323.1 −13.3

½ΞcD̄��1
2
A ;3

2
A 4468.0, 4468.0 −9.7;−9.7 ½ΞcD̄��1

2
A;3

2
A 4462.5, 4462.5 −15.1;−15.1

½Ξ0
cD̄�1

2
A 4436.8 −8.9 ½Ξ0

cD̄�1
2
A 4431.6 −14.1

½Ξ�
cD̄�3

2
A 4503.9 −9.3 ½Ξ�

cD̄�3
2
A 4498.6 −14.6

½Ξ0
cD̄��1

2
;3
2
B 4562.5, 4581.8 −24.5;−5.2 ½Ξ0

cD̄��1
2
;3
2
B 4581.1, 4564.7 −5.9;−22.3

½Ξ�
cD̄��1

2
D;3

2
;5
2
E 4625.3, 4637.0, 4651.2 −29.2;−17.5;−3.4 ½Ξ�

cD̄��1
2
D;3

2
;5
2
E 4650.2, 4643.6, 4628.2 −4.3;−11.0;−26.3

½ΞcΞcc�0A;1A 6068.5, 6068.5 −22.0;−22.0 ½ΞcΞcc�0A;1A 6061.0, 6061.0 −29.5;−29.5
½ΞcΞ�

cc�1A;2A 6173.6, 6173.6 −22.5;−22.5 ½ΞcΞ�
cc�1A;2A 6165.9, 6165.9 −30.2,−30.2

½Ξ0
cΞcc�0B;1 6184.7, 6173.8 −15.2;−26.1 ½Ξ0

cΞcc�0B;1 6160.8, 6171.6 −39.1;−28.3
½Ξ�

cΞcc�1;2C 6250.3, 6239.1 −17.1;−28.3 ½Ξ�
cΞcc�1;2C 6228.8, 6239.6 −38.6;−27.8

½Ξ0
cΞ�

cc�1;2B 6266.2, 6289.8 −39.2;−15.7 ½Ξ0
cΞ�

cc�1;2B 6286.3, 6265.7 −19.1;−39.8
½Ξ�

cΞ�
cc�0D;1 6324.3, 6331.2 −48.7;−41.8 ½Ξ�

cΞ�
cc�0D;1 6358.7, 6354.3 −14.3;−18.6

½Ξ�
cΞ�

cc�2C;3E 6344.0, 6360.4 −29.0;−12.6 ½Ξ�
cΞ�

cc�2C;3E 6344.6, 6327.9 −28.4;−45.1
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A. Spectra of the PN
ψ and HN

Ωccc
systems

With the same framework, we have calculated the

effective potential matrices (V
PN
ψ

1
2

;V
PN
ψ

3
2

) in Table II of

Ref. [24], we refer the interested readers to Ref. [24] for
more details. We collect the numerical results of the

effective potential matrices V
HN

Ωccc
0 , V

HN
Ωccc

2 , and V
HN

Ωccc
1 for

the HN
Ωccc

systems in Tables VII and VIII. As can be seen
from Tables VII and VIII, the diagonal matrix elements of

matrices V
HN

Ωccc
0 , V

HN
Ωccc

1 , and V
HN

Ωccc
2 all have nonvanishing

central terms, and some of them have corrections from the
spin-spin interaction terms. On the contrary, the central

terms of the off-diagonal matrix elements in V
HN

Ωccc
0 , V

HN
Ωccc

2 ,

and V
HN

Ωccc
1 are all 0, the different HN

Ωccc
systems with the

same total angular momentum J couple to each other
through the spin-spin interaction terms. The above con-

clusions also apply to the (V
PN
ψ

1
2

, V
PN
ψ

3
2

) matrices as can be

checked from Table II of Ref. [24]. Due to the small
coupling parameter g̃a, we may anticipate that the mass
corrections of the PN

ψ =HN
Ωccc

bound states induced from the
coupled-channel effect would be relatively small.
We plot the bound state solutions of the PN

ψ and HN
Ωccc

systems from our coupled-channel calculations in Fig. 1.

The results of the PN
ψ bound states for the scenario 1 and

scenario 2 are illustrated in the left and right sides of
Fig. 1(a), respectively. The results of the HN

Ωccc
bound

states for the scenario 1 and scenario 2 are illustrated in the
left and right sides of Fig. 1(b), respectively. We illustrate
the central values of the masses of the PN

ψ =HN
Ωccc

bound
states with black lines, and their numerical values are also
given in Fig. 1. We consider the experimental errors from
the masses and widths [2] of the PN

ψ ð4440Þ and PN
ψ ð4457Þ

states to estimate the theoretical errors of the predicted
PN
ψ =HN

Ωccc
states, and plot them with small green bands

in Fig. 1.
For the states ½Σ�

cD̄�5
2
and ½Σ�

cΞ�
cc�3 with the highest total

angular momentum numbers, we do not need to consider
the coupled-channel effect, their results have already been
calculated in our single-channel formalism and listed in
Table VI, we do not further illustrate them in Fig. 1.
As given in Eqs. (19) and (20), the coupling parameter

g̃s in the central term solved from the scenario 1 is very
close to that of the scenario 2. Besides, in both scenarios,
the values of g̃s are much larger than that of the g̃a, thus,
the central terms dominant the total effective potentials of
all the PN

ψ and HN
Ωccc

systems. The similar and large g̃s
values in both scenarios are the reasons that in these two

TABLE VII. The matrix elements of ½hλ1 · λ2i; hλ1 · λ2σ1 · σ2i� for the dibaryon channels associated with the

effective potential matrices V
HN

Ωccc
0 and V

HN
Ωccc

2 .

V
HN

Ωccc
0 V

HN
Ωccc

2

Channel ΛcΞcc ΣcΞcc Σ�
cΞ�

cc Channel ΛcΞ�
cc Σ�

cΞcc ΣcΞ�
cc Σ�

cΞ�
cc

ΛcΞcc ½2
3
; 0� [0, 1] ½0; 2 ffiffiffi

2
p � ΛcΞ�

cc ½2
3
; 0� ½0;−4� [0, 2] [0, 4]

ΣcΞcc ½− 10
3
;− 20

9
� ½0; 20

ffiffi
2

p
9
� Σ�

cΞcc ½− 10
3
; 10
9
� ½0;− 20

9
� ½0;− 40

9
�

Σ�
cΞ�

cc ½− 10
3
; 50
9
� ΣcΞ�

cc ½− 10
3
;− 20

9
� ½0; 20

9
�

Σ�
cΞ�

cc ½− 10
3
; 10
9
�

TABLE VIII. The matrix elements of ½hλ1 · λ2i; hλ1 · λ2σ1 · σ2i� for the dibaryon channels associated with the

effective potential matrix V
HN

Ωccc
1 .

V
HN

Ωccc
1

Channel ΛcΞcc ΛcΞ�
cc ΣcΞcc Σ�

cΞcc ΣcΞ�
cc Σ�

cΞ�
cc

ΛcΞcc ½2
3
; 0� [0, 0] ½0;− 1

3
� ½0;− 2

ffiffi
2

p
3
� ½0; 4

ffiffi
2

p
3
� ½0; 2

ffiffiffiffi
10

p
3
�

ΛcΞ�
cc ½2

3
; 0� ½0; 8

ffiffi
2

p
3
� ½0;− 4

3
� ½0;− 10

3
� ½0; 4

ffiffi
5

p
3
�

ΣcΞcc ½− 10
3
; 20
27
� ½0;− 20

ffiffi
2

p
27

� ½0;− 80
ffiffi
2

p
27

� ½0; 20
ffiffiffiffi
10

p
27

�
Σ�
cΞcc ½− 10

3
;− 50

27
� ½0;− 20

27
� ½0;− 40

ffiffi
5

p
27

�
ΣcΞ�

cc ½− 10
3
; 100
27
� ½0; 20

ffiffi
5

p
27

�
Σ�
cΞ�

cc ½− 10
3
; 110
27
�
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scenarios, the numbers of the obtained bound states in the
PN
ψ or HN

Ωccc
mass spectrum are the same.

The central term is also related to the flavor matrix
element Of , which is determined by the flavor structure of
the light quark components in each of the PN

ψ or HN
Ωccc

system. Thus, the PN
ψ and HN

Ωccc
states with the same total

isospin will have identical central term. Due to the
dominant role of central terms and the larger reduced
masses in the HN

Ωccc
systems, we can say that the existence

of PN
ψ bound state with isospin I also implies the existence

of HN
Ωccc

bound states with the same isospin.
The mass spectra of the PN

ψ and HN
Ωccc

states constructed
from Eq. (4) can be described by the following picture. The
central term provide the dominant attractive force to bind

the Σð�Þ
c baryon with D̄ð�Þ meson or Ξð�Þ

cc baryon, while the
spin-spin interaction term will further shift the mass of the
obtained bound state by several or a few tens of MeV.
Since the values of g̃a determined from scenarios 1 and 2

have opposite signs, the arrangements of the PN
ψ and HN

Ωccc

spectra are different. As illustrated in Fig. 1, in scenario 1,
the masses of the bound states that are mainly composed of

the Σð�Þ
c D̄� system increase as the total angular momentum

J increases. Correspondingly, in this scenario, the masses

of the bound states that are mainly composed of the Σð�Þ
c Ξc

system decrease as the J increases, while the masses of the

bound states that are mainly composed of the Σð�Þ
c Ξ�

cc

system increase as the J increases.
On the contrary, as illustrated in the right sides of

Figs. 1(a) and 1(b), in the scenario 2, the tendencies
discussed in scenario 1 are all reversed.
We also notice that the mass spectra of the PN

ψ and HN
Ωccc

systems have also been discussed in Ref. [56] based on a
effective field theory that respects heavy quark symmetry.
They use a contact-range Lagrangian to describe the
interactions in the heavy flavor meson-baryon and dibaryon

systems. In their framework, the Σð�Þ
c , D̄ð�Þ, and Ξð�Þ

cc

hadrons are described by introducing the corresponding
superfields. By comparing the effective potentials of the
PN
ψ =HN

Ωccc
systems in this work and the effective potentials

of the PN
ψ =HN

Ωccc
systems in Ref. [56], we find that the

effective potentials of the PN
ψ =HN

Ωccc
systems obtained in

these two works are consistent with each other. This is due
to the fact that we still describe the interactions in the heavy
flavor meson-baryon and dibaryon systems at hadron level,
but we reexpress their effective potentials in terms of quark-
level language. Correspondingly, the mass arrangements of
the PN

ψ and HN
Ωccc

mass spectra in these two works are also
consistent with each other.

(a) (b)

FIG. 1. The mass spectra of the PN
ψ and HN

Ωccc
systems obtained from our coupled-channel formalism. The results of the PN

ψ bound
states for the scenario 1 and scenario 2 are illustrated in the left and right sides of (a), respectively. The results of the HN

Ωccc
bound states

for the scenario 1 and scenario 2 are illustrated in the left and right sides of (b), respectively. We plot the central values of the PN
ψ and

HN
Ωccc

bound states with black lines and label the corresponding numerical values. The theoretical errors are illustrated with small green
bands, they are introduced by considering the experimental errors [2] from the masses and widths of the PN

ψ ð4440Þ and PN
ψ ð4457Þ states.
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The arrangements of the PN
ψ and HN

Ωccc
spectra would be

the signatures of the flavor-spin symmetry among the
interactions in the PN

ψ and HN
Ωccc

systems, thus, the con-
firmation of these arrangements would give strong support
to not only the molecular nature of the observed PN

ψ states,
but also a general flavor-spin symmetry among the inter-
actions of the PN

ψ and HN
Ωccc

states.

B. Spectra of the PΛ
ψs and HΛ

Ωcccs
systems

The effective potential matrices ðVPΛ
ψs

1
2

;V
PΛ
ψs

3
2

Þ of the PΛ
ψs

systems have been given in Table III of Ref. [24], we refer
the interested readers to Ref. [24] for more details.

The effective potential matrices (V
HΛ

Ωcccs
0 ,V

HΛ
Ωcccs

1 ,V
0HΛ

Ωcccs
1 ,

V
HΛ

Ωcccs
2 ) of the HΛ

Ωcccs
systems are presented in Table IX.

Here, as given in Table IV, to study the J ¼ 1 systems, we
need to consider the interactions coupled from eight
channels. Finding the pole positions of the J ¼ 1 HΛ

Ωcccs

states from this eight coupled-channel calculation is
relatively time consuming and unpractical (in our calcu-
lation, it takes about ten times longer to find the bound
state solutions from an eight coupled-channel LSE than
that of a seven coupled-channel LSE). Alternatively, from
Table I, one can find that the thresholds from the lowest
ΛcΩcc channel to the highest Ξ�

cΞ�
cc channel range from

6064.5 to 6373.0 MeV, the threshold gap is more
than 300 MeV. In general, only the channels with their
thresholds close to the considered channel would give
significant corrections to the interaction of the considered

channel, besides, from our calculation, we find that
the ðΛcΩcc;ΛcΩ�

cc;ΞcΞcc;ΞcΞ�
ccÞ channels couple to the

ðΞ0
cΞcc;Ξ�

cΞcc;Ξ0
cΞ�

cc;Ξ�
cΞ�

ccÞ channels only through
the spin-spin interaction terms, due to the small spin-spin
coupling parameter g̃a, we can expect that the corrections
from the couplings of the lower four channels with the
higher four channels would be small. Thus, we simplify
the calculation of the J ¼ 1 HΛ

Ωcccs
system by dividing the

considered eight channels in Table IV into two groups, i.e.,
the ðΛcΩcc;ΛcΩ�

cc;ΞcΞcc;ΞcΞ�
ccÞ and ðΞ0

cΞcc;Ξ�
cΞcc;

Ξ0
cΞ�

cc;Ξ�
cΞ�

ccÞ. We present the corresponding effective

potential matrices V
HΛ

Ωcccs
1 and V

0HΛ
Ωcccs

1 in Table IX.
There exists an important difference between the effec-

tive potential matrices in the HN
Ωccc

and HΛ
Ωcccs

systems. As
given in Table IX, for the off-diagonal matrix elements, the

effective potentials of the ΛcΩ
ð�Þ
cc − ΞcΞ

ð�Þ
cc channel in the

HΛ
Ωcccs

systems with J ¼ 0, 1, and 2 consist of nonvanishing
central terms. Due to the large coupling parameter g̃s, the
coupling from these channels will give considerable cor-
rections to the mass spectra of the HΛ

Ωcccs
systems with

J ¼ 0, 1, and 2. As discussed in Ref. [24], similar coupling

also exists in the PΛ
ψs systems, i.e., the ΛcD̄

ð�Þ
s − ΞcD̄ð�Þ

coupling with J ¼ 1=2 or 3=2.
When checking the diagonal matrix elements listed in

Tables II and III of Ref. [24] for the PN
ψ and PΛ

ψs systems
and the diagonal matrix elements listed in Tables VII–IX
for the HN

Ωccc
and HΛ

Ωcccs
systems, we find that their

dominant components are from the exchanges of the
nonstrange light scalar meson currents, i.e., from the

TABLE IX. The matrix elements of ½hλ1 · λ2i; hλ1 · λ2σ1 · σ2i� for the dibaryon channels associated with the

effective potential matrices V
HΛ

Ωcccs
0 , V

HΛ
Ωcccs

2 , V
HΛ

Ωcccs
1 , and V

0HΛ
Ωcccs

1 .

V
HΛ

Ωcccs
0 V

HΛ
Ωcccs

2

Channel ΛcΩcc ΞcΞcc Ξ0
cΞcc Ξ�

cΞ�
cc Channel ΛcΩ�

cc ΞcΞ�
cc Ξ�

cΞcc Ξ0
cΞ�

cc Ξ�
cΞ�

cc

ΛcΩcc ½− 4
3
; 0� ½2 ffiffiffi

2
p

; 0� ½0;
ffiffi
2
3

q
� ½0; 4ffiffi

3
p � ΛcΩ�

cc ½− 4
3
; 0� ½2 ffiffiffi

2
p

; 0� ½0;−4
ffiffi
2
3

q
� ½0; 2

ffiffi
2
3

q
� ½0; 4

ffiffi
2
3

q
�

ΞcΞcc ½− 10
3
; 0� ½0; 1ffiffi

3
p � ½0; 2

ffiffi
2
3

q
� ΞcΞ�

cc ½− 10
3
; 0� ½0;− 4ffiffi

3
p � ½0; 2ffiffi

3
p � ½0; 4ffiffi

3
p �

Ξ0
cΞcc ½− 10

3
;− 20

9
� ½0; 20

ffiffi
2

p
9
� Ξ�

cΞcc ½− 10
3
; 10
9
� ½0;− 20

9
� ½0;− 40

9
�

Ξ�
cΞ�

cc ½− 10
3
; 50
9
� Ξ0

cΞ�
cc ½− 10

3
;− 20

9
� ½0; 20

9
�

Ξ�
cΞ�

cc ½− 10
3
; 10
9
�

V
HΛ

Ωcccs
1 V

0HΛ
Ωcccs

1

Channel ΛcΩcc ΛcΩ�
cc ΞcΞcc ΞcΞ�

cc Channel Ξ0
cΞcc Ξ�

cΞcc Ξ0
cΞ�

cc Ξ�
cΞ�

cc

ΛcΩcc ½− 4
3
; 0� [0, 0] ½2 ffiffiffi

2
p

; 0� [0, 0] Ξ0
cΞcc ½− 10

3
; 20
27
� ½0;− 20

ffiffi
2

p
27

� ½0;− 80
ffiffi
2

p
27

� ½0; 20
ffiffiffiffi
10

p
27

�
ΛcΩ�

cc ½− 4
3
; 0� [0, 0] ½2 ffiffiffi

2
p

; 0� Ξ�
cΞcc ½− 10

3
;− 50

27
� ½0;− 20

27
� ½0;− 40

ffiffi
5

p
27

�
ΞcΞcc ½− 10

3
; 0� [0, 0] Ξ0

cΞ�
cc ½− 10

3
; 100
27
� ½0; 20

ffiffi
5

p
27

�
ΞcΞ�

cc ½− 10
3
; 0� Ξ�

cΞ�
cc ½− 10

3
; 110
27
�
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matrix elements hλi1λi2i, with i sums from 1 to 3. Since the

interactions of the off-diagonal channel ΛcD̄
ð�Þ
s − ΞcD̄ð�Þ

and ΛcΩ
ð�Þ
cc − ΞcΞ

ð�Þ
cc are introduced from the exchanges of

the strange scalar meson currents, i.e., from the matrix
elements hλj1λj2i, with j sums from 4 to 7. Comparing with
the exchanges of the nonstrange light meson currents, the
off-diagonal matrix elements should be suppressed by the
masses of the exchanged strange mesons. Here, we
quantify the SU(3) breaking effect by multiplying a gx
factor on all the off-diagonal matrix elements that describ-

ing the effective potentials of the ΛcD̄
ð�Þ
s − ΞcD̄ð�Þ and

ΛcΩ
ð�Þ
cc − ΞcΞ

ð�Þ
cc couplings (one can refer to Ref. [24] for

more details). We assume that gx is in the range [0, 1], at

gx ¼ 0, the ΛcD̄
ð�Þ
s (ΛcΩ

ð�Þ
cc ) channel does not couple to the

ΞcD̄ð�Þ (ΞcΞ
ð�Þ
cc ) channel. While at gx ¼ 1, the coupling

strength between the ΛcD̄
ð�Þ
s (ΛcΩ

ð�Þ
cc ) channel and ΞcD̄ð�Þ

(ΞcΞ
ð�Þ
cc ) channel is in its SU(3) limit.

From our previous multichannel study on the PΛ
ψs

systems [24], we find that the coupled-channel effect only
have considerable corrections to the bound state solutions

that are related to the ΛcD̄
ð�Þ
s and ΞcD̄ð�Þ channels due to

their considerable coupling induced from the central terms.
Consequently, the bound state solutions will have signifi-
cant dependences on the SU(3) breaking factor gx. But for
the rest of channels that can only couple to the other
channels through the spin-spin interaction terms, the
coupled-channel effect will give small corrections to their
bound state solutions, and have very tiny dependences on
the parameter gx.
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FIG. 2. With the inputs from scenario 1, as the gx increases from 0 to 1, the variations of the masses for the PΛ
ψs bound states that are

attributed to the ΛcD̄
ð�Þ
s and ΞcD̄ð�Þ channels with JP ¼ 1

2
− and 3

2
− are plotted in (a) and (b), respectively. The variations of the masses for

theHΛ
Ωcccs

bound states that are attributed to theΛcΩ
ð�Þ
cc and ΞcΞ

ð�Þ
cc channels with JP ¼ 0þ, 1þ, and 2þ are plotted in (c)–(e), respectively.

We plot the green bands with gx at [0.60, 0.62] to denote the region that the PΛ
ψsð4338Þ and PΛ

ψsð4255Þ can coexist, and we plot the red
lines with gx ¼ 0.40 to denote the value that only the PΛ

ψsð4338Þ exists.
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The above conclusions also applies to theHΛ
Ωcccs

systems

as well, from our multichannel calculations on the HΛ
Ωcccs

systems with J ¼ 0, 1, and 2, we find that only the bound

state solutions that are related to the ΛcΩ
ð�Þ
cc and ΞcΞ

ð�Þ
cc

channels have significant dependences on the SU(3) break-
ing factor gx. Thus, we firstly discuss the special roles of the

ΛcD̄
ð�Þ
s − ΞcD̄ð�Þ and ΛcΩ

ð�Þ
cc − ΞcΞ

ð�Þ
cc couplings and their

gx-dependences, then we present the full mass spectra of
PΛ
ψs and HΛ

Ωcccs
systems.

With the inputs from scenario 1, we run the gx value in
the range [0, 1], we perform our multichannel calculations
and present the gx-dependences of the masses for the

bound states that are attributed to the ΛcD̄
ð�Þ
s and ΞcD̄ð�Þ

channels for the PΛ
ψs systems with JP ¼ 1

2
− and 3

2
− in

Figs. 2(a) and 2(b), respectively. Similarly, we present the
gx-dependences of the masses for the bound states that are

attributed to the ΛcΩ
ð�Þ
cc and ΞcΞ

ð�Þ
cc channels for the HΛ

Ωcccs

systems with JP ¼ 0þ, 1þ, and 2þ in Figs. 2(c)–2(e),
respectively. The results with the inputs from scenario 2
are also illustrated in Fig. 3. In the following, we mainly
discuss the results obtained from scenario 1 in Fig. 2, the
results obtained from scenario 2 in Fig. 3 can be discussed
in a similar way.
In Ref. [4], the LHCb collaboration reported the

PΛ
ψsð4338Þ, this state could be the ΞcD̄ molecular state.

Besides, from the J=ΨΛ invariant spectrum, there might be
a PΛ

ψsð4255Þ structure near the ΛcD̄s threshold, further
confirmation on this state is still needed. In Fig. 2(a), we
use the green band with gx at [0.60, 0.62] to label the region
that the PΛ

ψsð4338Þ and PΛ
ψsð4225Þ states can coexist, then

we select the gx value at 0.40 to label the results that only
the PΛ

ψsð4338Þ exists, while the PΛ
ψs does not exist. The

gx ¼ 0.40 is plotted in Fig. 2 with red lines. Then we use
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FIG. 3. With the inputs from scenario 2, as the gx increases from 0 to 1, the variations of the masses for the PΛ
ψs bound states that are

attributed to the ΛcD̄
ð�Þ
s and ΞcD̄ð�Þ channels with JP ¼ 1

2
− and 3

2
− are plotted in (a) and (b), respectively. The variations of the masses for

theHΛ
Ωcccs

bound states that are attributed to theΛcΩ
ð�Þ
cc and ΞcΞ

ð�Þ
cc channels with JP ¼ 0þ, 1þ, and 2þ are plotted in (c)–(e), respectively.

We plot the green bands with gx at [0.60, 0.62] to denote the region that the PΛ
ψsð4338Þ and PΛ

ψsð4255Þ can coexist, and we plot the red
lines with gx ¼ 0.40 to denote the value that only the PΛ

ψsð4338Þ exists.
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the same gx region and value to label the JP ¼ 3
2
− PΛ

ψs

system.
Then we proceed to use the same gx region and value

obtained from the JP ¼ 1
2
− PΛ

ψs system to label the results
of the HΛ

Ωcccs
systems with JP ¼ 0þ, 1þ, and 2þ in

Figs. 2(c)–2(e), respectively. As plotted in Figs. 2(c)–2(e),
for theHΛ

Ωcccs
systems, at gx ¼ 0.40, the bound states that are

attributed to the ΛcΩ
ð�Þ
cc channel with J ¼ 0, 1, 2 and the

bound states that are attributed to the ΞcΞ
ð�Þ
cc with J ¼ 0, 1, 2

can coexist. But when the gx is at [0.60, 0.62], for the
JP ¼ 0þ and 1þ HΛ

Ωcccs
systems, only the bound states that

are attributed to the ΛcΩ
ð�Þ
cc channel exist, the bound states

that are attributed to the ΞcΞ
ð�Þ
cc disappear. But for the JP ¼

2þ system, the bound state that is attributed to the ΛcΩ�
cc

channel and the bound state that is attributed to the ΞcΞ�
cc

can coexist.
From Fig. 2, we also find that as the gx increases, the

masses of the bound states in theHΛ
Ωcccs

systems increase or
decrease more rapidly than that of the bound states in the
PΛ
ψs systems. We can understand our results from two

aspects. On the one hand, the flavor of the light quark

components for the ΛcD̄
ð�Þ
s and ΞcD̄ð�Þ systems are iden-

tical to that of the ΛcΩ
ð�Þ
cc and ΞcΞ

ð�Þ
cc systems, respectively.

From Table III of Ref. [24] and Table IX, we can see

that the matrix elements of the ΛcD̄
ð�
s − ΛcD̄

ð�Þ
s ,

ΞcD̄ð�Þ − ΞcD̄ð�Þ, and ΛcD̄
ð�Þ
s − ΞcD̄

ð�Þ
s in the PΛ

ψs systems

are identical to the matrix elements of the ΛcΩ
ð�Þ
cc − ΛcΩ

ð�Þ
cc ,

ΞcΞ
ð�Þ
cc − ΞcΞ

ð�Þ
cc , and ΛcΩ

ð�Þ
cc − ΞcΞ

ð�Þ
cc in the HΛ

Ωcccs
sys-

tems, respectively. These matrix elements only consist of
the central terms, and their spin-spin interaction terms

vanish. The two coupled-channel system (ΛcD̄
ð�Þ
s , ΞcD̄ð�Þ)

and (ΛcΩ
ð�Þ
cc , ΞcΞ

ð�Þ
cc ) with different J have identical

effective potentials. However, the ΛcΩ
ð�Þ
cc and ΞcΞ

ð�Þ
cc

systems have larger reduced masses than that of the

ΛcD̄
ð�Þ
s and ΞcD̄ð�Þ systems, respectively. Thus, if the

attractive forces in the (ΛcD̄
ð�Þ
s , ΞcD̄ð�Þ) and (ΛcΩ

ð�Þ
cc ,

ΞcΞ
ð�Þ
cc ) systems increase (decrease) in the same way, the

absolute values of the binding energies for the systems with
heavier reduced masses will increase (decrease) more
significantly.
On the other hand, as can be found from Table I, the mass

gaps of the ΞcD̄ − ΛcD̄s (ΞcD̄� − ΛcD̄�
s) and ΞcΞcc −

ΛcΩcc (ΛcΩ�
cc − ΞcΞ�

cc) are 81.2 (79.3) and 26.0

(37.6) MeV, respectively. The ΛcΩ
ð�Þ
cc and ΞcΞ

ð�Þ
cc channels

lie much closer to each other than that of the ΛcD̄
ð�Þ
s and

ΞcD̄ð�Þ channels. Thus, with the same effective potentials,

the ΛcΩ
ð�Þ
cc − ΞcΞ

ð�Þ
cc couplings in the HΛ

Ωcccs
systems are

more stronger than that of theΛcD̄ð�Þ − ΞcD̄ð�Þ couplings in
the PΛ

ψs systems.
We present the complete PΛ

ψs and HΛ
Ωcccs

mass spectra
from our multichannel calculations in Fig. 4. Similarly, the
bound states ½Ξ�

cD̄��5
2
and ½Ξ�

cΞ�
cc�3 with the highest total

angular momentum are calculated in the single-channel
formalism, their results have been given in Table VI, we do
not further illustrate them in Fig. 4.
Two sets of scenarios given in Eqs. (19) and (20) are

plotted in the left and right sides of Figs. 4(a) and 4(b). We
illustrate the central values of the masses for the PΛ

ψs and
HΛ

Ωcccs
bound states with black lines, and also present their

numerical values in Fig. 4. Here, the bound states that are

mainly attributed to the ΛcD̄
ð�Þ
s − ΞcD̄ð�Þ and ΛcΩ

ð�Þ
cc −

ΞcΞ
ð�Þ
cc couplings are calculated at two gx values. As

illustrated in Fig. 4, the left and right values are calculated
at gx ¼ 0.40 and gx ¼ 0.62, respectively. We use the “−”
to denote that the bound state do not exist at this gx value.
The theoretical errors are estimated by considering
the experimental errors of the masses and widths [2]
of the PN

ψ ð4440Þ and PN
ψ ð4457Þ states. We use the red

bands to label the theoretical errors of the bound states that

are mainly attributed to the ΛcD̄
ð�Þ
s , ΞcD̄ð�Þ, ΛcΩ

ð�Þ
cc ,

and ΞcΞ
ð�Þ
cc interactions, while the theoretical errors for

the rest of the bound states are still labeled with
green bands.
With the parameters in scenario 1 and scenario 2, we

also obtain two types of the mass spectra for the PΛ
ψs and

HΛ
Ωcccs

systems. The mass arrangements of the bound states

in both PΛ
ψs systems and HΛ

Ωcccs
systems would be crucial

tests to the existence of the flavor-spin symmetry.
Specifically, if one can simultaneously observe the
increase of the masses as the function of J in the Ξ0

cD̄�

(1
2
−, 3

2
−) multiplet and the decrease of the masses as the

function of J in the Ξ0
cΞcc (0þ, 1þ) multiplet, then such an

observation can definitely serve as a fingerprint of their
molecular configurations, and also give strong support to
the flavor-spin symmetry among the PΛ

ψs and HΛ
Ωcccs

molecule community.
In Figs. 4(a) and 4(b), if we subtract the bound states

labeled with red error bars and only focus on the bound
states labeled with green error bars, by comparing the mass
arrangements of these PΛ

ψs andHΛ
Ωcccs

bound states with that

of the PN
ψ and HN

Ωccc
bound states in Fig. 1, we find that in

each scenario, the relative positions of PN
ψ (HN

Ωccc
) bound

states in the PN
ψ (HN

Ωccc
) mass spectrum are very similar to

the relative positions of PΛ
ψs (HΛ

Ωcccs
) bound states in the PΛ

ψs

(HΛ
Ωcccs

) mass spectrum, this is exactly the manifestation of
flavor-spin symmetry.

FLAVOR-SPIN SYMMETRY OF THE … PHYS. REV. D 109, 114028 (2024)

114028-13



C. Binding energies as another fingerprint
of the flavor-spin symmetry

Apart from testing the arrangements of the mass spectra
in the PN

ψ =PΛ
ψs=HN

Ωccc
=HΛ

Ωcccs
systems, checking the binding

energies of the heavy flavor meson-baryon or dibaryon
systems that are attributed to the identical effective poten-
tials is another way to test the flavor-spin symmetry.
In Tables V and VI, we label the heavy flavor meson-

baryon and dibaryon systems that have identical effective
potentials with superscript A-F on the total angular
momentum J. We collect the binding energies of the
systems in groups A-F in Table X. The results are obtained
in the scenario 1 and scenario 2 within the single-channel
formalism (Table VI) and multichannel formalism (Figs. 1

and 4). The results that are mainly attributed to the ΛcD̄
ð�Þ
s ,

ΞcD̄ð�Þ, ΛcΩ
ð�Þ
cc , and ΞcΞ

ð�Þ
cc interactions significantly

depend on the SU(3) breaking factor gx, we present their
results with gx ¼ 0.40 (upper row) and gx ¼ 0.62 (lower
row) in Table X.
In the following, we mainly discuss the results obtained

with the inputs from scenario 1, the results obtained
with the inputs from scenario 2 can be discussed in a
similar way.

For a heavy flavor meson-baryon bound state and a
dibaryon bound state with identical effective potential in
the single channel case, since the reduced mass of the
dibaryon system is heavier than that of the meson-baryon
system, the binding of the dibaryon system is more deeper
than that of the meson-baryon system, so the binding
energies of the dibaryon system is different from that of the
meson-baryon system. But for two different heavy flavor
meson-baryon or dibaryon bound states with identical
effective potential in the single channel case, since they
have comparable reduced masses, they will have very
similar binding energies. This is the manifestation of the
flavor-spin symmetry. Thus, for the systems of the A-F
groups listed in Table X, we will compare the binding
energies of the meson-baryon and dibaryon systems
separately.
From the single channel results collected in Table X, we

find that the flavor-spin symmetry manifests itself very well
in the A-F groups for the heavy flavor meson-baryon and
dibaryon systems, separately. In each group, the binding
energies of the heavy flavor meson-baryon systems are very
close to each other, similarly, the binding energies of the
heavy flavor dibaryon systems are very close to each other,
too. For example, in the single channel formalism, the

(a) (b)

FIG. 4. The mass spectra of the PΛ
ψs and HΛ

Ωcccs
systems obtained from our coupled-channel formalism. The results of the PΛ

ψs bound
states for the scenario 1 and scenario 2 are illustrated in the left and right sides of (a), respectively. The results of theHΛ

Ωcccs
bound states

for the scenario 1 and scenario 2 are illustrated in the left and right sides of (b), respectively. We plot the central values of the PΛ
ψs and

HΛ
Ωcccs

bound states with black lines and label the corresponding numerical values. The theoretical errors are introduced by considering
the experimental errors from the masses and widths of the PN

ψ ð4440Þ and PN
ψ ð4457Þ. The theoretical errors are labeled with green bands.

The bound states that are mainly attributed to the ΛcD̄
ð�Þ
s − ΞcD̄ð�Þ and ΛcΩ

ð�Þ
cc − ΞcΞ

ð�Þ
cc couplings are calculated at gx ¼ 0.40 (left) and

gx ¼ 0.62 (right), we use the “−” to denote that the bound state do not exist at this gx value, the theoretical errors of these bound states
are labeled with red bands.
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central values of the binding energies for the ½ΣcD̄�1
2

[PN
ψ ð4312Þ] and ½Σ�

cD̄�3
2
[PN

ψ ð4380Þ] [1,2] bound states

are −8.1 and −8.5 MeV, respectively, very close to each
other. Experimentally, the central values of these two
systems are −8.9 and −6.2 MeV, respectively. This con-
sistence can serve as an important evidence of the flavor-
spin symmetry. Although the binding energies of the ½ΣcD̄�1

2

and ½Σ�
cD̄�3

2
systems are −12.6 and −12.6 MeV in scenario

2, respectively, and slightly deviated from the experimental
values, but we should emphasis that the exact values of our
calculation of course will depend on the form factor we
adopted in our model, but the closeness of the binding

energies between the ½ΣcD̄�1
2
and ½Σ�

cD̄�3
2
systems is still

maintained. This conclusion is model independent and is
the key point of the flavor-spin symmetry.
However, the inclusion of the coupled-channel effect will

violate the flavor-spin symmetry in some groups.
Specifically, as shown in Table X, from our multichannel
calculation, the systems in groups B, D, and E maintain
flavor-spin symmetry, i.e., in each of the three groups, the
binding energies of the meson-baryon systems are very
close to each other, and the binding energies of the
dibaryon systems are very close to each other, too. But
for the systems in groups A, C, F, the flavor-symmetry is
violated (from the results in B, D, and E groups, we roughly

TABLE X. The central values of binding energies for the systems in groups A-F (labeled in Tables V and VI)
calculated from single-channel (SC) formalism and multichannel (MC) formalism in the scenario 1 and scenario 2.
The bound states that are mainly attributed to the ΛcD̄

ð�Þ
s − ΞcD̄ð�Þ and ΛcΩ

ð�Þ
cc − ΞcΞ

ð�Þ
cc couplings are calculated at

gx ¼ 0.40 (upper row) and gx ¼ 0.62 (lower row), we use the “� � �” to denote that the bound state do not exist at this
gx value. We use the superscript “†” to label the states that have good flavor-spin symmetry after including the
coupled-channel and SU(3) breaking effects. All the values are in units of MeV.

Scenario 1 Scenario 2 Scenario 1 Scenario 2

System BE (SC) BE (MC) BE (SC) BE (MC) System BE (SC) BE (MC) BE (SC) BE (MC)

½ΣcD̄�†1
2
A

−8.1 −12.6 −13.1 −15.5 ½Σ�
cD̄�†3

2
A

−8.5 −12.6 −13.6 −15.8

½ΞcD̄�1
2
A −8.2 −7.1 −13.1 −10.8 ½ΞcD̄��1

2
A −9.7 −8.2 −15.1 −12.1

−0.8 −1.0 −0.9 −1.3
½ΞcD̄��3

2
A −9.7 −10.3 −15.1 −13.0 ½Ξ0

cD̄�†1
2
A

−8.9 −12.2 −14.1 −16.2
−4.3 −2.6

½Ξ�
cD̄�3

2
A −9.3 −11.0 −14.6 −16.2

½ΞcΞcc�0A −22.0 −9.0 −29.5 −10.2 ½ΞcΞcc�1A −22.0 −8.5 −29.5 −9.9
� � � � � � � � � � � �

½ΞcΞ�
cc�1A −22.5 −12.1 −30.2 −14.0 ½ΞcΞ�

cc�2A −22.5 −17.3 −30.2 −16.7
� � � � � � −3.7 � � �

½ΣcD̄��†3
2
B

−4.6 −4.8 −21.1 −21.8 ½Ξ0
cD̄��†3

2
B

−5.2 −5.2 −22.3 −22.9

½ΣcΞcc�†0B −14.0 −15.3 −37.3 −38.2 ½ΣcΞ�
cc�†2B −14.5 −14.0 −38.0 −38.5

½Ξ0
cΞcc�†0B −15.2 −16.4 −39.1 −39.9 ½Ξ0

cΞ�
cc�†2B −15.7 −15.0 −39.8 −39.6

½Σ�
cΞcc�2C −26.8 −34.8 −26.3 −30.9 ½Σ�

cΞ�
cc�2C −27.4 −22.7 −26.9 −24.0

½Ξ�
cΞcc�2C −28.3 −31.8 −27.8 −31.7 ½Ξ�

cΞ�
cc�2C −29.0 −23.8 −28.4 −24.4

½Σ�
cD̄��†1

2
D

−27.9 −25.3 −3.8 −2.8 ½Ξ�
cD̄��†1

2
D

−29.2 −26.0 −4.3 −3.2

½Σ�
cΞ�

cc�†0D −46.8 −44.7 −13.2 −12.2 ½Ξ�
cΞ�

cc�†0D −48.7 −46.4 −14.3 −13.2

½Σ�
cD̄��†5

2
E

−2.9 −2.9 −25.1 −25.1 ½Ξ�
cD̄��†5

2
E

−3.4 −3.4 26.3 −26.3

½Σ�
cΞ�

cc�†3E −11.6 −11.6 −43.2 −43.2 ½Ξ�
cΞ�

cc�†3E −12.6 −12.6 −45.1 −45.1

½ΛcD̄s�1
2
F � � � � � � � � � � � � ½ΛcD̄�

s �1
2
F � � � � � � � � � � � �

� � � −0.0 � � � −1.7 � � � −0.5 � � � −3.1
½ΛcD̄�

s �3
2
F � � � � � � � � � � � �

� � � −0.3 � � � −3.2
½ΛcΩcc�0F � � � −14.0 � � � −23.1 ½ΛcΩcc�1F � � � −14.0 � � � −23.1

� � � −28.1 � � � −39.7 � � � −28.1 � � � −39.7
½ΛcΩ�

cc�1F � � � −8.4 � � � −16.6 ½ΛcΩ�
cc�2F � � � −8.5 � � � −16.6

� � � −22.3 � � � −33.5 � � � −22.4 � � � −33.5
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say that the flavor-spin symmetry is violated if the differ-
ence of the binding energies between two meson-baryon
systems or two dibaryon systems is more than 3.0 MeV).
As shown in Table X, from group A, the binding energy

of the ½ΣcD̄�1
2
system is −12.6 MeV in the multichannel

calculation. However, for the ½ΞcD̄�1
2
system, after the

inclusion of the coupled-channel and SU(3) breaking
effect, its binding energy is obtained as −7.1 and
−0.8 MeV with gx ¼ 0.40 and gx ¼ 0.62, respectively.
The difference of the binding energies between the
½ΣcD̄�1

2
and ½ΞcD̄�1

2
is larger than 3.0 MeV, and thus the

flavor-spin symmetry is violated. Similar violation also
appear in the systems of group F. The SU(3) breaking effect
is the primary violation source of the flavor-spin symmetry
in the systems of groups A and F.
Without the SU(3) breaking effect, the coupled-channel

effect itself can also lead to considerable flavor-spin
symmetry violation. For the systems in group C, as
presented in Table X, the binding energies of the
½Σ�

cΞcc�2, ½ΣcΞ�
cc�2, ½Ξ�

cΞcc�2, and ½Ξ�
cΞ�

cc�2 are −26.8,
−27.4, −28.3, and −29.0 MeV respectively in the sin-
gle-channel formalism, comparable with each other. But in
the multichannel calculation, the binding energies of the
½Σ�

cΞcc�2 and ½Ξ�
cΞcc�2 systems become −34.8 and

−31.8 MeV, respectively, while the binding energies of
the ½Σ�

cΞcc��2 and ½Ξ�
cΞ�

cc�2 systems are −22.7 and
−23.8 MeV, respectively. The flavor-spin symmetry vio-
lation from the coupled-channel effect can reach up to
10 MeV. However, for the systems in groups B, D, and E,
the flavor-spin symmetry is still maintained even if we
include the coupled-channel effect. Thus, we conclude that
the violation of the flavor-spin symmetry from the coupled-
channel effect depends on the specific systems. The
systems in groups B, D, E, the ½ΣcD̄�1

2
and ½Σ�

cD̄�3
2
systems

in group A, we label these systems with superscript “†,”
they are ideal bound state candidates for testing the flavor-
spin symmetry among the PN

ψ =HN
Ωccc

=PΛ
ψs=HΛ

Ωcccs
molecular

community.

V. SUMMARY

In this work, based on a contact Lagrangian possessing
the SU(3) flavor symmetry and SU(2) spin symmetry, we
discuss the flavor-spin symmetry of the interactions
among the PN

ψ =PΛ
ψs=HN

Ωccc
=HΛ

Ωcccs
systems within a unified

framework. The flavors of the light quark components for
the pentaquark systems PN

ψ and PΛ
ψs are identical to that of

the hexaquark systems HN
Ωccc

and HΛ
Ωcccs

, respectively. The
interactions of these systems are expected to share very
similar interactions. This work is devoted to clarify the
similarities and differences of the interactions among the
PN
ψ =PΛ

ψs=HN
Ωccc

=HΛ
Ωcccs

systems.
The parameters g̃s and g̃a are determined in two

scenarios, i.e., the JP numbers of the PN
ψ ð4440Þ and

PN
ψ ð4457Þ are 1

2
− and 3

2
respectively in scenario 1, and

the JP numbers of the PN
ψ ð4440Þ and PN

ψ ð4457Þ are 3
2
− and

1
2
− respectively in scenario 2. The obtained values of the g̃s
are much larger than the values of the g̃a, thus, the central
term dominant the formation of the bound states.
We firstly perform a single channel calculation to

obtain the effective potentials and mass spectra of the
PN
ψ =PΛ

ψs=HN
Ωccc

=HΛ
Ωcccs

systems. In the single-channel for-
malism, since the matrix elements Of in the central terms
only depend on the flavor wave functions of the
PN
ψ =PΛ

ψs=HN
Ωccc

=HΛ
Ωcccs

systems, the PN
ψ (PΛ

ψs) and HN
Ωccc

(HΛ
Ωcccs

) systems with the same total isospin share identical
central terms. The spin-spin interaction terms depend on
the flavor and spin wave functions of the considered
systems. Since the meson-baryon PN

ψ =PΛ
ψs and dibaryon

HN
Ωccc

=HΛ
Ωcccs

systems have different spin wave functions,
we cannot directly relate the effective potentials from the
PN
ψ =PΛ

ψs to the HN
Ωccc

=HΛ
Ωcccs

systems. Instead, we simply
collect six groups (A-F) of the PN

ψ =PΛ
ψs=HN

Ωccc
=HΛ

Ωcccs

systems that share identical effective potentials. From
groups A-F, we find that with the same effective potentials,
theHN

Ωccc
=HΛ

Ωcccs
systems bind much deeper than that of the

PN
ψ =PΛ

ψs systems due to their larger reduced masses.
Then we perform multichannel calculations to the PN

ψ

and HN
Ωccc

systems. Since the corrections of the coupled-
channel effect for the PN

ψ and HN
Ωccc

mass spectra are
introduced from the off-diagonal spin-spin interactions, the
coupled-channel effect give small corrections to the masses
of the PN

ψ and HN
Ωccc

bound states. We present the PN
ψ and

HN
Ωccc

mass spectra in both scenarios, the different arrange-
ments of the bound state solutions in these two scenarios
can be used to test the flavor-spin symmetry in the PN

ψ and
HN

Ωccc
systems.

We also perform the multichannel calculations to the PΛ
ψs

and HΛ
Ωcccs

systems. Since the couplings of the ΛcD̄
ð�Þ
s −

ΞcD̄ð�Þ and ΛcΩ
ð�Þ
cc − ΞcΞ

ð�Þ
cc are introduced through the

exchanges of the strange scalar and axial-vector light
mesons, we introduce an factor gx with its range in [0, 1]
to quantify the SU(3) breaking effect. The effective poten-

tials of the ΛcD̄
ð�Þ
s − ΞcD̄ð�Þ and ΛcΩ

ð�Þ
cc − ΞcΞ

ð�Þ
cc channels

have nonvanishing contributions from the central terms,

thus, the masses of the ΛcD̄
ð�Þ
s (ΛcΩ

ð�Þ
cc ) and ΞcD̄ð�Þ (ΞcΞ

ð�Þ
cc )

bound states have considerable corrections from the SU(3)
breaking effect. By comparing the mass spectra of the PN

ψ

(HN
Ωccc

) with PΛ
ψs (HΛ

Ωcccs
) systems, we conclude that the

bound states that related to the ΛcD̄ð�Þ, ΞcD̄ð�Þ, ΛcΩ
ð�Þ
cc , and

ΞcΞ
ð�Þ
cc channels do not have their PN

ψ and HN
Ωccc

molecular
partners. The emergences of these states are due to the SU(3)
breaking effect. For the rest of the molecular states in the PΛ

ψs
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and HΛ
Ωcccs

states, they can find their corresponding PN
ψ and

HN
Ωccc

molecular partners with lowest isospin and identical
total angular momentum numbers, the mass arrangements of
these states is very similar to that of the PN

ψ and HN
Ωccc

mass
spectra, this is the manifestation of the SU(3) flavor
symmetry. The mass arrangements of the PΛ

ψs=HΛ
Ωcccs

spectra
can also be used to test the existence of flavor-spin
symmetry.
By checking the binding energies of the systems in A-F

groups obtained from the single-channel and multichannel
formalisms, we discuss the roles of the coupled-channel
and SU(3) breaking effects on the violations of the flavor-
spin symmetry. In the single-channel formalism, the flavor-
spin symmetry works very well for the PN

ψ (HN
Ωccc

) and PΛ
ψs

(HΛ
Ωcccs

) systems. In the multichannel formalism, the
systems in groups A and F receive considerable corrections
from both the SU(3) breaking and coupled-channel effects,
while the systems in groups B, C, D, and E receive
corrections from the coupled-channel effect, and the

SU(3) breaking effect has tiny corrections to these systems.
By comparing the results in groups B, C, D, and E, we find
that the violations of the flavor-spin symmetry introduced
from the coupled-channel effect is system-dependent, the
flavor-spin symmetry in the systems of group C is violated,
while it is still a good symmetry in the systems of groups B,
D, and E. The similar binding energies from the ½ΣcD̄�1

2
and

½Σ�
cD̄�3

2
systems in group A, and the heavy flavor meson-

baryon or dibaryon systems in groups B, D, E, is another
manifestation of the flavor-spin symmetry. We hope that
further investigations on these systems from both experi-
ments and lattice QCD simulations could test our results.
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