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We investigate the interactions of ðc̄qÞðc̄qÞ=ðccqÞðc̄qÞ=ðccqÞðccqÞ dihadron systems based on a contact
Lagrangian possessing the SU(3) flavor and SU(2) spin symmetries. Under the assumptions of two
scenarios for the JP quantum numbers of PN

ψ ð4440Þ and PN
ψ ð4457Þ states, we obtain the parameters (g̃s, g̃a)

introduced from this contact Lagrangian. Then we include the SU(3) breaking effect by introducing a factor
gx, this quantity can be constrained by the experimental mass of PΛ

ψsð4338Þ state. We can reproduce the

mass of Tf
ccð3875Þ state with the parameters extracted from the observed PN

ψ states, the fairly good

description of the masses of the observed PN
ψ =PΛ

ψs=T
f
cc states motivates us to investigate the possible

molecular candidates in the T̄f
cc=PΛ

ψc=HΛ
Ωcccc

systems within the same framework. Then we proceed to

discuss the existences of T̄θ
ccs̄=P

N
ψcs=HN

Ωccccs
states by investigating the SU(3) breaking effects. Our results

show that the states in the T̄θ
ccs̄=P

N
ψcs systems can hardly form bound states, while the states in the HN

Ωccccs

system can form bound states due to their larger reduced masses.

DOI: 10.1103/PhysRevD.110.116017

I. INTRODUCTION

The discoveries of PN
ψ [1,2], PΛ

ψs [3,4], and Tf
ccð3875Þ

[5,6] states1 significantly expand our understanding of
exotic hadronic states. To elucidate their underlying
structures, several theoretical frameworks were proposed,
including the molecular interpretations, compact penta-
quark/tetraquark states, hadrocharmonium states, and
kinematical effects [8–24]. The proximity of the masses
of PN

ψ , PΛ
ψs, and Tf

ccð3875Þ states to their respective
dihadron thresholds strongly suggests their molecular

configurations. Consequently, the molecular picture has
emerged as the most widely accepted interpretation for
these manifestly exotic states.
With the accumulation of experimental data, we can

anticipate the discoveries of more molecular candidates in
the near future. In the molecular picture, the residual
strong interaction, primarily driven by the exchanges of
light mesons, facilitates the binding of a dihadron system.
Specifically, for an S-wave dihadron system consisting of
two ground-state heavy-light hadrons, a possible molecu-
lar picture is that the characteristic of the residual strong
interaction is contingent upon the correlations between
the light quark components in each hadron. Consequently,
the interactions among different dihadron systems can be
interconnected through SU(3) flavor and SU(2) spin
symmetries [SUð3Þf ⊗ SUð2Þs symmetry], such sym-
metry depends on the flavor and spin structures arising
from the light degrees of freedom (d.o.f.) within each
dihadron system.
Under this picture, the light quark components in

dihadron system determine the property of interaction
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1We adopt the nomenclature proposed by the LHCb collabo-
ration [7] throughout this paper.
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among these two hadrons, while the heavy quark compo-
nents are important in stabilizing this system. For example,
in our previous work [25], by considering the heavy
diquark-antiquark symmetry (HDAS) [26–29], we related

the D̄ð�Þ and D̄ð�Þ
s mesons to the Ξð�Þ

cc and Ωð�Þ
cc baryons,

respectively. With the same attractive force, the dibaryon
HN

Ωccc
and HΛ

Ωcccs
systems bind deeper than that of the

baryon-meson (B-M) PN
ψ and PΛ

ψs systems, respectively.
Thus, such a possible picture suggests that for an S-wave

dihadron system composed of two ground heavy-light
hadrons, the light quark components and heavy quark
components play distinct roles in forming molecules. The
SUð3Þf ⊗ SUð2Þs symmetry relates the interactions of
dihadron systems with different light quark components,
i.e., relating the PN

ψ (cnnþ c̄n) (n ¼ u, d) and PΛ
ψs

(cnnþ c̄s or cnsþ c̄n) states to the T̄f
cc (c̄nþ c̄n) and

T̄θ
ccs̄ (c̄nþ c̄s) states, respectively. While the HDAS relates

the interactions of dihadron systems with different heavy
quark components, i.e., relating the T̄f

cc and T̄θ
ccs̄ states to

the PΛ
ψc (ccnþ c̄n) and PN

ψcs (ccnþ c̄s or ccsþ c̄n) states,

or relating the T̄f
cc and T̄θ

ccs̄ states to the H
f
Ωcccc

(ccn − ccn)
and Hθ

Ωccccs
(ccn − ccs) states.

In this work, we investigate the interactions of T̄f
cc=T̄θ

ccs̄,
PΛ
ψc=PN

ψcs, and HΛ
Ωcccc

=HN
Ωccccs

systems from the perspec-
tive of symmetry. These three sets of systems have
identical light quarks, and they are expected to have very
similar interactions. Among these systems, the T̄f

cc system
attracted most attentions. Based on the molecule or
compact tetraquark assumptions, the properties of T̄f

cc

states are widely discussed in a large amount of theoretical
works [30–55]. As the strange partners of T̄f

cc states, the
existences, productions, possible mass spectra, and other
relevant topics of T̄θ

ccs̄ states have also been discussed in
the literature [49,54–69]. Besides, the triple-charm PΛ

ψc

molecular pentaquarks have been investigated within the
framework of one-boson-exchange model [70,71].
However, to our knowledge, the theoretical studies on the
interactions of PN

ψcs, HΛ
Ωcccc

, HN
Ωccccs

systems are missing at
present. This work is devoted to study and relate the
interactions of T̄f

cc=T̄θ
ccs̄, PΛ

ψc=PN
ψcs, and HΛ

Ωcccc
=HN

Ωccccs

systems in a possible unified framework.
This work is organized as follows, we present our

framework in Sec. II. In Sec. III, we present our numerical
results and discussions for the T̄f

cc=T̄θ
ccs̄, P

Λ
ψc=PN

ψcs, and
HΛ

Ωcccc
=HN

Ωccccs
systems. Section IV is devoted to a

summary.

II. FRAMEWORK

We list the considered multi-heavy dihadron systems
with the strangeness numbers 0 and −1 in Table I. We also
list their corresponding thresholds in Table I. Here, we

adopt the experimental mass of Ξþþ
cc baryon from the LHCb

collaboration [72,73], and adopt the theoretical masses of

Ξ�
cc and Ωð�Þ

cc baryons calculated within a relativistic quark
model [74].

A. The flavor-spin wave functions
for all the considered systems

To describe the flavor-spin wave functions of heavy-light
dihadron systems listed in Table I, we introduce three types
of notations to denote the total wave functions of the
considered dihadron states. Explicitly, we use the

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
ð1Þ

to denote the S ¼ 0 dihadron state with a definite total
isospin I and a total angular momentum J. We use the

j½H1H2�
1
2
ð�Þ
J i ¼

ffiffiffi
1

2

r �
ϕH1

I1;mI1
ϕH2

I2;mI2
� ϕH2

I2;mI2
ϕH1

I1;mI1

�
⊗

X
mS1

;mS2

CJ;Jz
S1;mS1

;S2;mS2
ϕH1

S1;mS1
ϕH2

S2;mS2
ð2Þ

to denote the S ¼ −1 dihadron state that has a definite
symmetry in the flavor space and with a total angular
momentum J. Finally, we use the

TABLE I. The considered multiheavy ðc̄qÞðc̄qÞ=ðccqÞðc̄qÞ=
ðccqÞðccqÞ dihadron systems with the strangeness numbers
0 and −1. To list the thresholds of the considered systems, we
adopt the experimental mass of Ξþþ

cc baryon measured from the
LHCb collaboration [72,73], and adopt the theoretical masses of

Ξ�
cc and Ωð�Þ

cc baryons calculated from Ref. [74]. All values are in
units of MeV.

S ¼ 0 D̄ D̄ D̄�D̄ D̄�D̄�
3734.5 3875.6 4017.1
ΞccD̄ Ξ�

ccD̄ ΞccD̄� Ξ�
ccD̄�

5488.6 5594.2 5630.0 5735.6
ΞccΞcc Ξ�

ccΞcc Ξ�
ccΞ�

cc
7242.8 7348.4 7454.0

S ¼ −1 D̄D̄s D̄�D̄s D̄D̄�
s D̄�D̄�

s
3836.2 3977.6 3979.4 4120.8
ΞccD̄s Ξ�

ccD̄s ΞccD̄�
s Ξ�

ccD̄�
s

5590.4 5696.0 5733.6 5839.2
ΩccD̄ Ω�

ccD̄ ΩccD̄� Ω�
ccD̄�

5645.2 5739.2 5786.6 5880.6
ΞccΩcc Ξ�

ccΩcc ΞccΩ�
cc Ξ�

ccΩ�
cc

7399.4 7505.0 7493.4 7599.0
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j½H1H2�Ji ¼ ϕH1

I1;mI1
ϕH2

I2;mI2

⊗
X

mS1
;mS2

CJ;Jz
S1;mS1

;S2;mS2
ϕH1

S1;mS1
ϕH2

S2;mS2
ð3Þ

to denote the H1H2 state that does not have a definite
symmetry in the flavor space but with a definite total
angular momentum J. CI;Iz

I1;mI1
;I2;mI2

and CJ;Jz
S1;mS1

;S2;mS2
are the

Clebsch-Gordan coefficients. ϕH1

I1;mI1
(ϕH2

I2;mI2
) and ϕH1

S1;mS1

(ϕH2

S2;mS2
) are the flavor and spin wave functions of H1 (H2)

hadron, respectively.

B. The effective potentials

Since we are interested in the effective potentials near the
thresholds, we assume that the considered dihadron sys-
tems exchange light mesons via S-wave interactions, and
we omit the terms proportional to the transferred momenta
q2. Then the effective potentials of ðc̄qÞðc̄qÞ=ðccqÞðc̄qÞ=
ðccqÞðccqÞ dihadron systems have the following form

VTotal ¼ Cs þ CaSðSÞ: ð4Þ

Here, SðSÞ is the spin factor, this factor is related to the
dihadron system from the spin structure of its light d.o.f..
Cs and Ca are the two coupling constants that should be
extracted from experiments. According to the structures of
these two terms, we tentatively interpret the Cs and CaSðSÞ
as the contributions from the exchanges of fictitious scalar
and axial-vector light mesons, respectively. When we adopt
Eq. (4) to describe the effective potentials of ðc̄qÞðc̄qÞ,
ðccqÞðc̄qÞ, and ðccqÞðccqÞ dihadron systems, we need to
separately determine the parameters Cs and Ca for each
system.
To reduce the number of undetermined coupling con-

stants, we further introduce the flavor factor IðIÞ to relate
each set ofCs andCa among these three systems, this factor
can be determined from the flavor structures of light d.o.f.
in the ðc̄qÞðc̄qÞ=ðccqÞðc̄qÞ=ðccqÞðccqÞ dihadron systems.
Then the effective potentials have the following form

VTotal ¼ g̃sIðIÞ þ g̃aIðIÞSðSÞ: ð5Þ

Here, g̃s and g̃a are the two new coupling constants
obtained by dividing the flavor factor IðIÞ with Cs and
Ca, respectively.
In principle, the numerical values of g̃s and g̃a should be

slightly different among the considered three systems due
to their different reduced masses and low energy dynamics.
At present, it is difficult to quantify these effects.
Nevertheless, for the considered ðc̄qÞðc̄qÞ=ðccqÞðc̄qÞ=
ðccqÞðccqÞ systems, due to the identical binding mecha-
nism in the molecular picture and their similar configura-
tions, i.e., dihadron systems composed of two heavy-light
hadrons, we assume that the values of g̃s and g̃a are the

same for the ðc̄qÞðc̄qÞ=ðccqÞðc̄qÞ=ðccqÞðccqÞ systems.
With this approximation, we can present a preliminary
symmetry analysis to the interactions of the considered
three dihadron systems.
As presented from the above discussions, for each

dihadron state with specific isospin and total angular
momentum quantum numbers, we only need to calculate
the isospin factor IðIÞ and spin factor SðSÞ to derive its
effective potential. Instead of introducing the contact
Lagrangian at hadron level, we adopt an equivalent way
[for example, for the pentaquark ðcqqÞðc̄qÞ and hexaquark
ðcqqÞðccqÞ states, one can find that the spin factors SðSÞ
calculated from our method [25] are consistent with the
spin factors calculated from the contact Lagrangian con-
structed at hadron level [75] ], i.e., we introduce a quark-
level Lagrangian

L ¼ gsq̄Sqþ gaq̄γμγ5Aμq ð6Þ

to calculate IðIÞ and SðSÞ [76–79]. Here S and Aμ are the
fictitious scalar octet and axial-vector octet fields, respec-
tively. They can be expanded as

S ¼ S3λ
i þ S2λ

j þ S1λ
8; ð7Þ

Aμ ¼ Aμ
3λ

i þAμ
2λ

j þAμ
1λ

8; ð8Þ

where λi (i ¼ 1; 2; 3), λj (j ¼ 4; 5; 6; 7), and λ8 are the Gell-
Mann matrices. S3 (A

μ
3), S2 (A

μ
2), and S1 (A

μ
1) denote the

scalar (axial-vector) isospin triplet, doublet, and singlet
fields, respectively. Besides the quark-level Lagrangian
introduced in this work, Refs. [80,81] also suggested that

the contact interaction between the D̄ð�Þ meson and Σð�Þ
c

baryon can be described in terms of light-quark subfield qL
within heavy mesons and light-diquark subfield dL within
heavy baryons.
Since we include the exchanges of different light scalar

(axial-vector) mesons with different isospins, in principle,
we should adopt different coupling parameters for the
exchanges of light scalar (axial-vector) mesons with differ-
ent isospins. Here, to reduce the number of undetermined
parameters, we constrain them with the SU(3) flavor
symmetry and adopt the approximations

g̃s ∝
g2s
m2

S

¼ g2ss
m2

Ss

¼ g2st
m2

St

¼ g2sd
m2

Sd

; ð9Þ

g̃a ∝
g2a
m2

A

¼ g2as
m2

As

¼ g2at
m2

At

¼ g2ad
m2

Ad

: ð10Þ

Here, mSs (mAs), mSt (mAt), and mSd (mAd) are the masses
of scalar (axial-vector) singlet, triplet, and doublet mesons,
respectively. gss (gas), gst (gat), and gsd (gad) are the
coupling parameters of scalar (axial-vector) singlet, triplet,
and doublet mesons, respectively.mS andmA are the SU(3)
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approximated masses of the scalar and axial-vector light
mesons, respectively. With these SU(3) approximations, we
can introduce only two redefined parameters g̃s and g̃a for
the couplings of fictitious scalar and axial-vector fields,
respectively. The g̃s and g̃a are proportional to g2s=m2

S and
g2a=m2

A, respectively, their signs should be determined from
the masses of the observed Pc states [1,2].
The effective potential derived from Eq. (6) is

V ¼ g̃sλ1 · λ2 þ g̃aλ1 · λ2σ1 · σ2: ð11Þ

Here, λ1ð2Þ and σ1ð2Þ are the Gell-Mann and Pauli matrices
in the flavor and spin spaces, respectively. The advantage
of our approach is that we can relate the coupling
constants of different dihadron systems with different
isospins and angular momenta through isospin and spin
factors, respectively.
The effective potential in Eq. (11) suggests the SUð3Þf ⊗

SUð2Þs symmetry among the molecule community com-
posed of two heavy-light hadrons. This symmetry is based
on the strong assumption that in the low energy scattering
processes, the effective potentials near thresholds could be
described by the Lagrangian in Eq. (6). If this Lagrangian
could gain the main features of effective potentials for the
considered dihadron systems, then the SUð3Þf ⊗ SUð2Þs
symmetry can relate the mass arrangements of different
dihadron molecular systems. This symmetry could be a
unique property for the molecule community that are
composed of two heavy-light hadrons.
Since in the low energy dihadron scattering processes, it

is possible to interpret the same experiment with different
effective potentials by selecting appropriate parameters.
For example, the OBEmodel [80,82], effective field theory
[83,84], and resonance saturation model [85,86] were
also suggested to describe the interactions of dihadron
molecular candidates. Thus, the effective potential intro-
duced in Eq. (11) is also a possible option among many
other phenomenological models.
When we adopt the Lagrangian in Eq. (6) to describe

the interactions of the considered ðc̄qÞðc̄qÞ=ðccqÞðc̄qÞ=
ðccqÞðccqÞ systems, we implicitly introduce the HQS and
HADS to render the heavy quark and heavy diquark as
spectators in the charmed mesons and double-charm
baryons, respectively. In each dihadron system, the inter-
action only depends on the corelation among the two
heavy-light hadrons from their light d.o.f.
For the charmed mesons, the HQS is a good approxi-

mation with its violation of the order ofΛQCD=mQ, while for
the double-charm baryons, the HADSmanifests well only if
when the spatial extent of diquark of size 1=ðmQvÞ is much
smaller than the wavelength of light d.o.f. 1=ΛQCD. Since
the violation for HADS is of the order of ΛQCD=ðmQvÞ, this
quantity is expected to be 30% for the double-charm baryon
system [27,29]. Thus, the HADS is a more approximate
symmetry than the HQS.

We can obtain the effective potential for a ½H1H2�IJ (the
same for the ½H1H2�

1
2
ð�Þ
J or ½H1H2�J case) dihadron state as

V j½H1H2�IJi ¼ h½H1H2�IJjVj½H1H2�IJi: ð12Þ

Here, we need to emphasis that the operators λ1 · λ2 and
σ1 · σ2 only act on the light quark components of total wave

function j½H1H2�IJi (the same for the ½H1H2�
1
2
ð�Þ
J or ½H1H2�J

case) in the flavor and spin spaces, respectively. Then we
can extract the flavor (hOf

toti) and flavor-spin (hOfs
toti)

matrix elements by calculating the

hOf
toti ¼ h½H1H2�IJjλ1 · λ2j½H1H2�IJi ð13Þ

and

hOfs
toti ¼ h½H1H2�IJjλ1 · λ2σ1 · σ2j½H1H2�IJi; ð14Þ

respectively. Note that the operators Of
tot and Ofs

tot can be
expanded as

Of
tot ¼ Of

1 þOf
2 þOf

3; ð15Þ

Ofs
tot ¼ Ofs

1 þOfs
2 þOfs

3 ; ð16Þ

with

Of
1 ¼

X3
i¼1

λi1λ
i
2; Ofs

1 ¼
X3
i¼1

λi1λ
i
2σ1 · σ2;

Of
2 ¼

X7
j¼4

λj1λ
j
2; Ofs

2 ¼
X7
j¼4

λj1λ
j
2σ1 · σ2;

Of
3 ¼ λ81λ

8
2; Ofs

3 ¼ λ81λ
8
2σ1 · σ2:

Thus, the matrix elements hOf
1i (hOfs

1 i), hOf
2i (hOfs

2 i), and
hOf

3i (hOfs
3 i) represent the proportions of contributions

from the exchanges of isospin triplet, doublet, and singlet
scalar (axial-vector) mesons, respectively.
As discussed in this section, in the SU(3) limit, the scalar

(axial-vector) coupling parameters g̃s (g̃a) for the exchanges
of isospin triplet, doublet, and singlet light mesons are the
same. However, to take into account the SU(3) breaking
effect, in Ref. [87], we suggested that the masses of the
exchanged isospin doublet light strange mesons are heavier
than that of the exchanged isospin triplet nonstrange light
mesons, in the nonrelativistic limit, the propagator from the
exchange of isospin doublet light meson is suppressed by
the factor 1=m2

ex, where mex is the mass of the exchanged
strange meson. Thus, we collectively multiply a SU(3)
breaking factor gx in front of the matrix elements hOf

2i and
hOfs

2 i to suppress the contributions from the exchanges of
the isospin doublet scalar and axial-vector light mesons,
respectively.
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Besides our framework, we notice that Refs. [85]
and [86] also attempted to systematize heavy-heavy and
heavy-antiheavy hadronic molecules within a unified
description. In their framework, the couplings between
heavy (antiheavy) hadrons and light pseudoscalar/vector
mesons were introduced by using the hidden gauge
symmetry model. Since they were only interested in the
effective potentials near the thresholds, so they omitted
the q2-dependent pseudoscalar exchanges and reduced the
vector exchange potential into a contact term by omitting
the terms that were suppressed by q2=m2

ex. They did not
include the spin splitting structures in the dihadron spectra
since the vector exchange potentials did not incorporate
spin information. Thus, the contact terms providing the
main driving forces of forming bound states were inter-
preted as vector exchanges in their framework. Another
systematic work based on the idea of resonance saturation
model can be found in Ref. [81].
To find the bound state solutions of considered systems,

we encounter both the single-channel and two-channel
Lippmann-Schwinger (LS) equations. Specifically, in the
single-channel case, we search for the bound state solutions
by solving the following LS equation

TðEÞ ¼ V þ VGðEÞTðEÞ: ð17Þ

Correspondingly, in the two-channel case, the correspond-
ing LS equation has the following matrix form

TðEÞ ¼ V þ VGðEÞTðEÞ; ð18Þ

with

V ¼
 
VH1H2→H1H2 VH1H2→H3H4

VH3H4→H1H2 VH3H4→H3H4

!
; ð19Þ

TðEÞ ¼
�
t11ðEÞ t12ðEÞ
t21ðEÞ t22ðEÞ

�
; ð20Þ

and

GðEÞ ¼ diagfG1ðEÞ; G2ðEÞg; ð21Þ

the function Gi is defined as

Gi ¼
1

2π2

Z
dq

q2

E−
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

i1 þ q2
p

−
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

i2 þ q2
p u2ðΛÞ: ð22Þ

Here, mi1 and mi2 are the masses of two hadrons in
the i-th channel, we adopt a dipole form factor uðΛÞ ¼
ð1þ q2=Λ2Þ−2 [87–89] to suppress the contributions from
higher momenta, we will discuss the value of cutoff Λ in
Sec. II C.

C. Parameters

In Ref. [25], the parameters introduced in our model (g̃s,
g̃a, gx, and Λ) were determined from the inputs of observed
PN
ψ and PΛ

ψs states. Here, we briefly review the scheme we
pin down their numerical values and the scheme we
estimate the uncertainties introduced from the experimental
errors.
First, we used the experimental masses of PN

ψ ð4440Þ
(4440.0þ4.0

−5.0 MeV) and PN
ψ ð4457Þ (4457.3þ4.0

−1.8 MeV) [1,2]
as inputs to fix g̃s and g̃a. The quantum numbers of these
two states have not been measured yet, thus, the assign-
ments of these two states may have the following two
scenarios

Scenario1∶PN
ψ ð4440Þ

����ΣcD̄�;
1

2

−
�
; PN

ψ ð4457Þ
����ΣcD̄�;

3

2

−
�
;

ð23Þ

Scenario2∶PN
ψ ð4457Þ

����ΣcD̄�;
1

2

−
�
; PN

ψ ð4440Þ
����ΣcD̄�;

3

2

−
�
:

ð24Þ

These two assignments have been discussed in various
models. For example, the scenario 1 was suggested within
the framework of OBE model [82] or chiral effective field
theory [83]. While the scenario 2 was suggested in
Ref. [90] by considering the observed PN

ψ states as the
superpositions of meson-baryon channels coupled to a
compact uudcc̄ core. The J=Ψp invariant mass distribu-
tions were fitted in the both scenarios in Ref. [84], they
found that the PN

ψ ð4440Þ and PN
ψ ð4457Þ with 3

2
− and 1

2
−

were preferred once the full OPE (one-pion-exchange)
potential was included. In Refs. [80,81], the authors further
discussed the Dirac-delta contributions in the OBE model
and suggested that to consistently describe the masses of
the three observed [1,2] PN

ψ states with similar cutoffs, the
Dirac-delta terms should be removed, then the preferred JP

numbers for the PN
ψ ð4440Þ and PN

ψ ð4457Þ are 3
2
− and 1

2
−,

respectively. The mass splittings induced from the Dirac-
delta terms were also studied by varying the strength of the
δðr⃗Þ potential [91], their results also preferred the scenario
2, they also used the same framework [92] to investigate
the mass ordering of the anticharmed strange pentaquark
candidates.
The above discussions show that at present, determining

the assignments of PN
ψ ð4440Þ and PN

ψ ð4457Þ states theo-
retically is rather model-dependent and relies on different
theoretical treatments or approximations. Thus, in the
following, we will consider both scenarios.
Under these two scenarios, in Ref. [25], we performed a

coupled-channel calculation by considering the S-wave
channels that were composed of the ðΛc=Σc=Σ�

cÞ þ
ðD̄=D̄�Þ hadrons. We fixed the cutoff Λ introduced from
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the dipole form factor at 1.0 GeV, and solved the coupled-
channel LS equation to obtain g̃s and g̃a. In the scenario 1
and scenario 2, we found

Scenario1∶ g̃s¼ 8.28GeV−2; g̃a ¼−1.46GeV−2; ð25Þ

Scenario2∶ g̃s ¼ 9.12GeV−2; g̃a ¼ 1.25GeV−2: ð26Þ

Here, we need to emphasis that if we only include the
contact terms, the effective potentials derived from our
quark-level description are consistent with the effective
potentials derived from the hadron-level description [76].
We present more details on this issue in the Appendix.
We also selected the other Λ values in the (0.5, 1.5) GeV

region, and we can correspondingly obtain two sets of g̃s
and g̃a solutions based on these two scenarios. We found
that our predictions of the masses to the other PN

ψ states had
very weak Λ-dependences in both of the scenarios. Thus,
we will adopt Λ ¼ 1.0 GeV throughout this work.
To estimate the uncertainties introduced from the exper-

imental masses of PN
ψ ð4440Þ and PN

ψ ð4457Þ states, we
combined the upper or lower limit of the mass of PN

ψ ð4440Þ
state with the upper or lower limit of the mass of PN

ψ ð4457Þ
state. In each scenario, we used these four sets of inputs to
solve four sets of coupling parameters g̃s and g̃a corre-
spondingly. We used these four sets of coupling parameters
as inputs to give the lower and upper limits of the other
predicted states.
We further used the mass of PΛ

ψsð4338Þ to constrain the
value of the SU(3) breaking factor gx. First, this factor was
introduced to suppress the contributions from the
exchanges of the isospin doublet scalar and axial-vector
light mesons, the value of this factor should be smaller
than 1.
Second, within the same framework [25], we found that

in the single channel case, the mass of PΛ
ψsð4338Þ was

obtained as 4328.1 and 4323.1 MeV in the scenario 1 and
scenario 2, respectively. But after including the ΛcD̄s −
ΞcD̄ coupling, we found that as the g̃x increases from 0 to
0.62, the attractive force in the ΞcD̄ channel became weak,
and the mass of PΛ

ψcð4338Þ moved forward to the ΞcD̄
threshold. When gx ¼ 0.62, the mass of PΛ

ψs became 4335.9
and 4335.7 MeV in the scenario 1 and scenario 2,
respectively. When gx > 0.62, in the both scenarios, the
attractive force between the Ξc and D̄ was not enough to
form a bound state. Thus, due to the observation of
PΛ
ψsð4338Þ, we can further constrain the SU(3) breaking

factor to be gx ≤ 0.62.
Here, we want to mention that the LHCb collaboration

also reported another structure PΛ
ψsð4459Þ [3]. Since the

PΛ
ψsð4338Þ and PΛ

ψsð4459Þ are close to the ΞcD̄ and ΞcD̄�

thresholds, respectively, from our contact Lagrangian, the
2 × 2 effective potential matrix of PΛ

ψsð4338Þ

VPΛ
ψsð4338Þ ¼

 
vΛcD̄s→ΛcD̄s vΛcD̄s→ΞcD̄

vΞcD̄→ΛcD̄s vΞcD̄→ΞcD̄

!
ð27Þ

is identical [25] to the effective potential matrix of
PΛ
ψsð4459Þ

VPΛ
ψsð4459Þ ¼

 
vΛcD̄�

s→ΛcD̄�
s vΛcD̄�

s→ΞcD̄�

vΞcD̄�→ΛcD̄�
s vΞcD̄�→ΞcD̄�

!
: ð28Þ

Here, the spin-spin interacting terms for the ΞcD̄� − ΞcD̄�,
ΞcD̄� − ΛcD̄�

s , and ΛcD̄� − ΛcD̄�
s couplings vanish when

the total angular momentum is 1
2
or 3

2
. Thus, we can assume

that the total angular momentum for the PΛ
ψsð4459Þ could

be 1
2
or 3

2
since they have identical effective potentials [87].

We perform a calculation to present the gx-dependences
of the masses of PΛ

ψsð4338Þ and PΛ
ψsð4459Þ states. We

present our results in Fig. 1. The central value of the
experimental mass [4] of PΛ

ψsð4338Þ state is slightly above
the Ξþ

c D− or Ξ0
cD̄0 thresholds. Here, we restrict our scope

to the molecular interpretation of PΛ
ψsð4338Þ state, we adopt

the isospin average value of ΞcD̄ threshold as the exper-
imental mass of PΛ

ψsð4338Þ state. From Fig. 1(a), we find
that at gx ¼ 0.62, the mass of PΛ

ψsð4338Þ equals to the
threshold of ΞcD̄ in the scenario 1 or 2. Besides, in both of
the scenarios, when gx is in the region [0,0.62], we can find
bound state solutions below the ΞcD̄ threshold, and we
illustrate them with blue and red lines for the scenario 1 and
2 cases, respectively.
Now we discuss the results in Fig. 1(b). As shown in

Fig. 1(b), when we investigate the possible bound state
below the ΞcD̄� threshold, we can also obtain bound state

(a) (b)

FIG. 1. The gx-dependences of the masses of PΛ
ψsð4338Þ state

(a) and PΛ
ψsð4459Þ state (b). We take the threshold of ΞcD̄ as the

experimental mass of PΛ
ψsð4338Þ. We use the dotted lines to

illustrate the thresholds of ΞcD̄ and ΞcD̄�. The blue and red lines
are the results calculated with the inputs from the scenario 1 and
2, respectively. In (b), we further use the black line to label the
central value of the experimental mass of PΛ

ψsð4459Þ state, its
uncertainty is illustrated with green band.
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solutions in both of the scenarios, but only the result in the
scenario 2 (red line) has small overlap with the exper-
imental mass of PΛ

ψsð4459Þ after including its relatively
large experimental uncertainty. Note that the present
framework can give a fairly good unified description to
the observed PN

ψ ð4312Þ, PN
ψ ð4440Þ, PN

ψ ð4457Þ, and
PΛ
ψsð4338Þ states, the inconsistency of PΛ

ψsð4459Þ state
in our model implies that this state is not a good molecular
candidate and needs further confirmation.

D. Reduce the number of the considered dihadron states

The dihadron systems listed in Table I can couple to
various dihadron states with different total isospins (I) and
total angular momenta (J). We can further remove some
dihadron states that cannot form bound states according to
the following two rules.
First, we remove the states that are forbidden according

to the selection rule. For the general identical fermion and
boson systems, the quantum numbers of the H1 and H2

hadrons satisfy the following selection rule

Lþ Stot þ Itot þ 2iþ 2s ¼
	
Even; for bosons;

Odd; for fermions:
ð29Þ

Second, we remove the states that apparently cannot form
bound states. On the one hand, as can be seen from the
obtained parameters g̃s and g̃a in Eqs. (25) and (26), in both
scenarios, the g̃s that is related to the flavor operator Of

tot is
much larger than the g̃a that is related to the flavor-spin
operatorOfs

tot. Besides, the g̃s obtained in these two scenarios
have the same sign and are comparable to each other. Thus,
whether the considered dihadron state can form a bound
state is flavor dominant, i.e., mainly depends on the matrix
element hOf

toti.
On the other hand, for the dihadron state with only one

light quark in each hadron, since each hadron belongs to the
flavor 3 representation, we have

3 ⊗ 3 ¼ 6 ⊕ 3̄: ð30Þ

Thus, all the considered dihadron states should belong to
either flavor antisymmetric 3̄ multiplet or flavor 6 sym-
metric multiplet. From Eq. (13), the matrix elements hOf

toti
for the 3̄ and 6 are obtained as − 8

3
and 4

3
, respectively. In our

convention, a negative potential and a positive potential will
lead to an attractive force and a repulsive force, respectively.
Thus, we only consider the dihadron states that belong to the
flavor 3̄ multiplet. This is the reason that we do not list the
S ¼ −2 dihadron systems in Table I, since they cannot form
bound states according to their symmetric flavor wave
functions.
According to the above two rules, We remove some of the

dihadron states that are composed of the systems listed in
Table I, then we collect the rest of dihadron states and

present them in Table II. Note that in Table II, we adopt the
wave function notations defined in Eqs. (1)–(3). Especially,
we implicitly omit the minus sign on the superscript of the

wave function ½H1H2�
1
2
−
J since we only consider the states

belong to the 3̄ flavor multiplet. In the following, we will
only investigate the states listed in Table II.

III. NUMERICAL RESULTS

We calculate the matrix elements of T̄f
cc=T̄θ

ccs̄, P
Λ
ψc=PN

ψcs,
and HΛ

Ωcccc
=HN

Ωccccs
states collected in Table II and present

the obtained [hOf
toti, hOfs

toti] in Table III.
As presented in Table III, since the mass of T̄f

ccð3875Þ is
very close to the D̄0D�− and D−D̄�0 thresholds, thus, we
take into account mass difference between the D̄0D�− and
D−D̄�0 thresholds and mix these two components through a
2 × 2 matrix. We can further obtain the strangeness partner
of T̄f

cc states by replacing a d quark to an s quark. Note that
the effective potentials of T̄θ

ccs̄ states are slightly different
from that of the T̄f

cc states by a SU(3) breaking factor gx, in
the SU(3) limit with gx ¼ 1, the T̄f

cc states and their
strangeness partner T̄θ

ccs̄ states share identical effective
potentials.
The eigenvalues of T̄f

cc matrices calculated from the
operators Of

tot and Ofs
tot are also presented in the fifth and

sixth columns of Table III, respectively. Besides, one can
easily find that in the SU(3) limit with gx ¼ 1, the T̄f

cc states
and its strangeness partners T̄θ

ccs states have identical
effective potential matrices, and thus have identical
hOf

Eigi and hOfs
Eigi matrix elements.

For the PΛ
ψc states, we adopt the isospin limit and

calculate the effective potentials of Ξð�Þ
cc D̄ð�Þ states in the

single-channel formalism. However, as demonstrated in

TABLE II. The remaining dihadron states selected by the
discussed two rules. We use the notations defined in Eqs. (1)–(3)
to describe the flavor-spin wave functions of the considered
dihadron states. Since all the considered dihadron states belong
to the 3̄ flavor representation, we implicitly omit the “−” sign on
the superscript of the ½H1H2�

1
2
−
J state defined in Eq. (2).

T̄f
cc ½D̄D̄��01 ½D̄�D̄��01

T̄θ
ccs̄ ½D̄D̄�

s �1 ½D̄�D̄�
s �

1
2

1½D̄sD̄��1
PΛ
ψc ½ΞccD̄�01

2

½Ξ�
ccD̄�03

2

½ΞccD̄��01
2
;3
2

½Ξ�
ccD̄��01

2
;3
2
;5
2

PN
ψcs ½ΞccD̄s�1

2
½Ξ�

ccD̄s�3
2

½ΞccD̄�
s �1

2
;3
2

½Ξ�
ccD̄�

s �1
2
;3
2
;5
2

½ΩccD̄�1
2

½Ω�
ccD̄�3

2
½ΩccD̄��1

2
;3
2

½Ω�
ccD̄��1

2
;3
2
;5
2

HΛ
Ωcccc

½ΞccΞcc�01 ½ΞccΞ�
cc�01 ½ΞccΞ�

cc�02 ½Ξ�
ccΞ�

cc�01;3
HN

Ωccccs ½ΞccΩcc�
1
2

1
½ΞccΩ�

cc�1 ½ΞccΩ�
cc�2 ½Ξ�

ccΩ�
cc�

1
2

0;3

½Ξ�
ccΩcc�1 ½Ξ�

ccΩcc�2
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Table III, for the PN
ψcs states, the strange quark belongs to

the baryon or meson will lead to different final states, this is
another source of the SU(3) breaking. As presented in
Table III, we include this effect by distinguishing these two
components and calculating the effective potentials of PN

ψcs

states through a 2 × 2 matrices. In the SU(3) limit with

gx ¼ 1, the mixture of Ξð�Þ
cc D̄

ð�Þ
s and Ωð�Þ

cc D̄ð�Þ components
will lead to two different flavor matrix elements − 8

3
and 4

3
,

they belong to the 3̄ and 6 flavor multiplets, respectively.
As discussed in Sec. II D, only the PN

ψcs states with flavor
matrix element − 8

3
have attractive forces and thus may form

bound states.
The effective potentials of HΛ

Ωcccc
=HN

Ωccccs
states are also

presented in the lower panel of Table III. Similar to the PΛ
ψc

states, for the HΛ
Ωcccc

states, we adopt the isospin limit to

calculate the effective potentials of Ξð�Þ
cc Ξð�Þ

cc states. But for
the HN

Ωccccs
states, the ΞccΩ�

cc and ΩccΞ�
cc components have

different thresholds, we mix these two components to
include the SU(3) breaking effect induced from the
constituent strange quark mass.
With the effective potentials for all the considered T̄f

cc=
T̄θ
ccs̄=P

Λ
ψc=PN

ψcs=HΛ
Ωcccc

=HN
Ωccccs

states listed in Table III, we
find the possible bound states via solving the corresponding
LS equations. Here, with the parameters from the scenario 1
and scenario 2 in Eqs. (25) and (26), we first discuss the
possible bound states and their spectra among the

T̄f
cc=PΛ

ψc=HΛ
Ωcccc

states. Then we discuss the existences of

TABLE III. The matrix elements [hOf
toti,hOfs

toti] of T̄f
cc=T̄θ

ccs̄, P
Λ
ψc=PN

ψcs, and HΛ
Ωcccc

=HN
Ωccccs

states collected in Table II. We consider
the isospin breaking for the T̄f

cc=T̄θ
ccs̄ states, and adopt the isospin limit but consider the SU(3) breaking for the PΛ

ψc=PN
ψcs and

HΛ
Ωcccc

=HN
Ωccccs

states.

T̄f
cc ½hOf

toti; hOfs
toti� T̄θ

ccs̄ ½hOf
toti; hOfs

toti� hOf
Eigi hOfs

Eigi
(½D̄0D�−�1,

� ½− 2
3
; 0� ½2; 0�

½− 2
3
; 0�
� ð½D̄0D�−

s �1,
� ½− 2

3
; 0� ½2gx; 0�

½− 2
3
; 0�
� �

− 8
3

4
3

� �
0

0

�
½D−D̄�0�1Þ ½D−

s D̄�0�1Þ
½D̄�0D�−�01 ½− 8

3
; 8
3
� ½D̄�0D�−

s �121 ½−2gx − 2
3
; 2gx þ 2

3
� ð− 8

3
Þ ð 8

3
Þ

PΛ
ψc ½hOf

toti; hOfs
toti� PN

ψcs ½hOf
toti; hOfs

toti� hOf
Eigi hOfs

Eigi
½ΞccD̄�01

2

½− 8
3
; 0� ð½ΞccD̄s�1

2
,

� ½− 2
3
; 0� ½2gx; 0�

½− 2
3
; 0�
� �

− 8
3

4
3

� �
0

0

�
½ΩccD̄�1

2
Þ

½ΞccD̄��01
2

½− 8
3
;− 16

9
� ð½ΞccD̄�

s �1
2
,

� ½− 2
3
;− 4

9
� ½2gx; 43 gx�½− 2

3
;− 4

9
�
� �

− 8
3

4
3

� �
− 16

9
8
9

�
½ΩccD̄��1

2
Þ

½Ξ�
ccD̄��01

2

½− 8
3
; 40
9
� ð½Ξ�

ccD̄�
s �1

2
,

� ½− 2
3
; 10
9
� ½2gx;− 10

3
gx�

½− 2
3
; 10
9
�

� �
− 8

3
4
3

� �
40
9− 20
9

�
½Ω�

ccD̄��1
2
Þ

½Ξ�
ccD̄�03

2

½− 8
3
; 0� ð½Ξ�

ccD̄s�3
2
,

� ½− 2
3
; 0� ½2gx; 0�

½− 2
3
; 0�
� �

− 8
3

4
3

� �
0

0

�
½Ω�

ccD̄�3
2
Þ

½ΞccD̄��03
2

½− 8
3
; 8
9
� ð½ΞccD̄�

s �3
2
,

� ½− 2
3
; 2
9
� ½2gx;− 2

3
gx�

½− 2
3
; 2
9
�

� �
− 8

3
4
3

� �
8
9− 4
9

�
½ΩccD̄��3

2
Þ

½Ξ�
ccD̄��03

2

½− 8
3
; 16
9
� ð½Ξ�

ccD̄�
s �3

2
,

� ½− 2
3
; 4
9
� ½2gx;− 4

3
gx�

½− 2
3
; 4
9
�

� �
− 8

3
4
3

� �
16
9− 8
9

�
½Ω�

ccD̄��3
2
Þ

½Ξ�
ccD̄��05

2

½− 8
3
;− 8

3
� ð½Ξ�

ccD̄�
s �5

2
,

� ½− 2
3
;− 2

3
� ½2gx; 2gx�

½− 2
3
;− 2

3
�
� �

− 8
3

4
3

� �− 8
3

4
3

�
½Ω�

ccD̄��5
2
Þ

HΛ
Ωcccc

½hOf
toti; hOfs

toti� HN
Ωccccs

½hOf
toti; hOfs

toti� hOf
Eigi hOfs

Eigi
½ΞccΞcc�01 ½− 8

3
;− 8

27
� ½ΞccΩcc�

1
2

1
½−2gx − 2

3
;− 2

9
gx − 2

27
� ð− 8

3
Þ ð− 8

27
Þ

½ΞccΞ�
cc�01 ½− 8

3
;− 40

27
� (½ΞccΩ�

cc�1,
� ½− 2

3
;− 10

27
� ½2gx; 109 gx�½− 2

3
;− 10

27
�
� �

− 8
3

4
3

� �− 40
27

20
27

�
½ΩccΞ�

cc�1Þ
½Ξ�

ccΞ�
cc�01 ½− 8

3
; 88
27
� ½Ξ�

ccΩ�
cc�

1
2

1
½−2gx − 2

3
; 22
9
gx þ 22

27
� ð− 8

3
Þ ð 88

27
Þ

½ΞccΞ�
cc�02 ½− 8

3
; 8
9
� (½ΞccΩ�

cc�2,
� ½− 2

3
; 2
9
� ½2gx;− 2

3
gx�

½− 2
3
; 2
9
�

� �
− 8

3
4
3

� �
8
9− 4
9

�
½ΩccΞ�

cc�2Þ
½Ξ�

ccΞ�
cc�03 ½− 8

3
;− 8

3
� ½Ξ�

ccΩ�
cc�

1
2

3
½−2gx − 2

3
;−2gx − 2

3
� ð− 8

3
Þ ð− 8

3
Þ
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the bound states in the T̄θ
ccs̄=P

N
ψcs=HN

Ωccccs
systems by

including the SU(3) breaking effects. We proceed to discuss
their possible mass spectra if they do exist.
Note that in this work, we use the exactly identical

theoretical framework and parameters to that of our
previous work [25], where we present a detailed inves-
tigation on the flavor-spin symmetry properties of the
interactions among the PN

ψ =PΛ
ψs=HN

Ωccc
=HΛ

Ωcccs
systems.

Then the SUð3Þf ⊗ SUð2Þs symmetry allows us to relate
the interactions of T̄f

cc=T̄θ
ccs̄=P

Λ
ψc=PN

ψcs=HΛ
Ωcccc

=HN
Ωccccs

sys-
tems studied in this work to that of the PN

ψ =PΛ
ψs=HN

Ωccc
=

HΛ
Ωcccs

systems discussed in Ref. [25].

A. Nonstrange T̄f
cc, PΛ

ψc, and HΛ
Ωcccc

states

With the parameters g̃s and g̃a from the scenario 1 and
scenario 2 listed in Eqs. (25) and (26), we search for the
bound state solutions from the considered dihadron
T̄f
cc=PΛ

ψc=HΛ
Ωcccc

states, and collect their binding energies
in Table IV. We use the experimental uncertainties from the
masses of PN

ψ ð4440Þ and PN
ψ ð4457Þ states to give the lower

and upper limits of our predictions. In Table IV, the “þ�”
denotes that the bound state solution does not exist at its
upper limit.
As presented in Table III, for the ½D̄D̄��01 state, we

consider the isospin breaking effect by including the
mixture of the ½D̄0D�−�1 and ½D−D̄�0�1 components. The
threshold of the D̄0D�− (3875.1 MeV) is slightly below

the threshold of the D−D̄�0 (3876.5 MeV). We search for
the bound state solution below the D̄0D�− threshold and
we also check the quasibound state solution in the energy
region ED̄0D�− < E < ED−D̄�0 . We can only find one bound
state which is below the lowest D̄0D�− channel.
The obtained binding energies of ½D̄D̄��01 and ½D̄�D̄��01

states in these two scenarios are very interesting. As
presented in Table IV, in the scenario 1, the absolute value
of binding energy for the ½D̄�D̄��01 state is larger than that of
the ½D̄D̄��01 state. This result suggests that if the JP of
PN
ψ ð4440Þ and PN

ψ ð4457Þ states were measured to be 1=2−

and 3=2−, respectively, then this measurement would give a
strong support to the existence of a ½D̄�D̄��01 state with its
absolute value of binding energy larger than that of the
Tf
ccð3875Þ state.
Similarly, as presented in Table IV, in the scenario 2, we

find that the absolute value of binding energy for the
½D̄�D̄��01 state is smaller than that of the ½D̄D̄��01 state. This
result suggests that if the JP of PN

ψ ð4440Þ and PN
ψ ð4457Þ

were measured to be 3=2− and 1=2−, respectively, then this
measurement would suggest that the ½D̄�D̄��01 should have a
very minor binding energy or could not exist.
Or vise versa, the observation/nonobservation of

½D̄�D̄��01 bound state and the measurement of its binding
energy would give strong hints to the JP quantum numbers
of PN

ψ ð4440Þ and PN
ψ ð4457Þ states. Then the JP quantum

numbers of PN
ψ ð4440Þ and PN

ψ ð4457Þ states can be further
related to the JP quantum numbers of the other predicted
PN
ψ states according to the SUð3Þf ⊗ SUð2Þs symmetry

discussed in our previous work [25].
The binding energies of PΛ

ψc and HΛ
Ωcccc

calculated from
the scenario 1 and scenario 2 are also presented in Table IV
(See also the calculations in Refs. [93,94]). As listed in
Table III, the effective potentials of ½Ξ�

ccD̄��05
2

and ½Ξ�
ccΞ�

cc�03
are the same, thus, the binding energies given in Table IV
show that with the same effective potential, the state with
larger reduced mass binds deeper.
We plot the mass spectra of PN

ψc bound states obtained
from the scenario 1 and scenario 2 on the left and right sides
of Fig. 2(a), respectively. Note that the flavor-spin coupling
g̃a determined in the scenario 1 and scenario 2 have
opposite signs, thus, the scenario 1 and scenario 2 give
different mass arrangements to the mass spectra of PN

ψc

bound states. As can be checked from Fig. 2(a), in the
scenario 1, the masses of bound states composed of the
ΞccD̄� decrease as the total angular momenta J increase,
while the masses of bound states composed of the Ξ�

ccD̄�
increase as the total angular momenta J increase. These
tendencies are opposite in the scenario 2 case.
We also plot the mass spectra of HΛ

Ωcccc
bound states

obtained from the scenario 1 and scenario 2 on the left and
right sides of Fig. 2(b), respectively. As can be checked

TABLE IV. The binding energies of the nonstrange T̄f
cc, PΛ

ψc,
and HΛ

Ωcccc
bound states. The “*” denotes that the bound state

solution no longer exists at its upper limit. All the results are in
units of MeV.

Scenario 1 Scenario 2

System Mass BE Mass BE

½D̄D̄��01 3875.0þ�
−0.3 −0.1þ�

−0.3 3874.1þ1.0
−1.2 −1.0þ1.0

−1.2
½D̄�D̄��01 4013.1þ1.4

−2.6 −4.1þ1.4
−2.6 4016.9þ�

−0.5 −0.2þ�
−0.5

½ΞccD̄�01
2

5484.2þ2.6
−1.8 −4.4þ2.6

−1.8 5480.8þ2.9
−2.5 −7.9þ2.9

−2.5

½ΞccD̄��01
2

5627.7þ1.8
−1.4 −2.3þ1.8

−1.4 5616.1þ3.7
−3.1 −13.9þ3.7

−3.1

½Ξ�
ccD̄��01

2
5716.7þ5.1

−3.0 −18.8þ5.1
−3.0 5733.8þ1.3

−1.5 −1.8þ1.3
−1.5

½Ξ�
ccD̄�03

2

5589.6þ2.7
−1.8 −4.7þ2.7

−1.8 5586.0þ3.0
−2.6 −8.2þ3.0

−2.6

½ΞccD̄��3
2

5622.2þ3.1
−2.4 −7.7þ3.1

−2.4 5622.5þ3.2
−2.3 −7.5þ3.2

−2.3
½Ξ�

ccD̄��3
2

5725.1þ2.9
−3.0 −10.5þ2.9

−3.0 5729.6þ3.1
−2.0 −6.0þ3.1

−2.0
½Ξ�

ccD̄��5
2

5734.3þ�
−1.5 −1.2þ�

−1.5 5718.8þ3.6
−4.5 −16.7þ3.6

−4.5

½ΞccΞcc�01 7227.0þ5.5
−3.0 −15.8þ5.5

−3.0 7219.0þ4.8
−4.1 −23.8þ4.8

−4.1
½ΞccΞ�

cc�01 7336.2þ5.8
−2.4 −12.2þ5.8

−2.4 7319.7þ4.4
−4.7 −28.7þ4.4

−4.7
½Ξ�

ccΞ�
cc�01 7422.7þ4.6

−7.9 −31.3þ4.6
−7.9 7440.5þ5.5

−2.5 −13.5þ5.5
−2.5

½ΞccΞ�
cc�02 7327.6þ5.0

−3.7 −20.8þ5.0
−3.7 7328.0þ5.2

−3.6 −20.4þ5.2
−3.6

½Ξ�
ccΞ�

cc�03 7445.1þ5.7
−3.2 −8.9þ5.7

−3.2 7420.1þ4.9
−6.0 −33.9þ4.9

−6.0
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from Fig. 2(b), similar to the mass spectra of PN
ψc states,

different scenarios also lead to different mass arrangements
of the ΞccΞ�

cc or Ξ�
ccΞ�

cc bound states with different total
angular momenta J.
The Ξcc was observed in the Ξþþ

c → Λþ
c K−πþπþ

channel [72,73], besides, the Ξþ
c π

þ mode was also sug-
gested as its favorable decay mode with comparable
branching fraction [95]. Thus, the possible weak decay
mode for the triply-heavy pentaquark ½Ξþþ

cc D̄−�01
2

could be

Λþ
c K−πþπþD− and Ξþ

c π
þD− channels, similarly, the

quadruply-heavy hexaquark ½ΞccΞcc�01 could be observed
in the 2ðΞþ

c π
þD−Þ decay mode.

B. The existences of the bound states
in the T̄θ

ccs̄=P
N
ψcs=HN

Ωccccs
systems

In Sec. III A, with the parameters extracted from the
inputs of PN

ψ ð4440Þ and PN
ψ ð4457Þ states, we successfully

reproduce the mass of Tf
ccð3875Þ state, indicating the

similar binding mechanism for the PN
ψ and Tf

cc bound
states. Then we proceed to use the parameters extracted
from the inputs of the observed PN

ψ ð4440Þ, PN
ψ ð4457Þ, and

PΛ
ψsð4338Þ states to discuss the existences of the bound

states in the T̄θ
ccs̄=P

N
ψcs=HN

Ωccccs
systems.

Since the observed T̄f
ccð3875Þ has a very tiny binding

energy, implying that the interaction between the D̄ and D̄�

is just enough to bind them together. Thus, to clarify the
existences of its strangeness partner T̄θ

ccs̄ as well as its
HDAS partners PN

ψcs and HN
Ωccccs

, the corrections from the
SU(3) breaking effects to their effective potentials become
important.
We introduce the SU(3) breaking effects through two

ways. First, due to the differences between the constituent
(u, d) quark masses and s quark mass, the physical masses

of D̄ð�Þ
s and Ωð�Þ

cc hadrons are heavier than that of the D̄ð�Þ

and Ξð�Þ
cc hadrons, respectively. We adopt their physical

masses to partly introduce the SU(3) breaking effect.
Second, the effective potentials of T̄f

cc=PΛ
ψc=HΛ

Ωcccc

states are induced from the exchanges of the isospin
singlet and triplet light mesons, while the effective
potentials of T̄θ

ccs̄=P
N
ψcs=HN

Ωccccs
states are induced from

the exchanges of the isospin singlet and doublet light
mesons. Thus, in the effective potentials of T̄f

cc=
PΛ
ψc=HΛ

Ωcccc
and T̄θ

ccs̄=P
N
ψcs=HN

Ωccccs
states, we introduce a

SU(3) breaking factor gx to describe the different con-
tributions from the exchanges of isospin triplet and
doublet light mesons, respectively.

1. The existences of T̄θ
ccs̄ bound states

The effective potentials of ½D̄sD̄��121 and ½D̄�D̄�
s �

1
2

1 states
have already been presented in Table III. As given in

(a) (b)

FIG. 2. The mass spectra of PΛ
ψc and HΛ

Ωcccc
bound states. The results of PΛ

ψc bound states for the scenario 1 and scenario 2 are
illustrated on the left and right sides of (a), respectively. The results ofHΛ

Ωcccc
bound states for the scenario 1 and scenario 2 are illustrated

on the left and right sides of (b), respectively. We plot the central values of PΛ
ψc and HΛ

Ωcccc
bound states with black lines and label the

corresponding masses. The theoretical errors are introduced by considering the experimental errors from the masses of PN
ψ ð4440Þ and

PN
ψ ð4457Þ states, they are labeled with green bands.
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Table III, for the ½D̄sD̄��121 state, we consider the mass
difference between the D−

s D̄�0 (3975.9 MeV) and D̄0D�−
s

(3977.0 MeV) components and search for the bound state
solution and quasibound state solution in the E < ED−

s D̄�0

and ED−
s D̄�0 < E < ED̄0D�−

s
regions, respectively.

In the both scenarios, we run gx value in the [0, 1] region
and find that at small gx value, the attractive force is not

enough to form the ½D̄sD̄��121 bound state. The attractive
force increases as the gx increases. When gx is close to 1,

the ½D̄sD̄��121 state start to form bound state, its mass lies
below the D−

s D̄�0 threshold. As presented in Table III,

when gx is close to 1, the effective potential of ½D̄sD̄��121 state
is almost identical to that of the ½DD̄��01 state. Similar to the
½DD̄��01 state, when gx is close to 1, the binding energy of

½D̄sD̄��121 bound state is below and at the edge of the D−
s D̄�0

threshold. However, since gx value is further constrained by
the mass of PΛ

ψsð4338Þ, i.e., gx ≤ 0.62. To give a more

serious conclusion on whether the ½D̄sD̄��121 bound state
can exist, we need to consider both the experimental
uncertainties from the masses of PN

ψ ð4440Þ and PN
ψ ð4457Þ

states, and the gx-dependence on the pole position of

½D̄sD̄��121 state.
Now we proceed to include the experimental uncertain-

ties from the masses of PN
ψ ð4440Þ and PN

ψ ð4457Þ states. The
scheme we give the lower and upper limits of our
predictions has been discussed in detail in Sec. II C, i.e.,
we combine the lower or upper limit of the mass of
PN
ψ ð4440Þ state with the lower or upper limit of the mass

of PN
ψ ð4457Þ state, we use these four sets masses as inputs

to solve four sets of g̃s and g̃a coupling parameters
correspondingly. Then we select the lower limit (with
the maximum attractive force within the experimental
error) and upper limit (with minimum attractive force

within the experimental error) of the mass of ½D̄sD̄��121 state.
We illustrate the gx-dependence of the lower limit for the

bound state solution of ½D̄sD̄��121 state in Fig. 3(a). We use
the blue-dotted and red-dotted lines to plot the results from
the scenario 1 and scenario 2, respectively. As can be seen
from Fig. 3(a), in the scenario 1 and scenario 2 cases, the

lower limits of the masses of ½D̄sD̄��121 state are far away
from the physical region of the SU(3) breaking factor gx.
The results from the both scenarios show that the strange-
ness partner of the Tf

ccð3875Þ cannot exist after including
the SU(3) breaking effect.
Similarly, in both scenarios, we plot the gx-dependences

of the lower limits for the bound state solutions of ½D̄�D̄�
s �

1
2

1

state in Fig. 3(b). As illustrated in Fig. 3(b), in the scenario

1, the lower limit of the mass of ½D̄�D̄�
s �

1
2

1 bound state
labeled with blue-dotted line has a very tiny overlap with

the physical gx region. We cannot entirely exclude the

existence of ½D̄�D̄�
s �

1
2

1 bound state, but our result prefers the

conclusion that the ½D̄�D̄�
s �

1
2

1 does not exist.
In the scenario 2, the lower limit of the pole position for

½D̄�D̄�
s �

1
2

1 bound state is labeled with red-dotted line, as
presented Fig. 3(b), our result shows that the lower limit of

the pole position for ½D̄�D̄�
s �

1
2

1 bound state is far away from
the physical region of the SU(3) breaking factor gx, in this

scenario, the existence of ½D̄�D̄�
s �

1
2

1 bound state can be

excluded. Or vise versa, the result of ½D̄�D̄�
s �

1
2

1 state in the
scenario 2 suggests that once the JP numbers of PN

ψ ð4440Þ
and PN

ψ ð4457Þ were measured to be 3
2
− and 1

2
−, respectively,

then we can conclude that the ½D̄�D̄�
s �

1
2

1 bound state does
not exist.

2. The existences of PN
ψcs bound states

Now we proceed to discuss the existences of PN
ψcs bound

states. As presented in Table I, due to the large constituent
strange quark mass, for a triple-charm baryon-meson (B-
M) system, the strange quark belongs to the double-charm
baryon or charmed meson will lead to different B-M
systems. Thus, we investigate the possible PN

ψcs bound

(a)

(b)

FIG. 3. As the gx increases, we illustrate the lower limits of the

masses of ½D̄sD̄��121 and ½D̄�
sD̄��121 states in (a) and (b), respectively.

The results from the scenario 1 and scenario 2 are plotted with
blue-dotted and red-dotted lines, respectively. The green area
with gx ≤ 0.62 is the parameter region that the PΛ

ψsð4338Þ state
can exist.

FROM PN
ψ AND PΛ

ψs TO … PHYS. REV. D 110, 116017 (2024)

116017-11



states via a mixing scheme. We mix the ðccnÞ − ðc̄sÞ and
ðccsÞ − ðc̄nÞ components to derive the effective potentials
of the considered PN

ψcs states.
As listed in Table III, we need to consider the 7 pairs of

B-M systems, i.e., the (½ΞccD̄s�1
2
, ½ΩccD̄�1

2
), (½ΞccD̄�

s �1
2
,

½ΩccD̄��1
2
), (½Ξ�

ccD̄�
s �1

2
, ½Ω�

ccD̄��1
2
), (½Ξ�

ccD̄s�3
2
, ½Ω�

ccD̄�3
2
),

(½ΞccD̄�
s �3

2
, ½ΩccD̄��3

2
), (½Ξ�

ccD̄�
s �3

2
, ½Ω�

ccD̄��3
2
), and (½Ξ�

ccD̄�
s �5

2
,

½Ω�
ccD̄��5

2
) systems. Correspondingly, their SU(3) flavor

partners in the isospin limit are the ½Ξ�
ccD̄�01

2

, ½ΞccD̄��01
2

,

½Ξ�
ccD̄��01

2

, ½Ξ�
ccD̄�03

2

, ½ΞccD̄��03
2

, ½Ξ�
ccD̄�03

2

, and ½Ξ�
ccD̄��05

2

, respec-

tively. Here, we need to emphasis that these nonstrange PΛ
ψc

states all have bound state solutions as discussed in
Sec. III A.

From Table I, the threshold of Ξð�Þ
cc D̄

ð�Þ
s system is lower

than the threshold of Ωð�Þ
cc D̄ð�Þ system, thus, in each pair of

B-M system, we search for the possible bound state
solution and quasibound state solution in the energy region
E < EΞð�Þ

cc D̄
ð�Þ
s
and EΞð�Þ

cc D̄
ð�Þ
s

< E < EΩð�Þ
cc D̄ð�Þ , respectively. We

find that the bound state below the Ξð�Þ
cc D̄

ð�Þ
s threshold may

exist in the SU(3) limit with gx ¼ 1, but there is no
quasibound state in the energy region between the

Ξð�Þ
cc D̄

ð�Þ
s and Ωð�Þ

cc D̄ð�Þ thresholds.
We test the gx-dependences of the bound state solutions

that are below the corresponding Ξð�Þ
cc D̄

ð�Þ
s thresholds for the

considered 7 pairs of B-M systems. However, unlike the
PΛ
ψc states, we find that all these 7 pairs of B-M systems can

hardly form bound states when the gx ≤ 0.62, i.e., in the
physical gx region that the PΛ

ψsð4338Þ can exist. Especially,
according to our calculation, among these 7 pairs of B-M
systems, the (½Ξ�

ccD̄�
s �1

2
, ½Ω�

ccD̄��1
2
) system in the scenario 1

has the most attractive force. However, even for this
extreme case, our result still prefers the nonexistence of

½Ξ�
ccD̄�

s �
1
2
1
2

bound state.

In Fig. 4, we plot the gx-dependence of the ½Ξ�
ccD̄�

s �
1
2
1
2

bound state solution calculated from the effective potential
of (½Ξ�

ccD̄�
s �1

2
, ½Ω�

ccD̄��1
2
) system. In Fig. 4, the blue-dotted

lines on the left and right are the lower and upper limits of

the bound state solutions for the ½Ξ�
ccD̄�

s �
1
2
1
2

state. The blue

solid line is obtained with the inputs from the central values
of the masses of PN

ψ ð4440Þ and PN
ψ ð4457Þ states.

As can be seen from Fig. 4, the lower limit of the mass of

½Ξ�
ccD̄�

s �
1
2
1
2

bound state has a tiny overlap with the physical gx

region. From this result, we can conclude that the ½Ξ�
ccD̄�

s �
1
2
1
2

bound state can hardly exist. We do not further plot the gx
dependences for the rest of the 6 pairs of the (½Ξð�Þ

cc D̄
ð�Þ
s �,

½Ωð�Þ
cc D̄ð�Þ�) systems, since the attractive forces in these 6

systems in both scenarios are all weaker than that of the

discussed (½Ξ�
ccD̄�

s �1
2
, ½Ω�

ccD̄��1
2
) system with the parameters

from scenario 1 and thus cannot form bound states.
Collectively, there exist seven bound states in the PΛ

ψc

system, while all their SU(3) strange PN
ψcs partners can

hardly exist. This conclusion is very similar to the T̄f
cc and

T̄θ
ccs̄ cases.
The significant differences between the PΛ

ψc and PN
ψcs

systems are mainly attributed to the SU(3) breaking effects.
Note that in our framework, the SU(3) breaking effects are
mainly introduced from two sources. First, the threshold of

Ξð�Þ
cc D̄ð�Þ is different from the threshold of Ξð�Þ

cc D̄
ð�Þ
s or

Ωð�Þ
cc D̄ð�Þ due to the large constituent strange quark mass.

Second, the effective potentials of PΛ
ψc states consist of the

interactions introduced from the exchanges of the isospin
singlet and triplet light mesons, while the effective poten-
tials of PN

ψcs states consist of the interactions introduced
from the exchanges of the isospin singlet and doublet light
mesons, thus, comparing to the contributions from the
exchanges of the isospin triplet light mesons, the contri-
butions from the exchanges of the isospin doublet light
mesons are expected to be suppressed by the factor 1=m2

ex.
Here, we present more discussions to clarify how these

two SU(3) breaking sources influence the formation of the

Ξð�Þ
cc D̄

ð�Þ
s bound state. The possible Ξð�Þ

cc D̄
ð�Þ
s bound state is

investigated from the effective potential of the (Ξð�Þ
cc D̄

ð�Þ
s ,

Ωð�Þ
cc D̄ð�Þ) system listed in Table III, to construct the direct

relation between the Ξð�Þ
cc D̄ð�Þ and Ξð�Þ

cc D̄
ð�Þ
s states, we

demonstrate the following analogy

VΞð�Þ
cc D̄ð�Þ ¼

 
vΞ

ð�Þþþ
cc Dð�Þ−→Ξð�Þþþ

cc Dð�Þ−
vΞ

ð�Þþþ
cc Dð�Þ−→Ξð�Þþ

cc D̄ð�Þ0

vΞ
ð�Þþ
cc D̄ð�Þ0→Ξð�Þþþ

cc Dð�Þ−
vΞ

ð�Þþ
cc D̄ð�Þ0→Ξð�Þþ

cc D̄ð�Þ0

!
;

ð31Þ

FIG. 4. From the left to right are the gx-dependences of lower
limit (blue-dotted line), central value (blue solid line), and upper
limit (blue-dotted line) of the bound state solutions for the

½Ξ�
ccD̄�

s �
1
2
1
2

state with the inputs from the scenario 1. The green

area with gx ≤ 0.62 is the parameter region that the PΛ
ψsð4338Þ

can exist.
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VðΞð�Þ
cc D̄

ð�Þ
s ;Ωð�Þ

cc D̄ð�ÞÞ

¼
 
vΞ

ð�Þþþ
cc Dð�Þ−

s →Ξð�Þþþ
cc Dð�Þ−

s vΞ
ð�Þþþ
cc Dð�Þ−

s →Ωð�Þþ
cc D̄ð�Þ0

vΩ
ð�Þþ
cc D̄ð�Þ0→Ξð�Þþþ

cc Dð�Þ−
s vΩ

ð�Þþ
cc D̄ð�Þ0→Ωð�Þþ

cc D̄ð�Þ0

!
: ð32Þ

Here, the Ξð�Þþþ
cc Dð�Þ− and Ξð�Þþ

cc D̄ð�Þ0 components in

Eq. (31) correspond to the Ξð�Þþþ
cc Dð�Þ−

s and Ωð�Þþ
cc D̄ð�Þ0

components in Eq. (32), respectively. Note that the magni-
tude of the mass correction from the SU(3) breaking is much
larger than that of the isospin breaking, thus, the mass gap
between the Ξ�þþ

cc D�− and Ξ�þ
cc D̄�0 components are much

smaller than that of the Ξ�þþ
cc D�−

s and Ω�þ
cc D̄�0 components.

Thus, comparing to the off-diagonal Ξð�Þþþ
cc Dð�Þ− −

Ξð�Þþ
cc D̄ð�Þ0 coupling, the off-diagonal Ξð�Þþþ

cc Dð�Þ−
s −

Ωð�Þþ
cc D̄ð�Þ0 coupling is suppressed by the large mass gap

between the Ξð�Þþþ
cc D̄ð�Þ−

s and Ωð�Þþ
cc D̄ð�Þ0 components.

Thus, the SU(3) breaking effect induced from the mass

gap of the Ξð�Þþþ
cc Dð�Þ−

s −Ωð�Þþ
cc D̄ð�Þ0 system will suppress

the attractive force in the attractive Ξð�Þ
cc D̄

ð�Þ
s channel.

On the other hand, since the off-diagonal Ξ�þþ
cc D�−

s −
Ω�þ

cc D̄�0 channel can exchange strange isospin doublet light
mesons, comparing to the off-diagonal Ξ�þþ

cc D�− − Ξ�þ
cc D̄�0

channel, the Ξ�þþ
cc D�−

s −Ω�þ
cc D̄�0 coupling should be fur-

ther suppressed by the mass of the exchanged strange light
mesons. The double-suppression from these two SU(3)

breaking sources are the main reasons that the Ξð�Þ
cc D̄

ð�Þ
s

bound state can hardly exist.

3. The existences of HN
Ωccccs

bound states

Now we discuss the possible HN
Ωccccs

bound states. As
presented in Table III, we search for the possible bound
states in the ΞccΩcc and Ξ�

ccΩ�
cc systems via solving the

single-channel LS equation. But for the (ΞccΩ�
cc, Ξ�

ccΩcc)
system, we perform a two-channel calculation and search
for the bound state solutions and quasibound state sol-
utions in the energy regions E < EΞccΩ�

cc
and EΞccΩ�

cc
<

E < EΞ�
ccΩcc

, respectively. We find that there are no quasi-
bound states in the EΞccΩ�

cc
< E < EΞ�

ccΩcc
region, but in the

E < EΞccΩ�
cc
region, the ΞccΩ�

cc bound states may exist.
We investigate the existences of HN

Ωccccs
bound states by

including the SU(3) breaking effects. In Fig. 5, we plot the
gx-dependences of the bound state solutions for the con-
sidered HN

Ωccccs
states. We use the parameters solved from

the experimental central values of the masses of PN
ψ ð4440Þ

and PN
ψ ð4457Þ states to calculate the possible bound states

in the HN
Ωccccs

system. Then we use the blue and red solid
lines to label the results calculated with the inputs from the
scenario 1 and scenario 2, respectively. As illustrated in

Figs. 5(a)–5(e), we find that at gx ¼ 0.62, the ½ΞccΩcc�
1
2

1,

½ΞccΩ�
cc�

1
2

1, ½ΞccΩ�
cc�

1
2

2, ½Ξ�
ccΩ�

cc�
1
2

1, and ½Ξ�
ccΩ�

cc�
1
2

3 all have
bound state solutions in the both scenarios.
Note that comparing to the states in the T̄N

ccs̄ and PN
ψcs

systems, the states in theHN
Ωccccs

system have larger reduced
masses. Thus, our results for the HN

Ωccccs
bound states show

the important roles of the reduced masses in stabilizing
heavy flavor molecular states.
Besides, we can also obtain the different mass arrange-

ments of HN
Ωccccs

bound states in the scenario 1 and
scenario 2. Explicitly, in the scenario 1, as plotted in
Figs. 5(b) and 5(c), the masses of the bound states that are
mainly composed of the ΞccΩ�

cc decrease as the total
angular momenta increase, while as plotted in Figs. 5(d)
and 5(e), the masses of the bound states that are mainly
composed of the Ξ�

ccΩ�
cc increase as the total angular

momenta increase. On the contrary, the above tendencies
are opposite in the scenario 2 case.

IV. SUMMARY

The special formation mechanism of the molecular states
composed of two heavy-light hadrons motivates us to
introduce a symmetric framework to relate the interactions
of different dihadron systems composed of two heavy-light
hadrons.

(a)

(b) (c)

(d) (e)

FIG. 5. The gx-dependences of the bound state solutions for the

(a)–(e): ½ΞccΩcc�
1
2

1, ½ΞccΩ�
cc�

1
2

1, ½ΞccΩ�
cc�

1
2

2, ½Ξ�
ccΩ�

cc�
1
2

1, and ½Ξ�
ccΩ�

cc�
1
2

3

states. The bound state solutions are calculated with the param-
eters solved from the experimental central values of the masses of
PN
ψ ð4440Þ and PN

ψ ð4457Þ states. The blue solid and red solid lines
are used to label the results calculated from the scenario 1 and
scenario 2.
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We suggest that the SU(3) flavor symmetry together with
the SU(2) spin symmetry can be used to relate the dihadron
systems with different light quark components, i.e.,

PN
ψ ðcnnÞðc̄nÞ ↔ T̄f

ccðc̄nÞðc̄nÞ; ð33Þ

PΛ
ψs

	 ðcnsÞðc̄nÞ
ðcnnÞðc̄sÞ ↔ T̄θ

ccs̄ðc̄nÞðc̄sÞ; ð34Þ

while the HDAS together with the SU(2) spin symmetry
can be used to relate the dihadron systems with different
heavy quark components, i.e.,

T̄f
ccðc̄nÞðc̄nÞ ↔ PΛ

ψcðccnÞðc̄nÞ ↔ HΛ
Ωcccc

ðccnÞðccnÞ;

T̄θ
ccs̄ðc̄nÞðc̄sÞ ↔ PN

ψcs

	 ðccsÞðc̄nÞ
ðccnÞðc̄sÞ ↔ HN

Ωccccs
ðccnÞðccsÞ:

This work is devoted to give a possible unified description
to the mass spectra of T̄f

cc=T̄θ
ccs, PΛ

ψc=PN
ψcs, and HΛ

Ωcccc
=

HN
Ωccccs

systems. We introduce a contact Lagrangian pos-
sessing SUð3Þf ⊗ SUð2Þs symmetry to describe the inter-
actions of the considered dihadron systems. When we adopt
the Lagrangian to the considered ðc̄qÞðc̄qÞ=ðccqÞðc̄qÞ=
ðccqÞðccqÞ systems, we implicitly introduce the HQS
and more approximate HADS to render the heavy quark
and heavy diquark as spectators in the charmed mesons and
double-charm baryons, respectively.
The suggested SUð3Þf ⊗ SUð2Þs symmetry depends on

the following two strong assumptions. First, we only
introduce the S-wave contact terms to describe the inter-
actions of ðc̄qÞðc̄qÞ=ðccqÞðc̄qÞ=ðccqÞðccqÞ systems. This
is the most economic way to reproduce the masses of the
observed PN

ψ =PΛ
ψs=T̄

f
cc states. Indeed, one can also include

other momentum-dependent terms to describe the inter-
actions of the observed molecular candidates. However, at
present, we cannot identify the relative contributions from
these terms. Measuring the JP numbers of PN

ψ ð4440Þ and
PN
ψ ð4457Þ could help us to distinguish the potentials derived

from different models, and would also give important clues
to the interactions of ðc̄qÞðc̄qÞ=ðccqÞðc̄qÞ=ðccqÞðccqÞ
systems.
Second, we uniformly use two parameters g̃s and g̃a for

the ðc̄qÞðc̄qÞ=ðccqÞðc̄qÞ=ðccqÞðccqÞ systems. In principle,
the effective couplings g̃s and g̃a should be slightly different
for the considered dimeson, baryon-meson, and dibaryon
systems due to their low energy dynamics. Thus, the exact
values of our predictions for the ðc̄qÞðc̄qÞ=ðccqÞðc̄qÞ=
ðccqÞðccqÞ systems would deviate from the physical values
by a few MeV, but this will not change the relative positions
of the spin multiplets in these systems.
We include the SU(3) breaking effects from two sources.

First, the large violation of SU(3) symmetry is reflected by
the physical masses of strange double-charm baryons and

single-charm mesons, we adopt their physical masses to
perform our calculations. Second, the T̄θ

ccs̄=P
N
ψcs=HN

Ωccccs

systems can exchange the isospin doublet light mesons,
which should be suppressed by the large masses of
exchanged strange light mesons, we describe this suppres-
sion by introducing an SU(3) breaking factor gx.
We introduce four parameters in our model, the Λ, g̃s, g̃a,

and gx. Here, the cutoff Λ in our dipole form factor is fixed
at 1.0 GeV throughout this work. The JP quantum numbers
of PN

ψ ð4440Þ and PN
ψ ð4457Þ are assumed in the two

scenarios, correspondingly, the parameters g̃s and g̃a are
solved in the both scenarios. Then we further constrain the
SU(3) breaking factor gx by considering the mass of the
observed PΛ

ψsð4338Þ state.
In both scenarios, we calculate the mass spectra of

T̄f
cc=PΛ

ψc=HΛ
Ωcccc

bound states. We demonstrate that accord-
ing to the flavor-spin symmetry, the measurements of the
JP quantum numbers for the PN

ψ ð4440Þ and PN
ψ ð4457Þ

states would provide important information to the binding
energies of the bound states in the T̄f

cc system. We also
present that these two scenarios will lead to different mass
arrangements in the PΛ

ψc and HΛ
Ωcccc

mass spectra. All these
discussed signatures can be used to test the SUð3Þf ⊗
SUð2Þs symmetry among the interactions of the heavy
flavor molecule community.
We also investigate the existences of T̄θ

ccs̄=P
N
ψcs=HN

Ωccccs

bound states. By considering the SU(3) breaking effects
from the two aforementioned sources, we demonstrate that
for the T̄θ

ccs̄=P
N
ψcs=HN

Ωccccs
states that have attractive effec-

tive potentials, these two sources of SU(3) breaking effects
both suppress the attractive forces in the T̄θ

ccs̄=P
N
ψcs=HN

Ωccccs

states. Thus, we find that unlike the T̄f
cc=PΛ

ψc systems, the
states in the T̄θ

ccs̄=P
N
ψcs systems can hardly form bound

states. However, due to the large reduced masses, the states
in the HN

Ωccccs
systems can still form bound states although

the double-suppression from the SU(3) breaking effects
will significantly decrease the absolute values of their
binding energies.
Finally, we need to emphasis that the T̄f

cc=T̄θ
ccs̄,

PΛ
ψc=PN

ψcs, HΛ
Ωcccc

=HN
Ωccccs

systems discussed in this work

and the PN
ψ =PΛ

ψs, HN
Ωccc

=HΛ
Ωcccs

systems discussed in our
previous work [25] are calculated within the same frame-
work and identical parameters, this allow us to build direct
relations from one dihadron system to another dihadron
system through the SU(3) flavor symmetry or HDAS
symmetry together with the SU(2) spin symmetry. Thus,
the experimental measurements from one of the above
systems may give valuable informations to the rest of
discussed systems. We hope that some of our predictions
could be confirmed by the lattice QCD simulations or the
BESIII, LHCb, and BELLE II collaborations in the future.
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APPENDIX: A BRIEF DISCUSSION
ON THE QUARK-LEVEL AND HADRON-LEVEL

DESCRIPTIONS

We take the PN
ψ ð4440Þ and PN

ψ ð4457Þ states as examples
to discuss the consistencies of their effective potentials
derived from the quark-level description and hadron-level
description.

The contact potentials of ½ΣcD̄�121
2

and ½ΣcD̄�123
2

states

(the superscript and subscript denote the total isospin
and total angular momentum, respectively) were also
derived from a hadron-level contact Lagrangian [76]. In
the Appendix A of Ref. [76], we found that from the
hadron-level description, the contact potential of ΣcD̄�

system with I ¼ 1
2
can be written as

VΣcD̄� ¼ −D1 −
2

3
D2ðσB · TÞ: ðA1Þ

Here, σB [we use this notation to distinguish it from the
light quark spin operator σ1ð2Þ in this work] and T are
related to the spin of spin-1

2
Σc baryon and spin-1 D̄�

meson, respectively. The matrix element hσB · Ti can be
calculated as

hσB · Ti ¼
	
2; J ¼ 1

2
;

−1; J ¼ 3
2
:

ðA2Þ

The D1 and D2 are the two low energy constants (LECs)
that should be determined from the experiments. Based on
the assignments assumed in the scenario 1, the signs of D1

and D2 are found to be both positive [76]. The determined
D1 and D2 are only valid for the I ¼ 1

2
ΣcD̄� system. If one

wants to investigate the I ¼ 3
2
ΣcD̄� system, one needs to

further determine these two LECs from the experiments
(which is not available at present).

With the matrix elements of the hσB · Ti, we can write
the explicit expressions of the effective potentials for

½ΣcD̄�121
2

and ½ΣcD̄�123
2

states as

V
½ΣcD̄��

1
2
1
2

¼ −D1 −
4

3
D2; ðA3Þ

V
½ΣcD̄��

1
2
3
2

¼ −D1 þ
2

3
D2: ðA4Þ

The effective potentials of ΣcD̄� can also be described by
the quark-level description

VΣcD̄� ¼ g̃sλ1 · λ2 þ g̃aλ1 · λ2σ1 · σ2: ðA5Þ

By comparing Eq. (A1) with Eq. (A5), we can infer that
Eq. (A5) implicitly assumes that the LECs with different
total isospins and total angular momenta are related via the
matrix elements hλ1 · λ2i and hλ1 · λ2σ1 · σ2i. This
assumption ensures that Eq. (A5) manifests a SUð3Þf ⊗
SUð2Þs symmetry. Then the LECs g̃s and g̃a determined
from the I ¼ 1

2
PN
ψ ð4440Þ and PN

ψ ð4457Þ states can also be
applied to the ΣcD̄� system with I ¼ 3

2
.

By including the matrix elements of hλ1 · λ2i and
hλ1 · λ2σ1 · σ2i, the explicit expressions of the effective

potentials for ½ΣcD̄�121
2

and ½ΣcD̄�123
2

states in our quark-level

description are [78]

V
½ΣcD̄��

1
2
1
2

¼ −
10

3
g̃s þ

40

9
g̃a; ðA6Þ

V
½ΣcD̄��

1
2
1
2

¼ −
10

3
g̃s −

20

9
g̃a: ðA7Þ

The g̃s and g̃a in the scenario 1 are also given in Eq. (25), if
we compare the Eqs. (A3) and (A4) with Eqs. (A6)
and (A7), we can easily find that the signs of the two
LECs in the hadron-level description are consistent with
that of the quark-level description, i.e., the D1 and g̃s have
the same signs, while the D2 and g̃a have opposite signs.
We also checked that all the contact potentials of the
dihadron systems involved in this work can be consistently
described in our quark-level description or in the hadron-
level description.
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