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Inspired by the updated information on Ωð2012Þ by the Belle Collaboration, we conduct a study of all
possible S-wave pentaquark systems with quark contents sssqq̄; q ¼ u, d in a chiral quark model with the
help of Gaussian expansion method. Channel coupling is also considered. The real-scaling method
(stabilization method) is employed to identify and check the bound states and the genuine resonances. In
addition, the decay widths of all resonances are given. The results show that Ωð2012Þ can be interpreted as
a Ξ�K̄ molecular state with quantum number of IJP ¼ 0ð3

2
Þ−. Another bound state Ωπ with IJP ¼ 1ð3

2
Þ− is

also found. Other resonances are obtained: Ξ�K̄� with IJP ¼ 0ð1
2
Þ− and 0ð3

2
Þ−. These pentaquark states is

expected to be further verified in future experiments.

DOI: 10.1103/PhysRevD.106.054028

I. INTRODUCTION

In 2018, an exited state of Ω with a significance of 8.6σ
was reported in the K−Ξ0 and K0

SΞ− invariant mass
distributions by the Belle Collaboration [1]. The measured
mass and width of the state are 2012.4� 0.7� 0.6 MeV
and 6.4þ2.5

−2.0 � 1.6 MeV, respectively. Although the ground
state Ωð1672Þ was predicted in the quark model with the
SU(3)-flavor symmetry by Gell-Mann [2] and Ne’eman [3]
and discovered experimentally in 1960s, only three Ω
exited states were listed in the Particle Data Group before
the observation by the Belle Collaboration and there was
little knowledge of the nature of them. Thus, the discovery
of Ωð2012Þ was very welcome and triggered many theo-
retical investigations on the nature of the exited states of Ω.
Before the observation of the state Ωð2012Þ, a series of

theoretical models and approaches, such as the quark model
[4,5], Skyrme model [6], lattice QCD [7], and large Nc [8],
predicted that the masses of the first excited states of the
Ωð1672Þ are around 2.0 GeV, which are consistent with the
result of the Belle Collaboration. Thus, it is reasonable to
explain theΩð2012Þ as a good candidate for the first orbital
excited state ofΩð1672Þ. After the observation ofΩð2012Þ,
the subsequent theoretical researches have further explored
the qqq picture of Ωð2012Þ in the chiral quark model [9],
QCD sum rule [10], and 3P0 model [11].

Nevertheless, the possibility of the pentaquark picture of
Ωð2012Þ cannot be excluded, considering its mass is very
close to the threshold of the state Ξ�K̄. Actually, various
theoretical approaches [12–15] have investigated the Ω
excited states in pentaquark picture before the Belle
Collaborations’s report. The observation of the Ωð2012Þ
also triggered a lot of theoretical work on this issue. In
Ref. [16] the flavor SU(3) analysis was performed and it
was found that the Ωð2012Þ is likely to be a Ξ�K̄ molecular
state with Jp ¼ 3

2
−. Several works also interpreted Ωð2012Þ

as a possible Ξ�K̄ molecular state and further predicted a
large decay width for the Ωð2012Þ → Ξ�K̄ → ΞπK̄ [17–
20]. In Ref. [21], theΩð2012Þwas a dynamically generated
state from the coupled channel interactions of Ξ�K̄ and Ωη
in S wave. Inspired by these theoretical results, a follow-up
experiment was reported by the Belle Collaboration to
measure three body decay of theΩð2012Þ to ΞπK̄ [22]. The
result showed that there are no significant Ωð2012Þ signals
in the ΞπK̄ channel, which was in tension with the
molecular interpretation of the Ωð2012Þ. Based on the
measurements, Refs. [23,24] revisited the Ωð2012Þ using
the coupled channel unitary approach in the molecular
perspective, taking account of the interaction of the Ξ�K̄,
Ωη, and ΞK̄ (D-wave) channels and indicated that the
experimental properties of Ωð2012Þ [22] can be easily
accommodated. In the hadronic molecular approach, the
state Ωð2012Þ can be interpreted as the P-wave Ξ�K
molecule state with IJP ¼ 0ð1

2
Þþ or 3

2
þ [25], while in

Ref. [26], the Ωð2012Þ was considered to contain the
mixed Ξ�K̄ and Ωη hadronic components. In Ref. [27], a
nonrelativistic constituent quark potential model was used
and Ωð2012Þ can be interpreted as a P-wave state with
JP ¼ 3

2
− in qqq picture. In Ref. [28], the Ωð2012Þ was
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study in the nonleptonic weak decays of Ω0
c →

Ξ�K̄πþðΩηÞ → ðΞK̄Þ−πþ and ðΞK̄πÞ−πþ via final-state
interactions of the Ξ�K̄ and Ωη pairs. However, the
Belle Collaboration has revisited the measurement of
Ωð2012Þ− → Ξð1530Þ0K− → Ξ−πþK− and updated the
measurements of Ωð2012Þ− → Ξ0K− and Ωð2012Þ− →
Ξ−K0

S with improved selection criteria very recently
[29]. The results show that the ratio of the branching
fraction for the resonant three-body decay to that for the
two-body decay to ΞK̄ is 0.97� 0.24� 0.07, consistent
with the molecular picture ofΩð2012Þ. The conclusion is in
contrast to the previous study [22] and suggests that
Ωð2012Þ can be interpreted as a molecular state.
The stateΩð2012Þwas also investigated in the framework

of chiral quark model (ChQM) and quark delocalization
color screening model (QDCSM) before in our group [30].
However, there is a mass inversion of Ξ�K̄ channel and
Ωη channel due to the single Gaussian approximation in
constructing the wave functions of hadrons. In the
Rayleigh-Ritz variational method, the basis expansion of
the trial wave function is significant. In this work, Gaussian
expansion method (GEM) [31] in which each relative
motion in the system is expanded in terms of Gaussian
basis functions whose sizes are taken in geometric pro-
gression, is adopted. TheGEMhas proven to be an accurate
and universal few-body calculation method [32–35] and
we hope to solve the previous problem of mass inversion
using this method, and to describe the hadron spectrum
better. The constituent chiral quark model will still be
employed to investigate all possible S-wave pentaquark
systems for Ωð2012Þ, considering the channel-coupling
interactions. After considering all possible configurations
of color, spin, and flavor degrees of freedom, we can
identify the structures of these systems. Finally, with the
help of “real scaling method” [36–38], we can confirm the
bound states and the genuine resonances and obtain decay
widths of resonances.
The paper is organized as follows. After introduction,

details of ChQM and GEM are introduced in Sec. II. In
Sec. III, we present the numerical results and a method of
finding and calculating decay widths of genuine resonance
states (“real scaling method”). Finally, we give a brief
summary of this work in the last section.

II. CHIRAL QUARK MODEL AND WAVE
FUNCTIONS

When it comes to multiquark candidates observed
by experiments, the QCD-inspired quark model approach
is still one of the most common tools for describing
them. The chiral quark model has become one of the
most effective approaches to describe hadron spectra,

hadron-hadron interactions, and multiquark states [39].
The general form of five-body Hamiltonian in the model is
given as follows:

H ¼
X5
i¼1

�
mi þ

p2
i

2mi

�
− TCM

þ
X5
j>i¼1

½VCONðrijÞ þ VOGEðrijÞ þ VGBEðrijÞ�; ð1Þ

wheremi is the constituent mass of quark (antiquark), pi is
momentum of quark, and Tcm is the kinetic energy of the
center-of-mass motion. Due to the fact that a nearly
massless current light quark acquires a dynamical,
momentum dependent mass (so-called constituent quark
mass) for its interaction with the gluon medium, ChQM
contains color confinement potential, one-gluon exchange
potential (OGE), and Goldstone boson exchange poten-
tials (GBE). These three potentials reveal the most
relevant features of QCD at the low-energy regime;
confinement, asymptotic freedom, and chiral symmetry
spontaneous breaking.
In this work, we are interested in the low-lying penta-

quark systems of S-waves composed of sssq̄q; q ¼ u, d.
Hence, only the central part of the quark-quark interactions
are considered. For color confinement potential, the
screened form is used,

VCONðrijÞ ¼ λci · λ
c
j ½−acð1 − e−μcrijÞ þ Δ�; ð2Þ

where ac, μc, and Δ are model parameters, and λc represent
the SU(3) color Gell-Mann matrices.
One-gluon exchange potential contains so-called cou-

lomb and color-magnetism interactions, which arise from
QCD perturbation effects,

VOGEðrijÞ ¼
1

4
αsλ

c
i · λ

c
j

�
σi · σj
rij

−
1

6mimj

e−rij=r0ðμÞ

rijr20ðμÞ
�
; ð3Þ

where μ is the reduced mass between two interacting
quarks, σ represents the SU(2) Pauli matrices, r0ðμÞ¼
r̂0=μ, and αs denotes the effective scale-dependent strong
running coupling constant of one-gluon exchange,

αs ¼
α0

lnðμ2þμ2
0

Λ2
0

Þ
: ð4Þ

Due to chiral symmetry spontaneous breaking,
Goldstone boson exchange potentials appear between light
quarks (u,d and s),
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VGBEðrijÞ ¼ VπðrijÞ þ VKðrijÞ þ VηðrijÞ þ VscðrijÞ;

VπðrijÞ ¼
g2ch
4π

m2
π

12mimj

Λ2
πmπ

Λ2
π −m2

π

h
YðmπrijÞ −

Λ3
π

m3
π
YðΛπrijÞ

i
ðσi · σjÞ

X3
a¼1

λai λ
a
j ;

VKðrijÞ ¼
g2ch
4π

m2
K

12mimj

Λ2
KmK

Λ2
K −m2

K

h
YðmKrijÞ −

Λ3
K

m3
K
YðΛKrijÞ

i
ðσi · σjÞ

X7
a¼4

λai λ
a
j ;

VηðrijÞ ¼
g2ch
4π

m2
η

12mimj

Λ2
ηmη

Λ2
η −m2

η

h
YðmηrijÞ −

Λ3
η

m3
η
YðΛηrijÞ

i
ðσi · σjÞ½cos θPðλ8i λ8jÞ − sin θPðλ0i λ0jÞ�; ð5Þ

where YðxÞ is the standard Yukawa functions, λa are the
SUð3Þ flavor Gell-Mann matrices, Λ are the cutoffs,
mχ ; χ ¼ π, K, η are the masses of Goldstone bosons,
and g2ch is the chiral field coupling constant, which is
determined from the NNπ coupling constant through

g2ch
4π

¼ 9

25

g2πNN

4π

m2
u;d

m2
N
: ð6Þ

Additionally, the scalar nonet (the extension of chiral
partner σ meson) exchange Vsc is also used in this work,
which introduces other higher multipion terms that are
simulated through the full nonet of scalar mesons exchange
between two constituent quarks [40].

VscðrijÞ ¼ Va0ðrijÞ
X3
a¼1

λai λ
a
j þ VκðrijÞ

X7
a¼4

λai λ
a
j

þ Vf0ðrijÞλ8i λ8j þ VσðrijÞλ0i λ0j ;

VsðrijÞ ¼ −
g2ch
4π

Λ2
sms

Λ2
s −m2

s

�
YðmsrijÞ −

Λs

ms
YðΛsrijÞ

�
;

s ¼ a0; κ; f0; σ: ð7Þ
The model parameters are listed in Table I, and the

calculated baryon and meson masses are presented in
Table II along with the experimental values. Because it is
difficult to use the same set of parameters to obtain a good
description of baryon andmeson spectra simultaneously, we
treat the strong coupling constant of the one-gluon exchange
with different values for quark-quark and quark-antiquark
interacting pairs. From the calculation, most of the results
are close to experimental values except for ω. In the follow-
up calculation,we find that themolecular states consisting of
this meson are open channels, and these channels have no
effect on all stable molecular states so these errors do not
affect our final results.
In the following, the wave functions for the pentaquark

systems are constructed and the eigenenergy is obtained by
solving the Schrödinger equation. The wave function of the
system consists of four parts; orbital, spin, flavor, and color.
The wave function of each part is constructed in two steps;
first construct the wave function of three-quark cluster
and quark-antiquark cluster, respectively, then coupling

two-cluster wave functions to form the complete five-body
one. In this work, the wave functions for the ðssqÞðq̄sÞ
configuration is written down, and the wave functions for
other configurations can be obtained by exchange the indices
of particles. The indices of particles s; s; q; q̄; s are 1,2,3,4,5.

TABLE I. Quark model parameters.

Quark masses mu ¼ md (MeV) 313
ms (MeV) 555

Goldstone bosons Λπ (fm−1) 4.20
Λη ¼ ΛK (fm−1) 5.20

mπ (fm−1) 0.70
mK (fm−1) 2.51
mη (fm−1) 2.77
g2ch=ð4πÞ 0.54
θPð°Þ −15

Confinement ac (MeV) 465.3
μc (fm−1) 0.58
Δ (MeV) 164.52

Scalar nonet mσ (fm−1) 3.42
Λσ (fm−1) 4.20

Λa0 ¼ Λκ ¼ Λf0 (fm−1) 5.20
ma0 ¼ mκ ¼ mf0 (fm−1) 4.97

OGE r̂0 (MeV fm) 35.19
αuu 0.467=0.662
αus 0.695=0.573
αss 0.29=0.335

TABLE II. The masses of ground-state baryons and mesons
(MeV).

Λ Σ Σ� Ξ Ξ� Ω

CHQM 1115 1191 1392 1318 1537 1672
Expt 1116 1189 1386 1315 1530 1672

π ρ K̄ K̄� η0 ϕ
CHQM 139 768 498 915 958 1048
Expt 140 775 498 892 958 1020

η ω
CHQM 560 590
Expt 548 782
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As an example thewave functions for ðsssÞðq̄qÞ are obtained
by exchanging the particle indices 3 ↔ 5.
The first part is an orbital wave function. A five-body

system has four relative motions so it is written as follows:

ψx
LML

¼ ½½½ψn1l1ðρÞψn2l2ðλÞ�lψn3l3ðrÞ�l0ψn4l4ðRÞ�LML
; ð8Þ

where the Jacobi coordinates are defined as follows:

ρ ¼ x1 − x2;

λ ¼
�
m1x1 þm2x2
m1 þm2

�
− x3;

r ¼ x4 − x5;

R ¼
�
m1x1 þm2x2 þm3x3

m1 þm2 þm3

�
−
�
m4x4 þm5x5
m4 þm5

�
: ð9Þ

xi is the position of the ith particle. Then we use a set of
Gaussians to expand the radial part of the orbital wave
function which is shown below,

ψ lmðrÞ ¼
Xnmax

n¼1

cnlϕG
nlmðrÞ; ð10Þ

ϕG
nlmðrÞ ¼ Nnlrle−νnr

2

Ylmðr̂Þ; ð11Þ

where Nnl is the normalization constant,

Nnl ¼
�
2lþ2ð2νnÞlþ3=2

ffiffiffi
π

p ð2lþ 1Þ!!
�1

2

; ð12Þ

and cnl is the variational parameter, which is determined
by the dynamics of the system. The Gaussian-size param-
eters are chosen according to the following geometric
progression,

νn ¼
1

r2n
; rn ¼ rminan−1; a¼

�
rmax

rmin

� 1
nmax−1

; ð13Þ

where nmax is the number of Gaussian functions, and nmax is
determined by the convergence of the results. In the present
calculation, nmax ¼ 8 and the results of calculation tends to
be stable.
Considering the quark content of pentaquark systems is

sssq̄q; q ¼ u, d, there are two flavor configurations,
ðssqÞðq̄sÞ and ðsssÞðq̄qÞ. Based on the flavor SU(2)
symmetry, due to the mass difference between s quark and
u, d quarks, the flavor wave functions of three-quark and
quark-antiquark subclusters can be constructed as follows:

jB1
2
;1
2
i ¼ ssu; jB1

2
;−1

2
i ¼ ssd;

jB0;0i ¼ sss;

jM1
2
;1
2
i ¼ d̄s; jM1

2
;−1

2
i ¼ −ūs;

jM1;1i ¼ ud̄; jM1;0i ¼
1ffiffiffi
2

p ð−ūuþ d̄dÞ; jM1;−1i ¼ −ūd;

jM0;0i ¼
1ffiffiffi
2

p ð−ūu − d̄dÞ: ð14Þ

The possible isospin quantum numbers for the penta-
quark systems under the present investigation are 0 and 1.
Then the flavor wave functions for pentaquark systems in
two configurations can be obtained by coupling with help
of Clebsch-Gordan coefficients as follows:

jχf10;0i ¼
1ffiffiffi
2

p jB1
2
;1
2
ijM1

2
;−1

2
i − 1ffiffiffi

2
p jB1

2
;−1

2
ijM1

2
;1
2
i;

jχf20;0i ¼ jB0;0ijM0;0i;
jχf20;0i ¼ jB1

2
;1
2
ijM1

2
;1
2
i;

jχf20;0i ¼ jB0;0ijM1;1i: ð15Þ

The details of constructing color and spin wave functions of
pentaquark systems can be found in Ref. [32], and only the
last expressions are shown here.
Color wave functions:

jχc1i ¼ 1ffiffiffiffiffi
18

p ðrgb − rbgþ gbr − grbþ brg − bgrÞðr̄rþ ḡgþ b̄bÞ;

jχc2i ¼ 1ffiffiffiffiffiffiffiffi
192

p ½2ð2rrg − rgr − grrÞr̄bþ 2ðrggþ grg − 2ggrÞḡb − 2ð2rrb − rbr − brrÞr̄g − 2ðrbbþ brb − 2bbrÞb̄g

þ 2ð2ggb − gbg − bggÞḡrþ 2ðgbbþ bgb − 2bbgÞb̄rþ ðrbg − gbrþ brg − bgrÞð2b̄b − r̄r − ḡgÞ
þ ð2rgb − rbgþ 2grb − gbr − brg − bgrÞðr̄r − ḡgÞ�;

jχc3i ¼ 1

24
½6ðrgr − grrÞr̄bþ 6ðrgg − grgÞḡb − 6ðrbr − brrÞr̄g − 6ðrbb − brbÞb̄gþ 6ðgbg − bggÞḡrþ 6ðgbb − bgbÞb̄r

þ 3ðrbgþ gbr − brg − bgrÞðr̄r − ḡgÞ þ ð2rgbþ rbg − 2grb − gbr − brgþ bgrÞð2b̄b − r̄r − ḡgÞ�: ð16Þ

XIAOHUANG HU and JIALUN PING PHYS. REV. D 106, 054028 (2022)

054028-4



Spin wave functions:

jχσ11
2
;1
2

i¼ 1ffiffiffiffiffi
12

p ð2ααβαβ−2ααββαþαβαβα

−αβααβþβααβα−βαααβÞ;

jχσ21
2
;1
2

i¼ 1

2
ðαβααβ−αβαβαþβααβα−βαααβÞ;

jχσ31
2
;1
2

i¼ 1

6
ð2ααβαβþ2ααββα−αβααβ−αβαβα

−βααβα−βαααβ−2αββαα−2βαβααþ4ββαααÞ;

jχσ41
2
;1
2

i¼ 1ffiffiffiffiffi
12

p ðαβααβþαβαβα−βαααβ−βααβα

þ2βαβαα−2αββααÞ;

jχσ51
2
;1
2

i¼ 1ffiffiffiffiffi
18

p ð3αααββ−ααβαβ−ααββα

−αβααβ−αβαβα−βαααβ−βααβα

þββαααþβαβααþαββααÞ;

jχσ63
2
;3
2

i¼ 1ffiffiffi
6

p ð2ααβαα−αβααα−βααααÞ;

jχσ73
2
;3
2

i¼ 1ffiffiffi
2

p ðαβααα−βααααÞ;

jχσ83
2
;3
2

i¼ 1ffiffiffi
2

p ðααααβ−αααβαÞ;

jχσ93
2
;3
2

i¼ 1ffiffiffiffiffi
30

p ð2ααβααþ2αβαααþ2βαααα

−3ααααβ−3αααβαÞ;
jχσ105

2
;5
2

i¼ ααααα; ð17Þ

where χc1 represents the color wave function of a color
singlet-singlet structure, and χc2 and χc3 represent the color
octet-octet wave functions respectively. The subscripts of
χfI;Iz (χ

σ
S;Sz

) are total isospin (spin) and its third projection.

Finally, the total wave function of the five-quark system
is written as

Ψi;j;k
JMJ

¼ A½½ψLχ
σi
S �JMJ

χfij χ
ci
k �; ð18Þ

where the A is the antisymmetry operator of the system
which guarantees the antisymmetry of the total wave
functions when identical particles exchange. Under our
numbering scheme, the antisymmetry operator has the
following form,

A ¼ 1 − ð15Þ − ð25Þ:

At last, we solve the following Schrödinger equation to
obtain eigenenergies of the system,

HΨJMJ
¼ EΨJMJ

; ð19Þ

with the help of the Rayleigh-Ritz variational principle. The
matrix elements of Hamiltonian can be easily obtained if all
the orbital angular momenta are zero, which is reasonable
for only considering the low-lying states of pentaquark
systems. It is worthwhile to mention that if the orbital-
angular momenta of the systems are not zero, it is necessary
to use the infinitesimally shifted Gaussian method to
calculate the matrix elements [31].

III. RESULTS AND DISCUSSIONS

In this section we present the results of possible S-wave
of pentaquark systems ssqq̄s; q ¼ u, d with all possible
quantum numbers IJP ¼ 0ð1

2
Þ−, 0ð3

2
Þ−, 0ð5

2
Þ−, 1ð1

2
Þ−, 1ð3

2
Þ−,

and 1ð5
2
Þ−. All the orbital-angular momentum of the

systems are treated as zero and the corresponding parity
is negative.
In Tables III–VIII, the significant calculation results are

shown. In each table, columns 1 to 3 represent the indices
of flavor, spin, and color wave functions in each channel.
Column 4 is the corresponding physical channel of penta-
quark systems. In column 5, the eigenenergy of each

TABLE III. The results for system with IJP ¼ 01
2
−. [cc1: mixing of color singlet-singlet channels, cc2: mixing of all channels (units

are in MeV).].

ψfi ψσj ψck Channel E ETheo
th EB EExp

th E0

i ¼ 1 j ¼ 1 k ¼ 1 ΞK̄ 1816 1816 0 1813 1813
i ¼ 1 j ¼ 1, 2 k ¼ 1, 2, 3 1816
i ¼ 1 j ¼ 3 k ¼ 1 ΞK̄� 2178 2232 −54 2207 2153
i ¼ 1 j ¼ 3, 4 k ¼ 1, 2, 3 2166 −66 2141
i ¼ 1 j ¼ 5 k ¼ 1 Ξ�K̄� 2438 2451 −13 2422 2409
i ¼ 1 j ¼ 5 k ¼ 1, 3 2430 −21 2401
i ¼ 2 j ¼ 5 k ¼ 1 Ωω 2261 2262 0 0 2454
i ¼ 2 j ¼ 5 k ¼ 1, 3 2261
cc1 1816 0
cc2 1816
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channel is listed and the theoretical threshold (the sum of
the theoretical masses of corresponding baryon and meson)
is given in column 6. Column 8 gives the binding energies,
which are the difference between the eigenenergy and
the theoretical threshold. Finally, the experimental thresh-
olds (the sum of the experimental masses of the corre-
sponding baryon and meson) along with corrected energies
(the sum of experimental threshold and the binding energy,
E0 ¼ EB þ Eexp

th ) are given in last two columns. With this
correction, the calculation error caused by the model
parameters in pentaquark calculation can be reduced partly.
The results are analyzed in the following:
(a) IJP ¼ 01

2
− (Table III); Single-color structure calcula-

tion shows that there exists two bound states in ΞK̄�

and Ξ�K̄� channels while ΞK̄ and Ωη are unbounded.
After coupling to the respective hidden-color chan-
nels, the binding energy of the two-bound states
increase by a few MeVs. When coupled-channel
calculations between both single-color structures
and all type of structures is performed, the lowest
energy is above the threshold of ΞK̄, so no bound state
can be formed in the IJP ¼ 01

2
− system. However,

resonances are possible because the strong attractions
exist in both the ΞK̄� and Ξ�K̄� channels. Thus, the
real-scaling method is required to identify resonances.

(b) IJP ¼ 11
2
− (Table IV); The results are similar to that of

the IJP ¼ 01
2
− system, there are bound states in the

ΞK̄� and Ξ�K̄� channels and the other two channels are
unbounded. The lowest eigenenergy of the channel-
coupling calculation is above the threshold of ΞK̄, so
no bound state found in the IJP ¼ 11

2
− system. ΞK̄�

and Ξ�K̄� are possible resonances.
(c) IJP ¼ 03

2
− (Table V); The single-channel calculations

show that there exists a bounded state in the Ξ�K̄�
channel, Moreover, the attraction increases after cou-
pling to its hidden-color channel. Although the single-
channel calculation shows that the state Ξ�K̄ is
unbounded, the couple-channels calculations push
the states below the threshold. The coupling of all
color singlet-singlet channels find the lowest eigene-
nergy of the system is 2029 MeV, 6 MeV below the
threshold, The full-channel coupling lowers the lowest
eigenenergy to 2025 MeV, so a bound state (the main
component is Ξ�K̄) can be formed after the channel

TABLE V. The results for system with IJP ¼ 03
2
−. [cc1: mixing of color singlet-singlet channels, cc2: mixing of all channels (units are

in MeV).].

ψfi ψσj ψck Channel E ETheo
th EB EExp

th E0

i ¼ 1 j ¼ 6 k ¼ 1 ΞK̄� 2232 2232 0 2207 2207
i ¼ 1 j ¼ 6, 7 k ¼ 1, 2, 3 2232
i ¼ 1 j ¼ 8 k ¼ 1 Ξ�K̄ 2035 2035 0 2028 2028
i ¼ 1 j ¼ 8 k ¼ 1, 3 2035
i ¼ 1 j ¼ 9 k ¼ 1 Ξ�K̄� 2413 2451 −38 2422 2384
i ¼ 1 j ¼ 9 k ¼ 1, 3 2378 −73 2349
i ¼ 2 j ¼ 8 k ¼ 1 Ωη 2232 2232 0 0 2220
i ¼ 2 j ¼ 8 k ¼ 1, 3 2232
i ¼ 2 j ¼ 9 k ¼ 1 Ωω 2262 2262 0 0 2454
i ¼ 2 j ¼ 9 k ¼ 1, 3 2262
cc1 2029 −6
cc2 2025 −10

TABLE IV. The results for system with IJP ¼ 11
2
−. [cc1: mixing of color singlet-singlet channels, cc2: mixing of all channels (units are

in MeV).].

ψfi ψσj ψck Channel E ETheo
th EB EExp

th E0

i ¼ 3 j ¼ 1 k ¼ 1 ΞK̄ 1816 1816 0 1813 1813
i ¼ 3 j ¼ 1, 2 k ¼ 1, 2, 3 1816
i ¼ 3 j ¼ 3 k ¼ 1 ΞK̄� 2220 2232 −12 2207 2195
i ¼ 3 j ¼ 3, 4 k ¼ 1, 2, 3 2208 −24 2283
i ¼ 3 j ¼ 5 k ¼ 1 Ξ�K̄� 2431 2451 −20 2422 2402
i ¼ 3 j ¼ 5 k ¼ 1, 3 2420 −31 2391
i ¼ 4 j ¼ 5 k ¼ 1 Ωρ 2440 2440 0 0 2447
i ¼ 4 j ¼ 5 k ¼ 1, 3 2440
cc1 1816 0
cc2 1816
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coupling in the IJP ¼ 03
2
− system, which is regarded

as a good candidate for Ωð2012Þ. Also, it is possible
for Ξ�K̄� to form a resonance.

(d) IJP ¼ 13
2
− (Table VI); The results are again similar to

that of the IJP ¼ 03
2
− system. There is only one bound

state, Ξ�K̄� in the single-channel calculation, and it is
possible to become a resonance. In addition, the
channel coupling leads to a bound state in the system.
The lowest eigenenergy is 1810 MeV (color singlet-
singlet channel coupling), or 1809 MeV (full channel
coupling), 1 MeV or 2 MeV lower than the threshold
of the lowest channel Ωπ, so there is a bound state for
the IJP ¼ 13

2
− system.

(e) For JP ¼ 5
2
−; I ¼ 0, 1 (Tables VII and VIII); The

results of these two systems are similar. There is no
bound state and the conclusions are the same after full-
channel coupling.

From the above results, one can see that the isoscalar and
isovector states have similar behavior; generally the iso-
vector states have a little higher energy than that of the
corresponding isoscalar states. This fact infers that the
states are molecular ones; the large separation between
baryon and meson minimize the contribution from the pion
exchange potential. In the following, we shall calculate the
separations between quarks to verify the molecular picture
of the state.

TABLE VI. The results for system with IJP ¼ 13
2
−. [cc1: mixing of color singlet-singlet channels, cc2: mixing of all channels (unit are

in MeV).].

ψfi ψσj ψck Channel E ETheo
th EB EExp

th E0

i ¼ 3 j ¼ 6 k ¼ 1 ΞK̄� 2232 2232 0 2207 2207
i ¼ 3 j ¼ 6, 7 k ¼ 1, 2, 3 2232
i ¼ 3 j ¼ 8 k ¼ 1 Ξ�K̄ 2035 2035 0 2028 2028
i ¼ 3 j ¼ 8 k ¼ 1, 3 2035
i ¼ 3 j ¼ 9 k ¼ 1 Ξ�K̄� 2444 2451 −7 2422 2415
i ¼ 3 j ¼ 9 k ¼ 1, 3 2436 −15 2407
i ¼ 4 j ¼ 8 k ¼ 1 Ωπ 1811 1811 0 1812 1812
i ¼ 4 j ¼ 8 k ¼ 1, 3 1811
i ¼ 4 j ¼ 9 k ¼ 1 Ωρ 2440 2440 0 0 2447
i ¼ 4 j ¼ 9 k ¼ 1, 3 2440
cc1 1810 −1
cc2 1809 −2

TABLE VII. The results for system with IJP ¼ 05
2
−. [cc1: mixing of color singlet-singlet channels, cc2: mixing of all channels (units

are in MeV).].

ψfi ψσj ψck Channel E ETheo
th EB EExp

th E0

i ¼ 1 j ¼ 10 k ¼ 1 Ξ�K̄� 2451 2451 0 2422 2422
i ¼ 1 j ¼ 10 k ¼ 1, 3 2451
i ¼ 2 j ¼ 10 k ¼ 1 Ωω 2262 2262 0 2454 2454
i ¼ 2 j ¼ 10 k ¼ 1, 3 2262
cc1 2262 0
cc2 2262

TABLE VIII. The results for system with IJP ¼ 15
2
−. [cc1: mixing of color singlet-singlet channels, cc2: mixing of all channels. (unit

are in MeV).].

ψfi ψσj ψck Channel E ETheo
th EB EExp

th E0

i ¼ 3 j ¼ 10 k ¼ 1 Ξ�K̄� 2451 2451 0 2422 2422
i ¼ 3 j ¼ 10 k ¼ 1, 3 2447
i ¼ 4 j ¼ 10 k ¼ 1 Ωρ 2440 2440 0 2447 2447
i ¼ 4 j ¼ 10 k ¼ 1, 3 2440
cc1 2440 0
cc2 2440
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We make a comparison between our calculation results
and that of Ref. [30]. The binding energies of states
obtained in our work are generally bigger, basically on
the order of tens since we consider the effects of scalar
nonet exchange, whose contributions are strongly attractive
and bind two hadrons together in our work. In Ref. [30],
only the σ-exchange between nonstrange quarks is con-
sidered. For example, the binding energy of ½ΞK̄��01

2
− is

54 MeV, whereas it is 8 MeV in Ref. [30], and it is
reasonable that ½Ξ�K̄��01

2
− , ½ΞK̄��11

2
− , and ½Ξ�K̄��11

2
− (with

more than a dozen binding energies in our work) become
unbound in Ref. [30]. For IJP ¼ 03

2
− system, we solve the

mass-inversion problem of Ξ�K̄ and Ωη, which leads to a
more objective description on the effect of channel cou-
pling. Then, in the IJP ¼ 13

2
− system, there is no mass-

inversion problem in both of the two calculations, and we
found that our results are consistent with those of Ref. [30].
Finally, for the IJP ¼ 05

2
− and 15

2
− systems, the results are

the same in both of the calculations, and there is not any
bound state.
To check whether the resonances in IJP ¼ 01

2
−, 03

2
−, 13

2
−

and 13
2
− systems can survive after coupling to the open

channels, a stability method to identify genuine resonance
states, the real scaling method (stabilization method) [36–
38], is employed. In this method, the Gaussian size
parameter rn, appearing in Eq. (13), for the basis functions
between the color-singlet baryon and meson clusters is
scaled by a factor of α: rn → αrn. As a result, a genuine
resonance will act as an avoid-crossing structure (see
Fig. 1) with the increasing of α, while other continuum
states will fall off towards its threshold. If the avoid-
crossing structure is repeated periodically as α increases,
then the avoid-crossing structure is a genuine resonance.
Our results are shown in Figs. 2–5, and in these figures

the thresholds of all physical channels appear as horizontal

FIG. 1. The shape of the resonance in real-scaling method. FIG. 2. Energy spectrum of 01
2
− system.

FIG. 3. Energy spectrum of 03
2
− system.

FIG. 4. Energy spectrum of 11
2
− system.
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lines and are marked with lines (red lines) along with their
tagged contents, and for genuine resonances, which appear
as avoid-crossing structure and are marked with blue lines.
Bound states are also marked with blue lines below the
lowest threshold of the systems. The continuum states fall
off towards their respective threshold (red horizontal lines).
For the IJP ¼ 05

2
−; 15

2
− systems, since there is no any bound

state in single-channel calculations (which means no
mechanism of forming resonances) we do not present
the results of these two systems.
For the IJP ¼ 01

2
− system, we get one resonance whose

energy is 2426 MeV (the main component is Ξ�K̄�). The
other possible resonance, ΞK̄�, decays strongly to the open
channels and cannot form an avoid-crossing structure, so
we do not think it is an observable resonance. In the IJP ¼
03
2
− system, there is only one resonance and its energy is

2436 MeV (the main component is Ξ�K̄�) and there is also
a bound state which lies below the lowest threshold (a blue
line marked by 2029). Although there are two channels
where weakly bound states exist in the single channel
calculation for the IJP ¼ 11

2
− system, we found no avoid-

crossing structure, which means there is not any resonance.
Finally, in the IJP ¼ 13

2
− system, there is not any reso-

nance. However, the lowest energy of this system is pushed
below the lowest threshold of the systemΩπ by the channel
coupling, thus there is a bound state which is shown as a
blue line marked by 1810. It is worth mentioning that in

case we use the real-scaling method to identify resonances
and we will also calculate the composition of the possible
resonances to find the mechanism of the formation of the
resonances. The main component of a genuine resonance
should be bound state channels in the single-channel
calculation or coupled channels with energy below the
lowest threshold of the coupling channels in the channel-
coupling calculation. For example, in Fig. 5, there is an
avoid-crossing structure around 2250 MeV. However, its
main component is Ωω, an open channel, which means the
avoid-crossing structure is formed by two or more open
channels which have different decreasing slopes.
For resonances, the partial widths of two-hadron strong

decay can be extracted from these figures. The decay width
of the resonance to possibly open channels of two hadrons
is obtained by the following formula

Γ ¼ 4VðαÞ
ffiffiffiffiffiffiffiffiffi
krkc

p
jkr − kcj

; ð20Þ

where VðαÞ is the minimum energy difference, while kc and
kr stand for the slopes of scattering state and resonance
state, respectively (more details can be found in Ref. [36],
and the total widths also include the decay width of each
hadron in the pentaquark state. Bound states have no widths
due to their stability against the strong decay. After a series
of calculations and identification, we also calculate the
root-mean-square distances between any two quarks in all
bound states and observable resonances, respectively, to
determine their inner structure and the results are shown in
Table IX. The main component of each resonance and
corrected energy are also given.
From Table IX, we can see that, for two resonances

Ωð2426Þ and Ωð2436Þ, the decay widths are 73.5 MeVand
68.4 MeV, respectively. The distances among quarks 1, 2,
and 3 are 0.5–0.9 fm and the distances between quark 4 and
antiquarks are 0.8–0.9 fm, while the distances between
quarks 1, 2, 3, and 4, 5 are over 1.5 fm. Thus it is natural to
describe these two resonances as molecular states. In
addition, the distance of Ωð2426Þ between two clusters
is obviously lower than that of Ωð2436Þ due to its higher
binding energy of main component channel Ξ�K̄�. For
Ωð2029Þ, the distances between quarks shows its structure
is a molecular state. Also, the binding energy of the state
in the single channel is 6 MeV and after coupling to

TABLE IX. The decay width and root-mean-square distances of Ω states in all systems.

Model IJP State Main comp. E0 Width r12 r13 r14 r15 r34 r35 r45

Resonance 01
2
− Ωð2426Þ Ξ�K̄� 2396 73.5 0.7 0.9 1.5 1.6 1.6 1.6 0.9

03
2
− Ωð2436Þ Ξ�K̄� 2417 68.4 0.5 0.9 2.1 2.2 2.2 2.1 0.8

Bound state 03
2
− Ωð2029Þ Ξ�K̄ 2018 � � � 0.7 0.8 2.3 2.3 2.3 2.3 0.5

13
2
− Ωð1809Þ Ωπ 1810 � � � 0.7 0.7 3.5 3.5 3.5 3.5 0.5

FIG. 5. Energy spectrum of 13
2
− system.
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hidden-color channels, the binding energy increases by a
few MeVs, which is the typical range of the binding
energy of hadronic molecules. The corrected energy of
molecular state Ωð2029Þ is 2018 MeV, close to 2012 MeV,
so it is a good candidate for Ωð2012Þ reported by Belle
Collaboration. Nevertheless, in the present work, we only
consider all possible low-lying states of pentaquark systems
with all orbital-angular momentums set to 0. Without this
constraint, the state Ωð2029Þ can decay to D-waves ΞK̄ via
the tensor interaction. So considering the effect of all
possible D-wave channels is left for our further study. For
Ωð1809Þ, the result is similar to Ωð2029Þ and the structure
of the state is a molecular one. However, the very small
binding energy and the distance between two clusters of
Ωð1809Þ is over 3 fm, which means it is a loose
bound state.
To illustrate the mechanism of forming the Ωð2012Þ

molecule, we further calculated the contributions from each
term in the Hamiltonian and the results are shown in
Table X. The values in the table are the differences between
the contribution of each term in the pentaquark systems and
the sum of its contribution in two individual hadrons. Here,
the interactions of the kaon and kappa exchange do not
work because the flavor wave function is based on SU(2)
symmetry. From the table we can see that the main
attractive interaction comes from the σ-meson exchange,
which cancels the repulsive contribution of kinetic energy,
and the Goldstone bosons and the corresponding scalar
meson exchange are all attracted to bind the system. So the
contributions of boson exchanges are dominant, which is
consistent with the picture of Ωð2012Þ as a molecule. In
addition, we calculated the components of channels in the
state Ωð2029Þ to show the coupling strength between the
main component Ξ�K̄ and other channels. The results show
that the proportion of channel ΞK̄� and Ωω is very small
and have no impact on forming the bound state. In addition,
we calculated the components of channels in the state

Ωð2029Þ to show the coupling strength between the main
component Ξ�K̄ and other channels. The results show that
the other four channels reduce the energy of channel Ξ�K̄
by 6 MeV while the total proportion of the four channels is
very small—less than 5%. The proportion of these four
channels in descending order is Ωη, ΞK̄�, Ξ�K̄�, and Ωω,
and their corresponding effects on forming binding energy
are 4 MeV, 1 MeV, 1 MeV, and ∼0 MeV, respectively.

IV. SUMMARY

In this work, all low-lying states of sssq̄q; q ¼ u, d
pentaquark systems are systematically investigated by
means of the real-scaling method in the framework of
the chiral quark model, with the help of a high-precision
numerical approach, Gaussian expansion method.
The results show that Ωð2012Þ reported by Belle

Collaboration can be described as Ξ�K̄ molecular state
with IJP ¼ 03

2
−. In addition, a very loose bound state

Ωð1810Þ with IJP ¼ 13
2
− and two observable resonances,

Ωð2396Þ and Ωð2417Þ with IJP ¼ 01
2
−; 03

2
− are found. The

root-mean-square distances between any two quarks of
these states are also calculated to determine their structures,
along with their decay widths. The results shows that the
four stable states are all molecular states. We hope the states
proposed above can be searched in future experiments.
Nevertheless, we cannot ignore the mixing of S- and
D-wave of all states when the spin-orbit and tensor
interactions are considered. So, further study is expected.
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