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Combining the recent developments of the observations ofΩ sates we calculate theΩ spectrum up to the
N ¼ 2 shell within a nonrelativistic constituent quark potential model. Furthermore, the strong and
radiative decay properties for the Ω resonances within the N ¼ 2 shell are evaluated by using the masses
and wave functions obtained from the potential model. It is found that the newly observed Ωð2012Þ
resonance is most likely to be the spin-parity JP ¼ 3=2− 1P-wave state Ωð12P3=2−Þ, it also has a large
potential to be observed in the Ωð1672Þγ channel. Our calculation shows that the 1P-, 1D-, and 2S-wave Ω
baryons have a relatively narrow decay width of less than 50 MeV. Based on the obtained decay properties
and mass spectrum, we further suggest optimum channels and mass regions to find the missing Ω
resonances via the strong and/or radiative decay processes.
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I. INTRODUCTION

Searching for the missing baryon resonances and under-
standing the baryon spectrum are important topics in
hadron physics. Our knowledge about the Ω hyperon
spectrum is very poor compared with the other light
baryon spectra. Only a few data on the Ω resonances have
been reported in experiments since the discovery of the
ground state Ωð1672Þ at BNL in 1964 [1]. Before 2018,
except for the ground state Ωð1672Þ only three Ω reso-
nances Ωð2250Þ, Ωð2380Þ, and Ωð2470Þ were listed in the
Review of Particle Physics (RPP) [2]. Due to the slow
development in experiments, most of the theoretical studies
are limited in the calculations of the mass spectrum of theΩ
baryon with various methods, such as the Skyrme model
[3], the relativistic quark models [4–6], the nonrelativistic
quark model [7–12], the lattice gauge theory [13,14], and
so on.

Fortunately, the Belle II experiments can offer a great
opportunity for our study of the Ω spectrum. In 2018, the
Belle Collaboration reported a new resonance denoted by
Ωð2012Þ [15], a candidate of excited Ω state decaying into
Ξ0K− and Ξ−K0

s with a mass of

M ¼ 2012.4� 0.7ðstatÞ � 0.6ðsystÞ MeV;

and a width of

Γ ¼ 6.4þ2.5
−2.0ðstatÞ � 0.6ðsystÞ MeV:

According to the calculations of theΩmass spectrum in the
various models [4–12], the Ωð2012Þ resonance may be a
good candidate for the first orbital excitations of Ω baryon.
Stimulated by the newly observed Ωð2012Þ, by using a
simple harmonic oscillator (SHO) wave functions, the
strong decay properties of the Ω spectrum up to the
N ¼ 2 shell were studied within the chiral quark model
[16] and quark pair creation model [17], respectively. The
results show that Ωð2012Þ could be assigned to the spin-
parity JP ¼ 3=2− 1P-wave Ω state, which is supported by
the QCD sum rule analysis in Refs. [18,19], and the flavor
SU(3) analysis in Ref. [20]. There also exist other inter-
pretations, such as hadronic molecule state, of the newly
observed Ωð2012Þ state in the literature. Considering the
mass of Ωð2012Þ is very close to Ξð1530ÞK threshold, the
authors in Refs. [21–23] interpretedΩð2012Þ as the S-wave
Ξð1530ÞK hadronic molecule state with quantum number
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JP ¼ 3=2−. In the Ref. [24], Ωð2012Þ is assumed to be a
dynamically generated state with spin parity JP ¼ 3=2−

from the coupled channel S-wave interactions of K̄Ξð1530Þ
and ηΩ. Very recently, the Belle Collaboration searched for
the three-body decay of the Ωð2012Þ baryon to KπΞ [25].
No significant Ωð2012Þ signals have been observed in the
studied channels. The experimental result strongly disfa-
vors the molecular interpretation [25].
In this work, we further study the Ω spectrum. First,

combining the recent developments of the observations of
Ω sates in experiments at Belle we calculate the mass
spectrum up to the N ¼ 2 shell within a nonrelativistic
constituent quark potential model. Then, by using the
masses and wave functions calculated from the potential
model, we give our predictions of the strong and radiative
decay properties for the Ω resonances. The strong decay
properties for the P- and D-wave states predicted with the
realistic wave functions of the potential model are com-
patible with the results obtained with the SHO wave
functions in Ref. [16]. The strong decays of the 2S-wave
states show some sensitivities to the details of the
wave functions, the strong decay properties of these 2S-
wave states predicted in present work have some
differences from those calculated with the SHO wave
functions. The Ωð2012Þ resonance is most likely to be
the spin-parity JP ¼ 3=2− 1P-wave state Ωð12P3=2−Þ. Both
the mass and decay properties predicted in theory are
consistent with the observations. TheΩð2012Þ state may be
observed in the radiative decay channel Ωð1672Þγ as well.
Furthermore, based on the obtained decay properties and
mass spectrum, we suggest optimum channels and mass
regions to find the missing 1P-, 1D-, and 2S-wave Ω
resonances in the strong and/or radiative decay processes.
This paper is organized as follows. In Sec. II, we study

the mass spectrum of the Ω baryon in the nonrelativistic
constituent quark potential model. Then, in Sec. III, we give
a review of the decay models, and calculate the strong and
radiative decays of the excited Ω states by using the masses
and wave functions obtained from the potential model. In
Sec. IV, we give our discussions based on the obtained
decay properties and masses of the Ω resonances. Finally, a
summary is given in Sec. V.

II. MASS SPECTRUM

A. Hamiltonian

To calculate the spectrum of the Ω baryon, we adopt the
following nonrelativistic Hamiltonian

H ¼
�X3

i¼1

mi þ Ti

�
− TG þ

X
i<j

VijðrijÞ þ C0; ð1Þ

where mi and Ti stand for the constituent quark mass and
kinetic energy of the ith quark, respectively; TG stands for
the center-of-mass (c.m.) kinetic energy of the baryon

system; rij ≡ jri − rjj is the distance between the ith quark
and jth quark; zero point energy C0 is a constant, and
VijðrijÞ stands for the effective potential between the ith
and jth quark. In this work, we adopt a widely used
potential form for VijðrijÞ [26–35], i.e.,

VijðrijÞ ¼ Vconf
ij ðrijÞ þ Vsd

ij ðrijÞ; ð2Þ

where Vconf
ij stands for the potential for confinement, and is

adopted the standard Coulombþ linear scalar form:

Vconf
ij ðrijÞ ¼

b
2
rij −

2

3

αs
rij

; ð3Þ

while Vsd
ij ðrijÞ stands for the spin-dependent interaction,

which is the sum of the spin-spin contact hyperfine
potential VSS

ij , the tensor term VT
ij, and the spin-orbit

term VLS
ij

Vsd
ij ¼ VSS

ij þ VT
ij þ VLS

ij : ð4Þ

The spin-spin potential VSS
ij and the tensor term VT

ij are
adopted the often used forms:

VSS
ij ¼ −

2αs
3

�
−
π

2
·
σ3ije

−σ2ijr
2
ij

π3=2
·

16

3mimj
ðSi · SjÞ

�
; ð5Þ

VT
ij ¼

2αs
3

·
1

mimjr3ij

�
3ðSi · rijÞðSj · rijÞ

r2ij
− Si · Sj

�
: ð6Þ

In this work, a simplified phenomenological spin-orbit
potential is adopted the same form as that suggested in the
literature [12,36], i.e.,

VLS
ij ¼ αSO

ρ2 þ λ2
·

L · S
3ðm1 þm2 þm3Þ2

: ð7Þ

In the above equations, the parameter b denotes the strength
of the confinement potential. The Si, S, and L are the spin
operator of the ith quark, the total spin of the baryon and
the total orbital angular momentum of the baryon,
respectively.

B. Wave functions in the SU(6) ×O(3) symmetry limit

The total wave function of a baryon system should
include four parts: a color wave function ζ, a flavor wave
function ϕ, a spin wave function χ, and a spatial wave
function ψ . The color wave function ζ should be a color
singlet under SU(3) symmetry, one can explicitly express
it as

ζ ¼ 1ffiffiffi
6

p ðrgb − rbgþ gbr − grbþ brg − bgrÞ: ð8Þ
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For a light baryon system, the flavor wave function ϕ and
the spin wave function χ together form an SU(6) symmetry.
The SU(6) spin-flavor wave functions can be found in the
literature [37]. Without a spin-dependent interaction in
the Hamiltonian for three-body systems, the total orbital
angular momentum L and the total spin S are conserved.
The total angular momentum of the baryon is J ¼ Lþ S,
and thus the spatial wave functions possess O(3) sym-
metry under a rotation transformation. Meanwhile, the
Hamiltonian for a three-quark system can be invariant
under the permutation group S3. One thus can express the
spatial wave functions as representations of the S3 group.
To consider the S3 symmetry, one can express the three
coordinates r1, r2, and r3 with the Jacobi coordinates R, ρ
and λ by the following transformation,

ρ≡ 1ffiffiffi
2

p ðr1 − r2Þ; ð9Þ

λ≡
ffiffiffi
2

3

r �
m1r1 þm2r2
m1 þm2

− r3

�
; ð10Þ

R≡
ffiffiffi
3

p ðm1r1 þm2r2 þm3r3Þ
m1 þm2 þm3

: ð11Þ

The symmetric coordinate R describes the usual center
of mass motion, and two mixed coordinates ρ and λ
describe the internal motions which are antisymmetric
and symmetric under the exchange of quark 1 and 2.
The corresponding spatial wave function ψ may be gen-
erally written as

ψðr1; r2; r3Þ ¼ eiPR·Rψσ
NLML

ðρ; λÞ ð12Þ

where ψσ
NLML

ðρ; λÞ is the spatial wave function, which can
be determined by solving the Schrödinger equation; σ ¼ s,
ρ, λ, a denotes the representation of the S3 group.
The states in the SUð6Þ × Oð3Þ representation up to

N ¼ 2 shell are given in Table I. We denote the baryon
states as jN6;2Sþ1 N3; N; L; JPi, where N6 stands for the
irreducible representation of spin-flavor SU(6) group, N3

stands for the irreducible representation of flavor SU(3)
group, and N, S, L, and JP stand for the principal, spin,
total orbital angular momentum, and spin-parity quantum
numbers, respectively. More details about the SUð6Þ ×
Oð3Þ wave functions can found in Ref. [37].

C. Numerical calculation

1. Trial spatial wave functions

To obtain spatial wave functions and the masses for
every Ω states in the SUð6Þ × Oð3Þ representation, one
need solve the Schrödinger equation. The spatial wave
function ψσ

NLML
ðρ; λÞ may be expressed as the linear

combination of ψnρlρmρ
ðρÞψnλlλmλ

ðλÞ:

ψσ
NLML

ðρ; λÞ ¼
X

N¼2ðnρþnλÞþlρþlλ
ML¼mρþmλ

C
nρlρmρ

nλlλmλ
½ψnρlρmρ

ðρÞψnλlλmλ
ðλÞ�σ

NLML
:

ð13Þ
The ρ- and λ-mode spatial wave functions ψnρlρmρ

ðρÞ and
ψnλlλmλ

ðλÞ can be written with a unified form:

ψnξlξmξ
ðξÞ ¼ RnξlξðξÞYlξmξ

ðξ̂Þ; ð14Þ

where the Ylξmξ
ðξ̂Þ is the spherical harmonic function. In

the above equations, lρ and lλ are the quantum numbers of

TABLE I. The masses (MeV) of Ω baryons with principal quantum number N ≤ 2. For comparison, the experimental measured
masses [2,15] and the theory predictions [3,5–8,12,13] are also listed. Recently, the quantum number of the resonances Ωð2012Þ [15]
andΩð2250Þ [2] are not determined. According the Ref. [16,17], we think the resonancesΩð2012Þ andΩð2250Þ as stateΩð12P3=2−Þ and
state Ωð14D5=2þÞ, respectively.

n2Sþ1LJP jN6;2Sþ1 N3; N; L; JPi Ours Exp. Ref. [3] Ref. [5] Ref. [6] Ref. [7] Ref. [8] Ref. [12] Ref. [13]

14S3
2
þ j56;4 10; 0; 0; 3

2
þi 1672 1672.45 [2] 1694 1635 1678 1675 1673 1656 1642(17)

12P1
2
− j70;2 10; 1; 1; 1

2
−i 1957 � � � 1837 1950 1941 2020 2015 1923 1944(56)

12P3
2
− j70;2 10; 1; 1; 3

2
−i 2012 2012.4 [15] 1978 2000 2038 2020 2015 1953 2049(32)

22S1
2
þ j70;2 10; 2; 0; 1

2
þi 2232 � � � 2140 2220 2301 2190 2182 2191 2350(63)

24S3
2
þ j56;4 10; 2; 0; 3

2
þi 2159 � � � � � � 2165 2173 2065 2078 2170 � � �

12D3
2
þ j70;2 10; 2; 2; 3

2
þi 2245 � � � 2282 2345 2304 2265 2263 2194 2470(49)

12D5
2
þ j70;2 10; 2; 2; 5

2
þi 2303 � � � � � � 2345 2401 2265 2260 2210 � � �

14D1
2
þ j56;4 10; 2; 2; 1

2
þi 2141 � � � 2140 2255 2301 2210 2202 2175 2481(51)

14D3
2
þ j56;4 10; 2; 2; 3

2
þi 2188 � � � 2282 2280 2304 2215 2208 2182 2470(49)

14D5
2
þ j56;4 10; 2; 2; 5

2
þi 2252 2252 [2] � � � 2280 2401 2225 2224 2178 � � �

14D7
2
þ j56;4 10; 2; 2; 7

2
þi 2321 � � � � � � 2295 2332 2210 2205 2183 � � �
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the relative orbital angular momenta lρ and lλ of the ρ- and
λ-mode oscillators, respectively, while L is the quantum
number of the total momentum L ¼ lλ þ lρ for the system.
The nρ and nλ are the principal quantum numbers of the
ρ- and λ-mode oscillators, respectively, and N ¼ 2nρ þ
2nλ þ lρ þ lλ. The coefficients C

nρlρmρ

nλlλmλ
and explicit forms of

the spatial wave function ψσ
NLML

ðρ; λÞ up to theN ¼ 2 shell
have been given in Table II.
The radial wave function RnξlξðξÞ is adopted a trial form

by expanding with a series of harmonic oscillator functions:

RnξlξðξÞ ¼
Xn
l¼1

Cξlϕnξlξðdξl; ξÞ; ð15Þ

where

ϕnξlξðdξl; ξÞ ¼
�

1

dξl

�3
2

�
2lξþ2−nξð2lξ þ 2nξ þ 1Þ!!ffiffiffi

π
p

nξ!½ð2lξ þ 1Þ!!�2
�1

2

�
ξ

dξl

�
lξ

× e
−1
2
ð ξ
dξl

Þ2
F

�
−nξ; lξ þ

3

2
;

�
ξ

dξl

�
2
�
: ð16Þ

The Fð−nξ; lξ þ 3
2
; ð ξ

dξl
Þ2Þ is the confluent hypergeometric

function. The parameter dξl can be related to the harmonic
oscillator frequency ωξl with 1=d2ξl ¼ Mξωξl. The reduced

massesMρ;λ are defined byMρ ≡ 2m1m2

m1þm2
,Mλ ≡ 3ðm1þm2Þm3

2ðm1þm2þm3Þ.
On the other hand, the harmonic oscillator frequency ωξl

can be related to the harmonic oscillator stiffness factor Kl

with ωξl ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3Kl=Mξ

p
[37]. For a sss system, one has

dρl ¼ dλl ¼ dl ¼ ð3msKlÞ−1=4, where ms stands for the
constituent mass of the strange quark. With this relation,

the spatial wave function ψσ
NLML

ðρ; λÞ can be simply
expanded as

ψσ
NLML

ðρ; λÞ ¼
X
l

Clψσ
NLML

ðdl; ρ; λÞ; ð17Þ

where ψσ
NLML

ðdl; ρ; λÞ stands for the trial harmonic oscil-
lator functions,

ψσ
NLML

ðdl; ρ; λÞ ¼
X

N¼2nρþ2nλþlρþlλ
ML¼mρþmλ

C
nρlρmρ

nλlλmλ

½ϕnρlρðdl; ρÞϕnλlλðdl; λÞYlρmρ
ðρ̂ÞYlλmλ

ðλ̂Þ�σ
NLML

: ð18Þ

2. Matrix elements

The problem of solving the Schrödinger equation is
now reduced to one of calculating the matrix elements
Hαα ¼ hαjHjαi, where jαi stands for the total wave func-
tion jN6;2Sþ1 N3; N; L; JPi for the Ω baryons. Omitting the
color and flavor wave functions, the total wave function jαi
in the L − S coupling scheme can be expressed as

jαi ¼
X

MSþML¼M

hLML; SMSjJMiψσ
NLML

ðρ; λÞχσMS
: ð19Þ

With the Jacobi coordinates ρ and λ, the matrix elements
Hαα can be expressed as

Hαα ¼ 3ms þC0 þ hαj p
2
ρ

2mρ
þ p2

λ

2mλ
jαi þ hαj

X
i<j

VijðrijÞjαi;

ð20Þ

where r12 ¼
ffiffiffi
2

p
ρ, r13 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðρ2 þ ffiffiffi

3
p

ρ · λþ 3λ2Þ=2
q

, r23 ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðρ2 − ffiffiffi

3
p

ρ · λþ 3λ2Þ=2
q

. Replacing p2
ξ¼ρ;λ with the oper-

ators − 1
ξ2

∂
∂ξ ðξ2 ∂

∂ξÞ þ lðlþ1Þ
ξ2

, the kinetic energy matrix ele-

ments hαj p2
ρ

2mρ
þ p2

λ
2mλ

jαi in Eq. (20) can be easily worked out
in the coordinate space.
Then some calculations of the matrix elements of the

potentials between quarks become the main task of present
work. Considering the permutation symmetry of the total
wave function of the Ω baryons, we can obtain

hαj
X
i<j

VijðrijÞjαi ¼ 3hαjV12ðr12Þjαi: ð21Þ

Finally, we can therefore specialize our discussion to
techniques for calculating potential matrix elements of
the V12ðr12Þ terms.
The matrix elements of confining potential Vconf

12 , and
spin-orbit potential VLS

12 can be directly worked out with
the total wave function jαi in the L − S coupling scheme.

TABLE II. The spatial functions ψσ
NLML

ðρ; λÞ as the linear
combination of ψnρlρmρ

ðρÞψnλlλmλ
ðλÞ.

ψS
000ðρ; λÞ ¼ ψ000ðρÞψ000ðλÞ

ψρ
11ML

ðρ; λÞ ¼ ψ01ML
ðρÞψ000ðλÞ

ψλ
11ML

ðρ; λÞ ¼ ψ000ðρÞψ01ML
ðλÞ

ψS
200ðρ; λÞ ¼ 1ffiffi

2
p ½ψ100ðρÞψ000ðλÞ þ ψ000ðρÞψ100ðλÞ�

ψλ
200ðρ; λÞ ¼ 1ffiffi

2
p ½−ψ100ðρÞψ000ðλÞ þ ψ000ðρÞψ100ðλÞ�

ψρ
200ðρ; λÞ

¼ 1ffiffi
3

p ½ψ011ðρÞψ01−1ðλÞ − ψ010ðρÞψ010ðλÞ þ ψ01−1ðρÞψ011ðλÞ�
ψS
22ML

ðρ; λÞ ¼ 1ffiffi
2

p ½ψ02ML
ðρÞψ000ðλÞ þ ψ000ðρÞψ02ML

ðλÞ�
ψλ
22ML

ðρ; λÞ ¼ 1ffiffi
2

p ½ψ02ML
ðρÞψ000ðλÞ − ψ000ðρÞψ02ML

ðλÞ�
ψρ
222ðρ; λÞ ¼ ψ011ðρÞψ011ðλÞ

ψρ
221ðρ; λÞ ¼ 1ffiffi

2
p ½ψ010ðρÞψ011ðλÞ þ ψ011ðρÞψ010ðλÞ�

ψρ
220ðρ; λÞ

¼ 1ffiffi
6

p ½ψ01−1ðρÞψ011ðλÞ þ 2ψ010ðρÞψ010ðλÞ þ ψ011ðρÞψ01−1ðλÞ�
ψρ
22−1ðρ; λÞ ¼ 1ffiffi

2
p ½ψ01−1ðρÞψ010ðλÞ þ ψ010ðρÞψ01−1ðλÞ�

ψρ
22−2ðρ; λÞ ¼ ψ01−1ðρÞψ01−1ðλÞ
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The calculations of the matrix elements of tensor poten-
tial VT

12, and spin-spin potential VSS
12 , are relatively com-

plicated. We transform jαi into the jβi ¼ jðs12s3ÞS; ðlρlλÞL;
ðnρnλÞN; JMi representation with the following relation:

jαi ¼
X
i

cijβii: ð22Þ

The s12 is the quantum number of the spin angular
momentum S1 þ S2. The coefficients ci and explicit
quantum numbers of the Ω states up to the N ¼ 2 shell
have been given in Table III. Then with the Wigner-Eckart
theorem, the matrix elements of tensor potential VT

12 can be
worked out with the following formula

hβ0j 1
ρ3

�
3ðS1 · ρÞðS2 · ρÞ

ρ2
− S1 · S2

�
jβi ¼

ffiffiffiffiffi
30

p

2
× ð−1ÞJ0þL0þLþlλþ3

2 ×
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2l0ρ þ 1Þð2lρ þ 1Þ

q
×

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2L0 þ 1Þð2Lþ 1Þð2S0 þ 1Þð2Sþ 1Þ

p
×

�
s012 s012 2

S0 S0 1
2

��
S0 L0 J0

L0 S0 2

��
l0ρ l0ρ 2

L0 L0 lλ

��
l0ρ 2 l0ρ
0 0 0

�

× hϕn0ρl0ρðρÞϕn0λl
0
λ
ðλÞjρ−3jϕnρlρðρÞϕnλlλðλÞiδS0121δS121δl0λ;lλδJ0JδM0M; ð23Þ

and the matrix elements of spin-spin potential VSS
12 can be

worked out with the following formula

hβ0je−σ2ρ2ðS1 · S2Þjβi

¼ 3

2
× ð−1Þ1þs0

12 ×

(
1
2

1
2

s012
1
2

1
2

1

)
δl0λlλδl0ρlρδJ0;JδM0;M

× hϕn0ρl0ρðρÞϕn0λl
0
λ
ðλÞje−σ2ρ2 jϕnρlρðρÞϕnλlλðλÞi: ð24Þ

3. Results

In this work, we adopt the variation principle to solve the
Schrödinger equation. Following the method used in
Refs. [38,39], the oscillator length dl are set to be

dl ¼ d1al−1ðl ¼ 1;…; nÞ; ð25Þ

where n is the number of Gaussian functions, and a is the
ratio coefficient. There are three parameters fd1; dn; ng to
be determined through variation method. It is found that
when we take d1 ¼ 0.085 fm, dn ¼ 3.399 fm, n ¼ 15, we
will obtain stable solutions for the Ω baryons.
When all the matrix elements have been worked out, we

can solve the generalized matrix eigenvalue problem [39],

Xn
l¼1

Xn
l0¼1

ðHll0 − ElNll0 ÞCll0 ¼ 0; ð26Þ

where Hll0 ≡ hΨðd0lÞjHjΨðdlÞi and Nll0 ≡ hΨðd0lÞj×
ΨðdlÞi. The function ΨðdlÞ is given by

ΨðdlÞ ¼
X

MLþMS¼M

hLML; SMSjJMiψσ
NLML

ðdl; ρ; λÞχσMS
:

ð27Þ

TABLE III. The quantum numbers of Ω baryons up to N ¼ 2
shell.

n2Sþ1LJP ci s12 s3 S lρ lλ L nρ nλ N J

14S3
2
þ 1 1 1=2 3=2 0 0 0 0 0 0 3=2

12P1
2
−

ffiffiffiffiffiffiffiffi
1=2

p
1 1=2 1=2 0 1 1 0 0 1 1=2ffiffiffiffiffiffiffiffi

1=2
p

0 1=2 1=2 1 0 1 0 0 1 1=2

12P3
2
−

ffiffiffiffiffiffiffiffi
1=2

p
1 1=2 1=2 0 1 1 0 0 1 3=2ffiffiffiffiffiffiffiffi

1=2
p

0 1=2 1=2 1 0 1 0 0 1 3=2

22S1
2
þ −

ffiffiffiffiffiffiffiffi
1=4

p
1 1=2 1=2 0 0 0 1 0 2 1=2ffiffiffiffiffiffiffiffi

1=4
p

1 1=2 1=2 0 0 0 0 1 2 1=2ffiffiffiffiffiffiffiffi
1=2

p
0 1=2 1=2 1 1 0 0 0 2 1=2

24S3
2
þ

ffiffiffiffiffiffiffiffi
1=2

p
1 1=2 3=2 0 0 0 1 0 2 3=2ffiffiffiffiffiffiffiffi

1=2
p

1 1=2 3=2 0 0 0 0 1 2 3=2

12D3
2
þ

ffiffiffiffiffiffiffiffi
1=4

p
1 1=2 1=2 2 0 2 0 0 2 3=2

−
ffiffiffiffiffiffiffiffi
1=4

p
1 1=2 1=2 0 2 2 0 0 2 3=2ffiffiffiffiffiffiffiffi

1=2
p

0 1=2 1=2 1 1 2 0 0 2 3=2

12D5
2
þ

ffiffiffiffiffiffiffiffi
1=4

p
1 1=2 1=2 2 0 2 0 0 2 5=2

−
ffiffiffiffiffiffiffiffi
1=4

p
1 1=2 1=2 0 2 2 0 0 2 5=2ffiffiffiffiffiffiffiffi

1=2
p

0 1=2 1=2 1 1 2 0 0 2 5=2

14D1
2
þ

ffiffiffiffiffiffiffiffi
1=2

p
1 1=2 3=2 2 0 2 0 0 2 1=2ffiffiffiffiffiffiffiffi

1=2
p

1 1=2 3=2 0 2 2 0 0 2 1=2

14D3
2
þ

ffiffiffiffiffiffiffiffi
1=2

p
1 1=2 3=2 2 0 2 0 0 2 3=2ffiffiffiffiffiffiffiffi

1=2
p

1 1=2 3=2 0 2 2 0 0 2 3=2

14D5
2
þ

ffiffiffiffiffiffiffiffi
1=2

p
1 1=2 3=2 2 0 2 0 0 2 5=2ffiffiffiffiffiffiffiffi

1=2
p

1 1=2 3=2 0 2 2 0 0 2 5=2

14D7
2
þ

ffiffiffiffiffiffiffiffi
1=2

p
1 1=2 3=2 2 0 2 0 0 2 7=2ffiffiffiffiffiffiffiffi

1=2
p

1 1=2 3=2 0 2 2 0 0 2 7=2
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The physical state corresponds to the solution with a
minimum energy Em. By solving this generalized matrix
eigenvalue problem, the masses of the Ω baryons and its
spatial wave functions can be determined.
It should be emphasized that there are six parametersms,

αs, σss, b, αSO and C0 in the quark potential model. They
are determined by fitting the masses of four Ω resonances:
(i) The ground state Ωð1672Þ [2], which is well established
in experiments. (ii) The newly observed Ωð2012Þ reso-
nance at Belle [15], which is interpreted as the first orbital
excited state Ωð12P3=2−Þ [16,17]. (iii) The other first orbital
excited state Ωð12P1=2−Þ whose mass is predicted to be
∼1950 MeV within the Lattice QCD [13] and the relativ-
ized quark models [5,6]. The measured ΞK invariant mass
distributions from Belle show that there is a weak enhance-
ment around 1950 MeV [15], which may be a weak hint of
JP ¼ 1=2− state Ωð12P1=2−Þ. (iv) The Ωð2250Þ resonance
listed in RPP [2] which is assigned as the Ωð14D5=2þÞ state
according to our previous studies [16]. The determined
parameter set is listed in Table IV.
The predicted masses of the Ω baryons up to N ¼ 2

shell have been given in Table I and also shown in Fig 1.
For a comparison, some predictions from the other models
are listed in Table I as well. It is found that the masses of the
first radially excited states Ωð22S1=2þÞ and Ωð24S3=2þÞ
obtained in present work are compatible with the predic-
tions in Refs. [5,12], however, the mass splitting between

them Δm ≃ 70 MeV predicted in this work are obviously
larger than the other model predictions. The mass of the
JP ¼ 1=2þ D-wave state Ωð14D1=2þÞ, 2141 MeV, pre-
dicted in this work is close to the predictions in Ref. [3,12],
however, our prediction is about 60–160 MeV lower than
the those predicted in Refs. [5–8]. The masses of the JP ¼
3=2þ D-wave states Ωð14D3=2þÞ and Ωð12D3=2þÞ and their
mass splitting Δm ≃ 60 MeV predicted in this work are
close to those predicted in Refs. [7,8]. The masses of the
JP ¼ 5=2þ D-wave statesΩð14D5=2þÞ andΩð12D5=2þÞ and
their mass splitting Δm ≃ 50 MeV predicted in this work
are close to those predicted in Refs. [5,7,8]. The mass of
the JP ¼ 7=2þ D-wave state Ωð14D7=2þÞ is close to those
predictions in Refs. [5,6], however, about 100 MeV higher
than the predictions in Refs. [7,8,12]. Finally, it should
be mentioned that if we consider a fairly large mass
splitting Δ ≃ 50 MeV between the two 1P-wave states
Ωð12P3=2−Þ and Ωð12P1=2−Þ due to the spin-orbital inter-
actions, the mass splitting between two adjacent D-wave
spin-quartet statesΩð14DJÞ andΩð14DJþ1Þmight reach up
to∼50–70 MeVwhich is larger than the value∼0–20 MeV
predicted in the literature [5–8,12,13].

III. STRONG AND RADIATIVE DECAYS

A. Framework

1. Strong decay

In the chiral quark model, the effective low energy
quark-pseudoscalar-meson coupling in the SU(3) flavor
basis at tree level is given by [40]

Hm ¼
X
j

1

fm
ψ̄ jγμγ5ψ jτ⃗ · ∂μϕ⃗m; ð28Þ

where fm stands for the pseudoscalar meson decay con-
stant. ψ j corresponds to the jth quark field in a baryon and
ϕm denotes the pseudoscalar meson octet

ϕm ¼

0
BBB@

1ffiffi
2

p π0 þ 1ffiffi
6

p η πþ Kþ

π− − 1ffiffi
2

p π0 þ 1ffiffi
6

p η K0

K− K̄0 −
ffiffi
2
3

q
η

1
CCCA: ð29Þ

To match the nonrelativistic baryon wave functions in the
calculations, we adopt a nonrelativistic form of Eq.(28) for
a baryon decay process [41–43], i.e.,

Hnr
m ¼

X
j

�
ωm

Ef þMf
σj · Pf þ

ωm

Ei þMi
σj · Pi

− σj · qþ ωm

2μq
σj · P0

j

�
Ije−iq·rj ; ð30Þ

TABLE IV. Quark model parameters used in this work.

ms ðGeVÞ 0.600
αs 0.770
σss ðGeVÞ 0.600
b ðGeV2Þ 0.110
αSO ðGeVÞ 1.900
C0 ðGeVÞ −0.694

FIG. 1. Mass spectrum of the Ω baryon with principal quantum
number N ≤ 2 (solid lines) and their possible main decay
channels (dashed lines). The unit of mass is MeV.
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where ðEi;PiÞ, ðEf;PfÞ and ðωm;qÞ stand for the energy
and three-vector momentum of the initial baryon, final
baryon and meson, respectively; whileMi andMf stand for
the mass of the initial baryon and final baryon. We select
the initial-baryon-rest system in the calculations. Then,
Pi ¼ 0, Ei ¼ Mi and Pf ¼ −q. In the Eq. (30) σj is the
Pauli spin vector on the jth quark, and μq is a reduced mass
expressed as 1=μq¼1=mjþ1=mj

0. P0
j¼Pj−ðmj=MÞPc:m:

is the internal momentum of the jth quark in the baryon rest
frame. The isospin operator Ij associated with the pseu-
doscalar meson is given by

Ij ¼

8>>>>><
>>>>>:

aþj ðuÞajðsÞ forK−;

aþj ðdÞajðsÞ for K̄0;
1ffiffi
2

p ½aþj ðuÞajðuÞ þ aþj ðdÞajðdÞ� cos θ
−aþj ðsÞajðsÞ sin θ for η:

ð31Þ

where aþj ðu; d; sÞ and ajðu; d; sÞ are the creation and
annihilation operator for the u, d, s quarks on jth quark,
while θ is the mixing angle of the η meson in the flavor
basis. In this work we adopt θ ¼ 41.2° as that used
in Ref. [44].
The decay amplitudes for a strong decay process B →

B0M can be calculated by

M½B → B0M� ¼ hB0jHnr
m jBi; ð32Þ

where jB0i and jBi stand for the wave functions of the final
and initial baryon, respectively.
With the derived decay amplitudes, the partial decay

width for the B → B0M process is calculated by

Γm ¼
�

δ

fm

�
2 ðEf þMfÞq

4πMi

1

2Ji þ 1

X
JizJfz

jMJizJfz j2; ð33Þ

where Jiz and Jfz represent the third components of the
total angular momenta of the initial and final baryons,
respectively. δ is a global parameter accounting for the
strength of the quark-meson couplings.
The relativistic effects become significant when momen-

tum q of final baryon increases. As done in the literature
[45–48], a commonly used Lorentz boost factor γf ≡
Mf=Ef is introduced into the decay amplitudes

MðqÞ → γfMðγfqÞ; ð34Þ

to partly remedy the inadequacy of the nonrelativistic wave
function as the momentum q increases. In most decays, the
sum of the masses of the final hadron states is not far away
from the mass of the initial state, the three momenta q
carried by the final states are relatively small, which means

the nonrelativistic prescription is reasonable and correc-
tions from the Lorentz boost are not drastic.

2. Radiative decay

The quark-photon EM coupling at the tree level is
adopted as

He ¼ −
X
j

ejψ̄ jγ
j
μAμðk; rjÞψ j: ð35Þ

The photon field Aμ has three momentum k, and the
constituent quark ψ j carries a charge ej. While rj stands for
the coordinate of the jth quark.
In order to match the nonrelativistic wave functions of

the baryons, we should adopt the nonrelativistic form
of Eq. (35) in the calculations. Including the effects of
the binding potential between quarks [49], for emitting a
photon the nonrelativistic expansion of He may be written
as [42,43,50]

he ≃
X
j

�
ejrj · ϵ −

ej
2mj

σj · ðϵ × k̂Þ
�
e−ik·rj ; ð36Þ

where mj and σj stand for the constituent mass and Pauli
spin vector for the jth quark. The vector ϵ is the polarization
vector of the photon. This nonrelativistic EM transition
operator has between widely applied to meson photo-
production reactions [41–45,51–57].
Then, the standard helicity transition amplitude Aλ

between the initial baryon state jBi and the final baryon
state jBi can be calculated by

Aλ ¼ −i
ffiffiffiffiffi
ωγ

2

r
hB0jhejBi: ð37Þ

where ωγ is the photon energy.
Finally, one can calculate the EM decay width by

Γγ ¼
jkj2
π

2

2Ji þ 1

Mf

Mi

X
Jfz;Jiz

jAJfz;Jiz j2; ð38Þ

where Ji is the total angular momentum of an initial meson,
Jfz and Jiz are the components of the total angular
momenta along the z axis of initial and final mesons,
respectively.

TABLE V. The masses (MeV) of the final mesons and baryons.

Ξ0 Ξ− Ξð1530Þ0 Ξð1530Þ− K− K̄0 η

Mass 1315 1322 1532 1535 494 498 548
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B. Parameters

In the calculation, the constituent quark masses for the u,
d, and s quarks are taken with mu ¼ md ¼ 350 MeV and
ms ¼ 600 MeV. The masses of the Ω baryon states are
adopted the determinations by solving the Schrödinger
equation in Sec. II. It should be mentioned that, we do not
directly adopt the numerical wave functions of Ω baryons
calculated by solving the Schrödinger equation. For sim-
plicity, we first fit them with a single Gaussian (SG) form
by reproducing the root-mean-square radius of the
ρ-mode excitations. The determined harmonic oscillator
strength parameters, α, for corresponding Ω baryons are
listed in Table VI. It is found determined parameters α are
very close to the value ∼400 MeV often adopted for the
SHO wave functions in the literature.
Furthermore, in the calculations of the strong decays,

for simplicity, the wave functions of Ξ and Ξð1530Þ
baryons appearing in the final states are adopted the

SHO form as adopted in Ref. [37]. The harmonic oscillator
strength parameter αρ for the ρ-oscillator in the spatial
wave function is taken as αρ ¼ 400 MeV, while the para-

meter αλ for the λ-oscillator is related to αρ with αλ ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3mu=ð2ms þmuÞ4

p
αρ [37]. The masses of the mesons and

baryons in the final states are taken from the RPP [2] and
have been collected in Table V. The decay constants for K
and η mesons are taken as fK ¼ fη ¼ 160 MeV. For the
global parameter δ, we fix its value the same as the previous
study of the strong decays of Ξ and Ω baryons [16,37], i.e.,
δ ¼ 0.576. The strong and radiative decay widths of Ω
baryons up to N ¼ 2 shell are listed in Table VI and
Table VII, respectively.

IV. DISCUSSIONS

A. 1P states

There are two 1P-wave states Ωð12P1=2−Þ and
Ωð12P3=2−Þ according to the quark model classification.
By analyzing the strong decay properties with SHO wave
functions, it is found that the newly observed Ωð2012Þ
resonance can be assigned to the JP ¼ 3=2− state
Ωð12P3=2−Þ in Refs. [16,17].

1. Ωð2012Þ
In this work, by using the wave function calculated

from the potential model, we reanalyze the strong decays
of the Ωð2012Þ state within the chiral quark model.
As a candidate of the JP ¼ 3=2− state Ωð12P3=2−Þ
(j70;2 10; 1; 1; 3=2−i), both the predicted width

Γth
total½Ωð2012Þ� ¼ 5.69 MeV; ð39Þ

and branching fraction ratio

TABLE VI. The strong decay widths (MeV) ofΩ baryons up to N ¼ 2 shell. Γth
total stands for the total decay width and B represents the

ratio of the branching fraction Γ½ΞK�=Γ½Ξð1530ÞK�.
Γ½ΞK� Γ½Ξð1530ÞK� Γ½Ωð1672Þη� Γth

total B

n2Sþ1LJP Mass α (MeV) Ours Ref. [16] Ours Ref. [16] Ours Ref. [16] Ours Ref. [16] Ours Ref. [16]

12P1
2
− 1957 428 12.43 12.64 � � � � � � � � � � � � 12.43 12.64 � � � � � �

12P3
2
− 2012 411 5.69 5.81 � � � � � � � � � � � � 5.69 5.81 � � � � � �

22S1
2
þ 2232 387 0.04 0.27 5.09 8.32 0.006 0.08 5.14 8.67 0.008 0.03

24S3
2
þ 2159 381 0.99 4.72 5.12 8.96 � � � � � � 6.11 13.68 0.19 0.53

12D3
2
þ 2245 394 2.49 2.52 4.27 4.24 0.055 0.06 6.82 6.82 0.58 0.59

12D5
2
þ 2303 380 3.07 3.04 14.30 14.51 1.65 1.81 19.02 19.36 0.21 0.21

14D1
2
þ 2141 413 39.52 39.34 2.17 2.21 � � � � � � 41.69 41.55 18.21 17.80

14D3
2
þ 2188 399 20.25 20.26 10.93 10.92 � � � � � � 31.18 31.18 1.85 1.86

14D5
2
þ 2252 383 5.28 5.21 21.37 21.48 0.79 0.90 27.44 27.59 0.25 0.24

14D7
2
þ 2321 367 34.38 34.36 7.17 7.00 0.066 0.13 41.62 41.49 4.79 4.91

TABLE VII. Partial widths (KeV) of radiative decays for the Ω
baryons up to N ¼ 2 shell.

Initial state Γ½Ωð1672Þγ�
Ωð12P1=2−Þ 4.68
Ωð2012Þ 9.52

Initial state Γ½Ωð12P1=2−Þγ� Γ½Ωð2012Þγ�
Ωð22S1=2þÞ 10.16 15.71
Ωð24S3=2þÞ 0.01 0.06
Ωð12D3=2þÞ 46.13 11.53
Ωð12D5=2þÞ 1.13 60.78
Ωð14D1=2þÞ 0.0002 0.02
Ωð14D3=2þÞ 0.99 0.02
Ωð14D5=2þÞ 0.99 1.10
Ωð14D7=2þÞ 0.01 3.99
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R ¼ Γ½Ωð2012Þ → Ξ0K−�
Γ½Ωð2012Þ → Ξ−K̄0� ≃ 1.1; ð40Þ

are in good agreement with the measured width Γexp ¼
6.4þ2.5

−2.0 � 0.6 MeV and ratio Rexp ¼ 1.2� 0.3 of the
newly observed Ωð2012Þ state, and also are consistent
with the predictions with the SHO wave functions [16].
Furthermore, we study the radiative decay properties of
Ωð2012Þ. The partial radiative decay width for the
Ωð2012Þ → Ωð1672Þγ process is predicted to be

Γ½Ωð2012Þ → Ωð1672Þγ� ¼ 9.52 keV: ð41Þ

Combining this partial width with the measured total width
of Ωð2012Þ, we estimate the branching fraction for this
radiative decay process:

Br½Ωð2012Þ → Ωð1672Þγ� ≃ 1.67 × 10−3: ð42Þ

The radiative process Ωð2012Þ → Ωð1672Þγ may be
observed in forthcoming experiments at Belle II. It
should be mentioned that the Γ½Ωð2012Þ → Ωð1672Þγ� ¼
9.52 keV predicted in this work is about a factor 2 smaller
than the early prediction within a nonrelativistic potential
model in Ref. [58].

2. Ω(12P1=2− )

The JP ¼ 1=2− state Ωð12P1=2−Þ (j70;2 10; 1; 1; 1=2−i)
might have mass of ∼1950 MeV, which is about 50 MeV
lower than that of the JP ¼ 3=2− state Ωð12P3=2−Þ accord-
ing to the predictions within the Lattice QCD [13] and the
relativized quark models [5,6]. The measured ΞK invariant
mass distributions from Belle show that there is a weak
enhancement around 1950MeV [15], which may be a weak
hint of JP ¼ 1=2− state Ωð12P1=2−Þ. Thus, in this work, we
adjust the potential parameters to determine the mass of
Ωð12P1=2−Þ with ∼1957 MeV. By using this mass and the
wave function calculated from the potential model, we
predict the total width of Ωð12P1=2−Þ to be

Γth
total½Ωð12P1=2−Þ� ≃ 12 MeV; ð43Þ

which is compatible with the previous result with the SHO
wave function in the chiral quark model [16], while about
factor of 4 narrower than that of the 3P0 model [17]. The
total width of Ωð12P1=2−Þ should be saturated by the Ξ0K−

and Ξ−K̄0 channels. The branching fraction ratio between
Ξ0K− and Ξ−K̄0 is predicted to be

R ¼ Γ½Ωð12P1=2−Þ → Ξ0K−�
Γ½Ωð12P1=2−Þ → Ξ−K̄0� ≃ 0.97: ð44Þ

The narrow width and the only dominant ΞK decay mode
of the JP ¼ 1=2− state Ωð12P1=2−Þ indicate that it has a

large potential to be established as future experimental
statistics increases.
We further study the radiative decays of the JP ¼ 1=2−

state Ωð12P1=2−Þ. The partial decay width of the Ωð1672Þγ
channel is predicted to be

Γ½Ωð12P1=2−Þ → Ωð1672Þγ� ≃ 4.68 keV; ð45Þ

which is about a factor 3 smaller than the early prediction
within a nonrelativistic potential model in Ref. [58].
Combining our predictions of the radiative decay and total
decay width of Ωð12P1=2−Þ, we obtain a branching fraction

Br½Ωð12P1=2−Þ → Ωð1672Þγ� ≃ 3.8 × 10−4; ð46Þ

which is about an order smaller than Br½Ωð2012Þ →
Ωð1672Þγ�. Thus, the radiative decay of the JP¼1=2− Ω
state into Ωð1672Þγ may be more difficultly observed
than Ωð2012Þ.

B. 1D states

There are six 1D-wave states Ωð12D3=2þ;5=2þÞ and
Ωð14D1=2þ;3=2þ;5=2þ;7=2þÞ in the constituent quark model.
According to our quark model predictions (see Table I), it is
found that in these 1D-wave states the Ωð14D1=2þÞ has the
lowest mass of ∼2141 MeV, the next low mass 1D-wave
state is Ωð14D3=2þÞ, whose mass is 2188 MeV. The mass
splitting between these two states, ∼50 MeV, predicted in
this work is obviously larger than ∼0–20 MeV predicted in
Refs. [5–8,12,13]. The 1D-wave states Ωð14D5=2þÞ and
Ωð12D3=2þÞ have a similar mass in the range of ∼2250�
10 MeV; while Ωð14D7=2þÞ and Ωð12D5=2þÞ have a similar
mass around ∼2300 MeV. Based on the obtained decay
properties and mass spectrum, some discussions about
these 1D-wave states are given as follows.

1. Ω(14D1=2+ )

As the lowest 1D-wave state, the Ωð14D1=2þÞ (j56;4 10;
2; 2; 1=2þi) state may have a mass of ∼2141 MeV. Its
decay width is predicted to be

Γth
total½Ωð14D1=2þÞ� ≃ 42 MeV; ð47Þ

which is consistent with the prediction with the SHO wave
function [16]. This state dominantly decays into the ΞK
channel, the decay rates into the Ξð1530ÞK channel is tiny.
The branching fraction ratio between ΞK and Ξð1530ÞK
channels is predicted to be

Γ½Ωð14D1=2þÞ → Ξð1530ÞK�
Γ½Ωð14D1=2þÞ → ΞK� ≃ 5%: ð48Þ

This JP ¼ 1=2þ 1D-wave state might be found in the ΞK
invariant mass spectrum around 2.14 GeV.
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2. Ω(14D3=2+ )

For the next low mass 1D-wave state Ωð14D3=2þÞ
(j56;4 10; 2; 2; 3=2þi), its mass ∼2188 MeV is about
50 MeV higher than that of Ωð14D1=2þÞ. The Ωð14D3=2þÞ
state mainly decays into ΞK and Ξð1530ÞK channels with a
moderate total width

Γth
total½Ωð14D3=2þÞ� ≃ 31 MeV: ð49Þ

The branching fraction ratio between ΞK and Ξð1530ÞK
channels is predicted to be

Γ½Ωð14D3=2þÞ → Ξð1530ÞK�
Γ½Ωð14D3=2þÞ → ΞK� ≃ 0.54: ð50Þ

The above predictions are consistent with the previous
predictions with the SHO wave function [16]. To search
for the missing Ωð14D3=2þÞ, both ΞK and Ξð1530ÞK
channels are worth observing.

3. Ω(12D3=2+ )

The mass of the JP ¼ 3=2þ state Ωð12D3=2þÞ
(j70;2 10; 2; 2; 3=2þi) is predicted to be ∼2245 MeV in
this work, which is compatible with the predictions in
Refs. [7,8]. The Ωð12D3=2þÞ state might be a narrow state
with a width of

Γth
total½Ωð12D3=2þÞ� ≃ 7 MeV: ð51Þ

The Ωð12D3=2þÞ state dominantly decays into Ξð1530ÞK
and ΞK channels. The partial width ratio between these two
decay channels is predicted to be

Γ½Ωð12D3=2þÞ → Ξð1530ÞK�
Γ½Ωð12D3=2þÞ → ΞK� ≃ 1.7: ð52Þ

To establish the Ωð12D3=2þÞ state, both the Ξð1530ÞK and
ΞK final states are worth observing in future experiments.
Furthermore, it is interesting to find that the radiative

decay rates of Ωð12D3=2þÞ into Ωð12P1=2−Þγ and Ωð2012Þγ
are relatively large. The radiative partial widths are pre-
dicted to be

Γ½Ωð12D3=2þÞ → Ωð12P1=2−Þγ� ≃ 46 keV; ð53Þ

Γ½Ωð12D3=2þÞ → Ωð2012Þγ� ≃ 12 keV: ð54Þ

Combining them with predicted total width of Ωð12D3=2þÞ,
we obtain the branching fractions

Br½Ωð12D3=2þÞ → Ωð12P1=2−Þγ� ≃ 6.8 × 10−3; ð55Þ

Br½Ωð12D3=2þÞ → Ωð2012Þγ� ≃ 1.7 × 10−3: ð56Þ

The radiative transitions Ωð12D3=2þÞ → Ωð12P1=2−Þγ and
Ωð12D3=2þÞ → Ωð2012Þγ might be observed in future
experiments.

4. Ω(14D5=2+ )

The JP ¼ 5=2þ state Ωð14D5=2þÞ (j56;4 10; 2; 2; 5=2þi)
has a mass of ∼2252 MeV. The previous study [16]
suggested that the Ωð14D5=2þÞ state might be a good
candidate of Ωð2250Þ listed in RPP [2]. Assigning
Ωð2250Þ as Ωð14D5=2þÞ, with the wave function calculated
from the potential model, its total width is predicted to be

Γth
total½Ωð2250Þ� ≃ 27 MeV; ð57Þ

which is close to the lower limit of the measured width
Γ ¼ 55� 18 MeV. The strong decays of Ωð2250Þ are
dominated by the Ξð1530ÞK mode, while the decay rate
into the ΞK is sizeable. The partial width ratio between
Ξð1530ÞK and ΞK is predicted to be

R ¼ Γ½Ωð2250Þ → Ξð1530ÞK�
Γ½Ωð2250Þ → ΞK� ≃ 4.0: ð58Þ

The decay mode is consistent with the observations that the
Ωð2250Þwas seen in the Ξð1530ÞK and Ξ−πþK− channels.
Thus, the Ωð2250Þ favors the assignment of Ωð14D5=2þÞ.
This conclusion is in agreement with that obtained with a
SHO wave function in Ref. [16].
It should be mentioned that the JP ¼ 5=2þ state

Ωð14D5=2þÞ may highly overlap with the JP ¼ 3=2þ state
Ωð12D3=2þÞ, and the mass splitting between them is only
several MeV in present calculations. Thus, it may bring
some difficulties to distinguish them in experiments.

5. Ω(12D5=2+ )

The JP ¼ 5=2þ state Ωð12D5=2þÞ (j70;2 10; 2; 2; 5=2þi)
has a mass of ∼2.3 GeV according to our predictions,
which is close to the predictions in Refs. [5,7,8]. Its total
width is predicted to be

Γth
total½Ωð12D5=2þÞ� ≃ 19 MeV: ð59Þ

The Ωð12D5=2þÞ state dominantly decays into Ξð1530ÞK
channel, the decay rate into the ΞK channel is relatively
small. The partial width ratio between these two channels is
predicted to be

Γ½Ωð12D5=2þÞ → ΞK�
Γ½Ωð12D5=2þÞ → Ξð1530ÞK� ≃ 0.21: ð60Þ

The strong decay properties predicted in this work is close
to the previous results obtained with a simple harmonic
oscillator wave function in Ref. [16].
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Furthermore, it is interesting to find that the radiative
decay rate of Ωð12D5=2þÞ into Ωð2012Þγ is large. Its
radiative partial width is predicted to be

Γ½Ωð12D5=2þÞ → Ωð2012Þγ� ≃ 61 keV: ð61Þ

Combining it with the predicted total width of Ωð12D5=2þÞ,
we find that the branching fraction can reach up to

Br½Ωð12D5=2þÞ → Ωð2012Þγ� ≃ 3.2 × 10−3: ð62Þ

The radiative decay process Ωð12D5=2þÞ → Ωð2012Þγ
might be useful for searching for the missing
Ωð12D5=2þÞ state.

6. Ω(14D7=2+ )

In this work, the JP ¼ 7=2þ state Ωð14D7=2þÞ
(j56;4 10; 2; 2; 7=2þi) is predicted to be the highest 1D-
wave state. Its mass is estimated to be ∼2321 MeV, which
is close to the predictions in Refs. [5,6]. The total width of
Ωð14D7=2þÞ is predicted to be

Γth
total½Ωð14D7=2þÞ� ≃ 42 MeV: ð63Þ

This state dominantly decays into ΞK channel, the decay
rate into the Ξð1530ÞK channel is relatively small. The
partial width ratio between these two channels is predicted
to be

Γ½Ωð14D7=2þÞ → Ξð1530ÞK�
Γ½Ωð14D7=2þÞ → ΞK� ≃ 0.21: ð64Þ

It should be mentioned that the mass of Ωð14D7=2þÞ is
similar to that of Ωð12D5=2þÞ, the mass splitting between
these two states is only ∼18 MeV according to our
predictions. By observing the Ξð1530ÞK and ΞK invariant
mass distributions, one may find two largely overlapping
states around 2.3 GeV. TheΩð14D7=2þÞ state mainly decays
into ΞK channel, whileΩð12D5=2þÞ dominantly decays into
Ξð1530ÞK channel.

C. 2S states

There are two 2S-wave states Ωð22S1=2þÞ and
Ωð24S3=2þÞ according to the quark model classification.
The mass splitting between these two radial excitations are
about 70 MeV. With the spectrum of the 2S states cal-
culated in this work, we further analyze their strong and
radiative decay properties, the results have been collected
Tables VI and VII.

1. Ω(22S1=2+ )

The JP ¼ 1=2þ state Ωð22S1=2þÞ (j70;2 10; 2; 0; 1=2þi)
has a mass of ∼2232 MeV according to our predictions,

which is close to the predictions in Refs. [5,7,8,12]. The
Ωð22S1=2þÞ state might be narrow state with a width of

Γth
total½Ωð22S1=2þÞ� ≃ 5 MeV: ð65Þ

TheΩð22S1=2þÞ state dominantly decays into the Ξð1530ÞK
channel. The branching fraction ratio between ΞK and
Ξð1530ÞK channels is predicted to be

Γ½Ωð22S1=2þÞ → ΞK�
Γ½Ωð22S1=2þÞ → Ξð1530ÞK� ≃ 1%: ð66Þ

Furthermore, it is interesting to find that the radiative
decay rates of Ωð22S1=2þÞ into Ωð12P1=2−Þγ and Ωð2012Þγ
final states are relatively large. The radiative partial widths
are predicted to be

Γ½Ωð22S1=2þÞ → Ωð12P1=2−Þγ� ≃ 10 keV; ð67Þ

Γ½Ωð22S1=2þÞ → Ωð2012Þγ� ≃ 16 keV: ð68Þ

Combining it with predicted total width of Ωð22S1=2þÞ, we
obtain the branching fraction

Br½Ωð22S1=2þÞ → Ωð12P1=2−Þγ� ≃ 1.8 × 10−3; ð69Þ

Br½Ωð22S1=2þÞ → Ωð2012Þγ� ≃ 2.8 × 10−3: ð70Þ

The radiative processes Ωð22S1=2þÞ → Ωð12P1=2−Þγ and
Ωð22S1=2þÞ → Ωð2012Þγ might be observed in future
experiments.

2. Ω(24S3=2+ )

The JP ¼ 3=2þ state Ωð24S3=2þÞ (j56;4 10; 2; 0; 3=2þi)
has a mass of ∼2159 MeV according to our predictions,
which is close to the predictions in Refs. [5,6,12]. The
Ωð24S3=2þÞ state width is predicted to be

Γth
total½Ωð24S3=2þÞ� ≃ 6 MeV: ð71Þ

TheΩð24S3=2þÞ state dominantly decays into the Ξð1530ÞK
channel. The branching fraction ratio between ΞK and
Ξð1530ÞK channels is predicted to be

Γ½Ωð24S3=2þÞ → Ξð1530ÞK�
Γ½Ωð24S3=2þÞ → ΞK� ≃ 5.2: ð72Þ

To establish the Ωð24S3=2þÞ state, the Ξð1530ÞK invariant
mass spectrum around 2.1–2.2 GeV is worth observing in
future experiments.
Finally, it should be mentioned that the strong decay of

the 2S-wave states are sensitive to the details of the wave
functions. The strong decay properties in present work with
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the wave functions calculated from the potential model
show some obvious differences from the results with the
SHO wave functions [16].

V. SUMMARY

In this work, combining the recent developments of the
observations of Ω sates in experiments we calculate the Ω
spectrum up to the N ¼ 2 shell within a nonrelativistic
constituent quark potential model. Furthermore, the strong
and radiative decay properties for the Ω resonances within
theN ¼ 2 shell are estimated by using the predicted masses
and wave functions from the potential model.
The Ωð2012Þ resonance is most likely to be the spin-

parity JP ¼ 3=2− 1P-wave stateΩð12P3=2−Þ. Both the mass
and decay properties predicted in theory are consistent with
the observations. The Ωð2012Þ resonance may be observed
in the radiative decay channel Ωð1672Þγ, the branching
fraction is predicted to be Oð10−3Þ. The other 1P-wave
state with JP ¼ 1=2− is also a narrow state with a width of
∼12 MeV, which is about a factor 2–3 broader than that of
Ωð2012Þ. If more data were accumulated, the JP ¼ 1=2−

state may be clearly established in the Ξ−K̄0 and Ξ0K−

invariant mass distributions around 1.95 GeV.
The Ωð2250Þ resonance may be a good candidate for

the JP ¼ 5=2þ 1D-wave state Ωð14D5=2þÞ, with this
assignment both the mass and strong decay properties of
Ωð2250Þ can be reasonably understood in the quark model.
It should be mentioned that the JP ¼ 5=2þ 1D-wave state
Ωð14D5=2þÞ may highly overlap with the JP ¼ 3=2þ 1D-
wave state Ωð12D3=2þÞ. This state might be a narrow state
with a width of several MeV and mainly decays into ΞK
and Ξð1530ÞK channels. The measurements of the partial
width ratio between these two channels might be helpful to
distinguish the Ωð12D3=2þÞ state from the Ωð14D5=2þÞ state
in experiments. Furthermore, the Ωð12D3=2þÞ state might

be established in the radiative decay channel Ωð2012Þγ, the
predicted branching fraction can reach up to Oð10−3Þ.
For the other 1D-wave states, it is found that both

Ωð14D7=2þÞ andΩð14D1=2þÞ dominantly decay into the ΞK
channel with a width of ∼40 MeV, they may be established
in the ΞK invariant mass spectrum around 2.3 GeV and
2.1 GeV, respectively. The Ωð12D5=2þÞ state dominantly
decay into the Ξð1530ÞK channel with a narrow width
of 19 MeV, it is worth to looking for in the Ξð1530ÞK
invariant mass spectrum around 2.3 GeV. The Ωð14D3=2þÞ
state has a width of ∼30 MeV, it mainly decays into both
ΞK and Ξð1530ÞK channels. To look for this missing state,
both ΞK and Ξð1530ÞK invariant mass distributions around
2.2 GeV are worth observing in future experiments.
For the 2S-wave statesΩð22S1=2þÞ andΩð24S3=2þÞmight

be very narrow state with a width of several MeV. The
mass splitting between these two states is about 70 MeV.
They may be established in the Ξð1530ÞK invariant mass
spectrum around 2.2 GeV. It should be mentioned that the
strong decays of the 2S-wave states show some sensitivities
to the details of the wave functions, the strong decay
properties of these 2S-wave states predicted in this work
have some differences from those calculated with the SHO
wave functions. The Ωð22S1=2þÞ state might have relatively
large radiative decay rates into the 1P-wave Ω states with a
branching fractionOð10−3Þ. The Ωð22S1=2þÞ state might be
established with the Ωð2012Þγ final state.

ACKNOWLEDGMENTS

The authors thank Dr. Li-Ye Xiao for providing the
strong decay results of SHO. M.-S. L. also thanks Prof. Fei
Huang for very helpful discussions of the baryon spectrum.
This work is supported by the National Natural Science
Foundation of China under Grants No. 11775078,
No. U1832173, and No. 11705056.

[1] V. E. Barnes et al., Observation of a Hyperon with Strange-
ness -3, Phys. Rev. Lett. 12, 204 (1964).

[2] M. Tanabashi et al. (Particle Data Group), Review of
particle physics, Phys. Rev. D 98, 030001 (2018).

[3] Y. Oh, Ξ and Ω baryons in the Skyrme model, Phys. Rev. D
75, 074002 (2007).

[4] U. Loring, B. C. Metsch, and H. R. Petry, The Light baryon
spectrum in a relativistic quark model with instanton
induced quark forces: The nonstrange baryon spectrum
and ground states, Eur. Phys. J. A 10, 395 (2001).

[5] S. Capstick and N. Isgur, Baryons in a relativized quark
model with chromodynamics, Phys. Rev. D 34, 2809 (1986).

[6] R. N. Faustov and V. O. Galkin, Strange baryon spectros-
copy in the relativistic quark model, Phys. Rev. D 92,
054005 (2015).

[7] K. T. Chao, N. Isgur, and G. Karl, Strangeness -2 and -3
baryons in a quark model with chromodynamics, Phys. Rev.
D 23, 155 (1981).

[8] Y. Chen and B. Q. Ma, Light flavor baryon spectrum with
higher order hyperfine interactions, Nucl. Phys. A831, 1
(2009).

[9] C. S. An, B. C. Metsch, and B. S. Zou, Mixing of the low-
lying three- and five-quark Ω states with negative parity,
Phys. Rev. C 87, 065207 (2013).

LIU, WANG, LÜ, and ZHONG PHYS. REV. D 101, 016002 (2020)

016002-12

https://doi.org/10.1103/PhysRevLett.12.204
https://doi.org/10.1103/PhysRevD.98.030001
https://doi.org/10.1103/PhysRevD.75.074002
https://doi.org/10.1103/PhysRevD.75.074002
https://doi.org/10.1007/s100500170105
https://doi.org/10.1103/PhysRevD.34.2809
https://doi.org/10.1103/PhysRevD.92.054005
https://doi.org/10.1103/PhysRevD.92.054005
https://doi.org/10.1103/PhysRevD.23.155
https://doi.org/10.1103/PhysRevD.23.155
https://doi.org/10.1016/j.nuclphysa.2009.09.005
https://doi.org/10.1016/j.nuclphysa.2009.09.005
https://doi.org/10.1103/PhysRevC.87.065207


[10] C. S. An and B. S. Zou, Low-lying Ω states with negative
parity in an extended quark model with Nambu-Jona-
Lasinio interaction, Phys. Rev. C 89, 055209 (2014).

[11] C. Hayne and N. Isgur, Beyond the wave function at the
origin: some momentum dependent effects in the non-
relativistic quark model, Phys. Rev. D 25, 1944 (1982).

[12] M. Pervin and W. Roberts, Strangeness -2 and -3 baryons in
a constituent quark model, Phys. Rev. C 77, 025202 (2008).

[13] G. P. Engel, C. B. Lang, D. Mohler, and A. Schäf (BGR
Collaboration), QCD with two light dynamical chirally
improved quarks: Baryons, Phys. Rev. D 87, 074504 (2013).

[14] J. Liang, W. Sun, Y. Chen, W. F. Qiu, M. Gong, C. Liu, Y. B.
Liu, Z. F. Liu, J. P. Ma, and J. B. Zhang (CLQCD Collabo-
ration), Spectrum and Bethe-Salpeter amplitudes of Ω
baryons from lattice QCD, Chin. Phys. C 40, 041001
(2016).

[15] J. Yelton et al. (Belle Collaboration), Observation of an
Excited Ω− Baryon, Phys. Rev. Lett. 121, 052003 (2018).

[16] L. Y. Xiao and X. H. Zhong, Possible interpretation of the
newly observed Ωð2012Þ state, Phys. Rev. D 98, 034004
(2018).

[17] Z. Y. Wang, L. C. Gui, Q. F. Lü, L. Y. Xiao, and X. H.
Zhong, Newly observed Ωð2012Þ state and strong decays of
the low-lying Ω excitations, Phys. Rev. D 98, 114023
(2018).

[18] T. M. Aliev, K. Azizi, Y. Sarac, and H. Sundu, Interpretation
of the newly discovered Ωð2012Þ, Phys. Rev. D 98, 014031
(2018).

[19] T. M. Aliev, K. Azizi, Y. Sarac, and H. Sundu, Nature of the
Ωð2012Þ through its strong decays, Eur. Phys. J. C 78, 894
(2018).

[20] M. V. Polyakov, H. D. Son, B. D. Sun, and A. Tandogan,
Ωð2012Þ through the looking glass of flavour SU (3), Phys.
Lett. B 792, 315 (2019).

[21] M. P. Valderrama, Ωð2012Þ as a hadronic molecule, Phys.
Rev. D 98, 054009 (2018).

[22] R. Pavao and E. Oset, Coupled channels dynamics in the
generation of the Ωð2012Þ resonance, Eur. Phys. J. C 78,
857 (2018).

[23] Y. H. Lin and B. S. Zou, Hadronic molecular assignment for
the newly observed Ω� state, Phys. Rev. D 98, 056013
(2018).

[24] Y. Huang, M. Z. Liu, J. X. Lu, J. J. Xie, and L. S. Geng,
Strong decay modes K̄Ξ and K̄Ξπ of the Ωð2012Þ in the
K̄Ξð1530Þ and ηΩ molecular scenario, Phys. Rev. D 98,
076012 (2018).

[25] S. Jia et al. (Belle Collaboration), Search for Ωð2012Þ →
KΞð1530Þ → KπΞ at Belle, Phys. Rev. D 100, 032006
(2019).

[26] E. Eichten, K. Gottfried, T. Kinoshita, K. D. Lane, and T. M.
Yan, Charmonium: The model, Phys. Rev. D 17, 3090
(1978); Erratum, Phys. Rev. D 21, 313 (1980).

[27] T. Barnes, S. Godfrey, and E. S. Swanson, Higher charmo-
nia, Phys. Rev. D 72, 054026 (2005).

[28] S. Godfrey, Spectroscopy of Bc mesons in the relativized
quark model, Phys. Rev. D 70, 054017 (2004).

[29] S. Godfrey and K. Moats, Bottomonium mesons and
strategies for their observation, Phys. Rev. D 92, 054034
(2015).

[30] O. Lakhina and E. S. Swanson, A canonical Ds(2317)?,
Phys. Lett. B 650, 159 (2007).

[31] Q. F. Lü, T. T. Pan, Y. Y. Wang, E. Wang, and D. M. Li,
Excited bottom and bottom-strange mesons in the quark
model, Phys. Rev. D 94, 074012 (2016).

[32] D. M. Li, P. F. Ji, and B. Ma, The newly observed open-
charm states in quark model, Eur. Phys. J. C 71, 1582
(2011).

[33] W. J. Deng, H. Liu, L. C. Gui, and X. H. Zhong, Charmo-
nium spectrum and their electromagnetic transitions with
higher multipole contributions, Phys. Rev. D 95, 034026
(2017).

[34] W. J. Deng, H. Liu, L. C. Gui, and X. H. Zhong, Spectrum
and electromagnetic transitions of bottomonium, Phys. Rev.
D 95, 074002 (2017).

[35] S. Godfrey and N. Isgur, Mesons in a relativized quark
model with chromodynamics, Phys. Rev. D 32, 189
(1985).

[36] W. Roberts and M. Pervin, Heavy baryons in a quark model,
Int. J. Mod. Phys. A 23, 2817 (2008).

[37] L. Y. Xiao and X. H. Zhong, Ξ baryon strong decays in a
chiral quark model, Phys. Rev. D 87, 094002 (2013).

[38] E. Hiyama, Y. Kino, and M. Kamimura, Gaussian expansion
method for few-body systems, Prog. Part. Nucl. Phys. 51,
223 (2003).

[39] M. S. Liu, Q. F. Lü, X. H. Zhong, and Q. Zhao, All-heavy
tetraquarks, Phys. Rev. D 100, 016006 (2019).

[40] A. Manohar and H. Georgi, Chiral quarks and the non-
relativistic quark model, Nucl. Phys. B234, 189 (1984).

[41] Q. Zhao, J. S. Al-Khalili, Z. P. Li, and R. L. Workman,
Pion photoproduction on the nucleon in the quark model,
Phys. Rev. C 65, 065204 (2002).

[42] Z. P. Li, The Threshold pion photoproduction of nucleons
in the chiral quark model, Phys. Rev. D 50, 5639 (1994).

[43] Z. P. Li, H. X. Ye, and M. H. Lu, An Unified approach to
pseudoscalar meson photoproductions off nucleons in the
quark model, Phys. Rev. C 56, 1099 (1997).

[44] X. H. Zhong and Q. Zhao, η0 photoproduction on the
nucleons in the quark model, Phys. Rev. C 84, 065204
(2011).

[45] Z. Li, The Kaon photoproduction of nucleons in the chiral
quark model, Phys. Rev. C 52, 1648 (1995).

[46] X. H. Zhong and Q. Zhao, Strong decays of heavy-light
mesons in a chiral quark model, Phys. Rev. D 78, 014029
(2008).

[47] Q. Zhao, Z. P. Li, and C. Bennhold, Vector meson photo-
production with an effective Lagrangian in the quark model,
Phys. Rev. C 58, 2393 (1998).

[48] X. H. Zhong, Q. Zhao, J. He, and B. Saghai, Study of
π−p → ηn at low energies in a chiral constituent quark
model, Phys. Rev. C 76, 065205 (2007).

[49] S. J. Brodsky and J. R. Primack, The electromagnetic
interactions of composite systems, Ann. Phys. (N.Y.) 52,
315 (1969).

[50] F. E. Close and L. A. Copley, Electromagnetic interactions
of weakly bound composite systems, Nucl. Phys. B19, 477
(1970).

[51] Q. Zhao, η0 photoproduction near threshold, Phys. Rev. C
63, 035205 (2001).

Ω BARYON SPECTRUM AND THEIR DECAYS IN A … PHYS. REV. D 101, 016002 (2020)

016002-13

https://doi.org/10.1103/PhysRevC.89.055209
https://doi.org/10.1103/PhysRevD.25.1944
https://doi.org/10.1103/PhysRevC.77.025202
https://doi.org/10.1103/PhysRevD.87.074504
https://doi.org/10.1088/1674-1137/40/4/041001
https://doi.org/10.1088/1674-1137/40/4/041001
https://doi.org/10.1103/PhysRevLett.121.052003
https://doi.org/10.1103/PhysRevD.98.034004
https://doi.org/10.1103/PhysRevD.98.034004
https://doi.org/10.1103/PhysRevD.98.114023
https://doi.org/10.1103/PhysRevD.98.114023
https://doi.org/10.1103/PhysRevD.98.014031
https://doi.org/10.1103/PhysRevD.98.014031
https://doi.org/10.1140/epjc/s10052-018-6375-y
https://doi.org/10.1140/epjc/s10052-018-6375-y
https://doi.org/10.1016/j.physletb.2019.03.054
https://doi.org/10.1016/j.physletb.2019.03.054
https://doi.org/10.1103/PhysRevD.98.054009
https://doi.org/10.1103/PhysRevD.98.054009
https://doi.org/10.1140/epjc/s10052-018-6329-4
https://doi.org/10.1140/epjc/s10052-018-6329-4
https://doi.org/10.1103/PhysRevD.98.056013
https://doi.org/10.1103/PhysRevD.98.056013
https://doi.org/10.1103/PhysRevD.98.076012
https://doi.org/10.1103/PhysRevD.98.076012
https://doi.org/10.1103/PhysRevD.100.032006
https://doi.org/10.1103/PhysRevD.100.032006
https://doi.org/10.1103/PhysRevD.17.3090
https://doi.org/10.1103/PhysRevD.17.3090
https://doi.org/10.1103/PhysRevD.21.313.2
https://doi.org/10.1103/PhysRevD.72.054026
https://doi.org/10.1103/PhysRevD.70.054017
https://doi.org/10.1103/PhysRevD.92.054034
https://doi.org/10.1103/PhysRevD.92.054034
https://doi.org/10.1016/j.physletb.2007.01.075
https://doi.org/10.1103/PhysRevD.94.074012
https://doi.org/10.1140/epjc/s10052-011-1582-9
https://doi.org/10.1140/epjc/s10052-011-1582-9
https://doi.org/10.1103/PhysRevD.95.034026
https://doi.org/10.1103/PhysRevD.95.034026
https://doi.org/10.1103/PhysRevD.95.074002
https://doi.org/10.1103/PhysRevD.95.074002
https://doi.org/10.1103/PhysRevD.32.189
https://doi.org/10.1103/PhysRevD.32.189
https://doi.org/10.1142/S0217751X08041219
https://doi.org/10.1103/PhysRevD.87.094002
https://doi.org/10.1016/S0146-6410(03)90015-9
https://doi.org/10.1016/S0146-6410(03)90015-9
https://doi.org/10.1103/PhysRevD.100.016006
https://doi.org/10.1016/0550-3213(84)90231-1
https://doi.org/10.1103/PhysRevC.65.065204
https://doi.org/10.1103/PhysRevD.50.5639
https://doi.org/10.1103/PhysRevC.56.1099
https://doi.org/10.1103/PhysRevC.84.065204
https://doi.org/10.1103/PhysRevC.84.065204
https://doi.org/10.1103/PhysRevC.52.1648
https://doi.org/10.1103/PhysRevD.78.014029
https://doi.org/10.1103/PhysRevD.78.014029
https://doi.org/10.1103/PhysRevC.58.2393
https://doi.org/10.1103/PhysRevC.76.065205
https://doi.org/10.1016/0003-4916(69)90264-4
https://doi.org/10.1016/0003-4916(69)90264-4
https://doi.org/10.1016/0550-3213(70)90362-7
https://doi.org/10.1016/0550-3213(70)90362-7
https://doi.org/10.1103/PhysRevC.63.035205
https://doi.org/10.1103/PhysRevC.63.035205


[52] B. Saghai and Z. Li, Quark model study of the eta photo-
production: Evidence for a new S11 resonance?, Eur. Phys. J.
A 11, 217 (2001).

[53] J. He, B. Saghai, and Z. Li, Study of η photoproduction
on the proton in a chiral constituent quark approach via
one-gluon-exchange model, Phys. Rev. C 78, 035204
(2008).

[54] J. He and B. Saghai, Combined study of γp → ηp and
π−p → ηn in a chiral constituent quark approach, Phys. Rev.
C 80, 015207 (2009).

[55] J. He and B. Saghai, η production off the proton in a Regge-
plus-chiral quark approach, Phys. Rev. C 82, 035206 (2010).

[56] X. H. Zhong and Q. Zhao, η photoproduction on the quasi-
free nucleons in the chiral quark model, Phys. Rev. C 84,
045207 (2011).

[57] L. Y. Xiao, X. Cao, and X. H. Zhong, Neutral pion photo-
production on the nucleon in a chiral quark model, Phys.
Rev. C 92, 035202 (2015).

[58] E. Kaxiras, E. J. Moniz, and M. Soyeur, Hyperon radiative
decay, Phys. Rev. D 32, 695 (1985).

LIU, WANG, LÜ, and ZHONG PHYS. REV. D 101, 016002 (2020)

016002-14

https://doi.org/10.1007/s100500170086
https://doi.org/10.1007/s100500170086
https://doi.org/10.1103/PhysRevC.78.035204
https://doi.org/10.1103/PhysRevC.78.035204
https://doi.org/10.1103/PhysRevC.80.015207
https://doi.org/10.1103/PhysRevC.80.015207
https://doi.org/10.1103/PhysRevC.82.035206
https://doi.org/10.1103/PhysRevC.84.045207
https://doi.org/10.1103/PhysRevC.84.045207
https://doi.org/10.1103/PhysRevC.92.035202
https://doi.org/10.1103/PhysRevC.92.035202
https://doi.org/10.1103/PhysRevD.32.695

