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By an unquenched quark model, we predict a charmed-strange baryon state, namely, the Ωd
c0ð1P; 1=2−Þ.

Its mass is predicted to be 2945 MeV, which is below the ΞcK̄ threshold due to the nontrivial coupled-
channel effect. So the Ωd

c0ð1P; 1=2−Þ state could be regarded as the analog of the charmed-strange meson

D�
s0ð2317Þ. It is a good opportunity for the running Belle II experiment to search for this state in the Ωð�Þ

c γ
mass spectrum experiment in the future.
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I. INTRODUCTION

Since 2003, hadron physics has entered a new era with
the observation of a series of new hadronic states and the
corresponding novel phenomena (see review articles [1–3]
for more details), owing to the accumulation of experi-
mental data with high precision. In 2003, the BABAR
Collaboration observed a narrow state D�

s0ð2317Þ [4],
which decays into a Dþ

s π
0 final state and has resonance

parameters m ¼ 2317.8� 0.5 MeV and Γ < 3.8 MeV
with spin parity JP ¼ 0þ [5]. Later, CLEO, Belle, and
BABAR again confirmed this observation [6–11]. Since its
mass is about 100 MeV lower than the result of the
quenched quark model [12,13], there exists the so-called
famous low-mass puzzle for D�

s0ð2317Þ. Such a situation
not only results in the exotic state explanations including a
hadronic DK molecular state and compact tetraquark state
proposed in Refs. [14–19], but also stimulates theorists to
pay more attention to the unquenched picture [20–26],
where the important role of the coupled-channel effect

played in hadron spectroscopy starts to be realized. Later,
low-mass puzzle phenomena appear in several other typical
observed states D0

s1ð2460Þ [24,26], Xð3872Þ [27–29], and
Λcð2940Þ [30], which naturally construct a complete
chain from a heavy-light meson and charmonium to a
heavy-light baryon, where the coupled-channel effect should
be emphasized.
Under the unquenched picture for D�

s0ð2317Þ, P-wave
bare state Dsð0þÞ can be dressed by the nearby DK
channel, which makes the physical mass be lowered down
to be consistent with the mass of D�

s0ð2317Þ [20–26]. If
replacing the antistrange quark s̄ inside a charmed-strange
mesonic state by a ss pair, we believe that there should exist
a charmed-strange baryonic analog of D�

s0ð2317Þ, which
inspires our interest in exploring whether the coupled-
channel effect may play an important role in such a new
system corresponding to the P-wave Ωc0ð1P; 1=2−Þ
system.
As indicated in Fig. 1, the bare mass of Ωc0ð1P; 1=2−Þ

predicted by most of the quenched models [31–35] is above
the ΞcK̄ threshold, and there exists typical S-wave inter-
action between Ωc0ð1P; 1=2−Þ and the ΞcK̄ channel. Thus,
we have reason to believe that the coupled channel is
obviously effective. In this work, we adopt an unquenched
quark model to quantitatively reflect the existing coupled-
channel effects. Before doing a realistic calculation for
Ωc0ð1P; 1=2−Þ, we first study Ds0ð2317Þ with the same
framework, by which we can check the reliability of the
adopted unquenched quark model. Our calculation explic-
itly shows that the coupled-channel effect on Dsð0þÞ can
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exactly reproduce the mass of Ds0ð2317Þ. Naturally, when
we continue to focus on Ωc0ð1P; 1=2−Þ, we find that a low-
mass phenomenon still exists, which makes the physical
mass of Ωc0ð1P; 1=2−Þ lower than the ΞcK̄ threshold. This
fact further shows that Ωc0ð1P; 1=2−Þ should be a narrow
state. The predicted behavior of Ωc0ð1P; 1=2−Þ as the
charmed-strange analog of D�

s0ð2317Þ can be examined
in future experiments.
In 2017, the LHCb and Belle Collaborations have

reported higher states for the Ωc family [36,37]. By taking
this opportunity, we have a further discussion on the
possible relation of the predicted charmed-strange baryonic
analog of D�

s0ð2317Þ and these observations.
This paper is organized as follows. After the introduc-

tion, we take the D�
s0ð2317Þ as a sample to test the

effectiveness of the unquenched model in Sec. II. Next,
in Sec. III, we employ the same model to calculate the
unquenched mass of Ωc0ð1P; 1=2−Þ with a coupled-chan-
nel effect from the ΞcK̄ channel. Finally, the paper ends
with the conclusions and discussions in Sec. IV.

II. TEST THE UNQUENCHED
MODEL FOR D�

s0ð2317Þ
For a heavy-light hadron, the basis with total angular

momentum J in heavy quark symmetry is

jsl; L; jl; Ji ¼ j½½sl ⊗ L�jl ⊗ sQ�Ji; ð1Þ

where jl and sQ are the angular momentum of light degree
of freedom and spin of a heavy quark, respectively. The sl
and L in Eq. (1) are the spin of light degree of freedom and
orbital angular momentum, respectively. For the Dsð1PÞ
states, the light degree of freedom is sl ¼ 1

2
and L ¼ 1, and,

hence, the possible angular momenta of light degree of
freedom are jl ¼ 1

2
and 3

2
.

To make our conclusion for the P-wave Ωc0ð1P; 1=2−Þ
state more reliable, we test the adopted unquenched model
in this section by examining the coupled-channel effect on
D�

s0ð2317Þ. We not only illustrate why the mass of
D�

s0ð2317Þ shifts down about 80 MeV, but also fix the
parameters of the unquenched quark model, which can be

used to study the nontrivial coupled-channel effect on the
P-wave Ωc states.
Because of the unquenched effect, the physical

D�
s0ð2317Þ state contains both cs̄ and DK components,

which could be denoted as [38,39]

jD�
s0ð2317Þi¼ccs̄jcs̄ð13P0Þiþ

Z
d3pcDKðpÞjDK;pi: ð2Þ

Here, the ccs̄ denotes the probability amplitude of the cs̄
core in the D�

s0ð2317Þ wave function, and the cDKðpÞ is the
component of the DK channel. The cs̄ð13P0Þ in Eq. (2)
represents the conventional Dsð0þÞ with radial quantum
number n ¼ 0 [see Eq. (19) for the spatial wave function].
Then, the full Hamiltonian of the physical D�

s0ð2317Þ state
can be written as [28,40]

Ĥ ¼
�
Ĥ0 ĤI

ĤI ĤDK

�
: ð3Þ

The Ĥ0 is the Hamiltonian in a conventional quark model,
by which one obtains the discrete mass spectrum of the bare
charmed-strange mesons. The ĤDK refers to the free
Hamiltonian of the continuum states jDKi, i.e.,

ĤDKjDK;pi ¼
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

m2
D þp2

q
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

K þp2

q �
jDK;pi; ð4Þ

where the interactions between the D and K mesons are
neglected. The ĤI that causes a mixture of the pure cs̄ state
(bare state) and DK continuum can be borrowed from
the quark-pair-creation (QPC or 3P0) model [41–45]. In the
nonrelativistic limit, the transition operator ĤI can be
expressed as

ĤI ¼ −3γ
X
m

h1; m; 1;−mj0; 0i
Z

d3pid3pjδðpi þ pjÞ

× Ym
1

�
pi − pj

2

�
ωði;jÞ
0 ϕði;jÞ

0 χði;jÞ1;−mb
†
i ðpiÞd†jðpjÞ; ð5Þ

where ω, ϕ, χ, and Y are the color, flavor, spin, and spatial
functions of the quark pair, respectively. The b†i and d†j are
quark and antiquark creation operators, respectively. The
dimensionless parameter γ describes the strength of a
quark-antiquark pair created from the vacuum. Now the
amplitude of cs̄ð13P0Þ → DK can be denoted as

Mcs̄ð13P0Þ→DKðpÞ ¼ hDK;pjĤIjcs̄ð13P0Þi; ð6Þ

where p represents the momentum of D meson in the
center-of-mass frame of the cs̄ð13P0Þ state.
With the above preparation, the Schrödinger equation for

D�
s0ð2317Þ could be denoted as

FIG. 1. The similarity between D�
s0ð2317Þ and Ωc0ð1P; 1=2−Þ.

The predicted bare mass of Ds meson is taken from the GI model
[12,13]. The dashed lines represent DK threshold (left) and ΞcK̄
threshold (right).
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�
Ĥ0 ĤI

ĤI ĤDK

��
ccs̄jcs̄ð13P0Þi
cDKjDKi

�
¼ M

�
ccs̄jcs̄ð13P0Þi
cDKjDKi

�
:

ð7Þ

After diagonalization of Eq. (7), we obtain the following
coupled-channel equation:

M −M0 − ΔMðMÞ ¼ 0: ð8Þ

ΔMðMÞ is the mass shift with definition

ΔMðMÞ ¼ Re
Z

∞

0

p2dp
jMcs̄ð13P0Þ→DKðpÞj2

M −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

D þ p2
p

−
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

K þ p2
p :

ð9Þ

The probability of cs̄ could be determined by

jccs̄j2 ¼
�
1 −

∂ΔMðMÞ
∂M

����
M¼Mphy

�
−1
; ð10Þ

where theMphy is the solution of Eqs. (8) and (9). Since we
consider only cs̄ and DK components, we could consider
that 1 − jccs̄j2 is the probability of DK.
To extract the mass shift of D�

s0ð2317Þ state by Eq. (8),
one should obtain the bare mass M0 as the first step. In the
following, we employ a nonrelativistic potential model to
calculate the mass spectrum of the bare charmed-strange
mesons. The Hamiltonian is given as

Ĥ0 ¼
X
i¼1

�
mi þ

p2
i

2mi

�
þ
X
i<j

Vij; ð11Þ

wheremi and pi are the mass and momentum, respectively,
of the ith constituent quark. The Vij in Eq. (11) is the
interaction between quark and quark (or quark and anti-
quark), which contains one-gluon-exchange (OGE) poten-
tials and confining potentials and could be expanded as

Vij ¼ Hconf
ij þHhyp

ij þHsoðcmÞ
ij þHsoðtpÞ

ij : ð12Þ

The first term of Vij in Eq. (12) is the Cornell potential,
which is spin independent, i.e.,

Hconf
ij ¼ −

4

3

αs
rij

þ brij þ C; ð13Þ

where the αs, b, andC denote the coupling constant of OGE,
the strength of linear confinement, and mass-renormalized
constant, respectively. Besides the spin-independent term,

Vij also contains spin-spin interaction; i.e., the hyperfine
interaction is

Hhyp
ij ¼ 4αs

3mimj

�
8π

3
si · sjδ̃ðrÞ þ

1

r3ij
Sðrij; si; sjÞ

�
; ð14Þ

where

δ̃ðrÞ ¼ σ3

π3=2
e−σ

2r2 ð15Þ

is a Gaussian smearing functionwith a smearing parameter σ
and

Sðrij; si; sjÞ ¼
3si · rijsj · rij

r2ij
− si · sj ð16Þ

is a tensor operator. Besides, the color-magnetic term and
Thomas-precession piece of the spin-orbit interactions could
be expressed as

HsoðcmÞ
ij ¼ 4αs

3r3ij

�
1

mi
þ 1

mj

��
si
mi

þ sj
mj

�
·L ð17Þ

and

HsoðtpÞ
ij ¼ −

1

2rij

∂Hconf
ij

∂rij
�
si
m2

i
þ sj
m2

j

�
·L; ð18Þ

respectively.
The parameters in the quenched quark potential model are

fixed by the low-lying well-established π, K, D, and Ds
mesons; i.e., mu=d ¼ 0.370 GeV, ms ¼ 0.600 GeV, and
mc ¼ 1.880 GeV, αs ¼ 0.578, b ¼ 0.144 GeV2, σ ¼
1.028 GeV, andC ¼ −0.685 GeV. Using the above param-
eters, the predictedmasses of11S0,13S1,1P1 (jl ¼ 3=2), and
13P2 are well consistent with the measured masses of
Dsð1968Þ, D�

sð2112Þ, Ds1ð2536Þ, and D�
s2ð2573Þ, respec-

tively. However, the mass of Dsð13P0Þ is obtained to be
2441 MeV, which is about 76 MeV above the DK
threshold and 124 MeV larger than the measured mass of
D�

s0ð2317Þ. Our result is similar to the previous works in
Refs. [12,13,46–48].
To incorporate the coupled-channel effect for the

D�
s0ð2317Þ, we adopt a simple harmonic oscillator wave

function to depict the spatial wave function of a meson, i.e.,

ψnlmðβ;PÞ ¼
ð−1Þnð−iÞl
βð3=2Þþl

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2n!

Γðnþ lþ 3
2
Þ

s
Llþð1=2Þ
n ðP2=β2Þ

× e−P
2=2β2PlYlmðΩPÞ; ð19Þ
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where n, l, and m are radial, orbital, and magnetic quantum
numbers, respectively. Then, the spatial wave function
overlap in Eq. (6) can be calculated analytically. The
parameter β that denotes the distance scale in momentum
space could be extracted from the potential model men-
tioned above. In Table I, we collect the obtained β values.
The remaining parameter γ is the strength of a quark pair
creation from the vacuum. For theDs meson, we determine
γ ¼ 4.1 from the width of D�

s2ð2573Þ.
With the above preparations, we could calculate the

physical mass of Dsð13P0Þ. The numerical results are
plotted in Fig. 2. With the contribution from the inter-
mediate DK channel, the mass of the Dsð13P0Þ could be
lowered down approximately to the experimental mass of
D�

s0ð2317Þ. When the coupled-channel effect from DK is
considered, the mass of Dsð13P0Þ is shifted down from
2441 to 2364 MeV (a little below theDK threshold), with a
77 MeV mass shift. The probabilities of cs̄ and DK are
obtained to be about 16.6% and 83.4%, respectively. More
importantly, the curve for ΔMðMÞ has a cusplike behavior
at the DK threshold, and the intersection between M −M0

and ΔMðMÞ is very close to the cusplike position. The
cusplike mass shift is a typical characteristic for nearby
threshold states when including the coupled-channel effects
from S-wave channels, which has been studied in many
previous works [27,30,49–52]. Our results in Fig. 2 vividly
describe how a nearby threshold state is affected by its
S-wave channel.

III. PREDICTION OF A CHARMED-STRANGE
BARYONIC STATE Ωc0ð1P;1=2− Þ AS ANALOG

OF D�
s0ð2317Þ

In the following, we take the same unquenched quark
model to predict the Ωc0ð1P; 1=2−Þ state below the thresh-
old of ΞcK̄. This state could be regarded as the charmed-
strange baryonic analog of D�

s0ð2317Þ. To this end, one
should first calculate the discrete mass spectrum of the bare
Ωc baryons. Here, we take the pairwise quark-quark
potential to depict the spin-independent interactions of
charm and strange quarks in the Ωc system, i.e.,

V ¼
X
i<j

�
−
2

3

αs
rij

þ b
2
rij þ C

�
: ð20Þ

The interactions appearing in Eq. (20) can be regarded as
the most direct way to extrapolate the interaction of meson
[see Eq. (13)] to the baryon system, since the color factor
hFi · Fji of qq in the baryon is 1

2
that of qq̄ in the meson.

The color-magnetic term and Thomas-precession piece for
the spin-orbit interactions of P-wave Ωc baryons are taken
from Ref. [53], which are given by

HsoðcmÞ
ij ¼ 2αs

3r3ij

�
rij × pi · si

m2
i

−
rij × pj · sj

m2
j

−
rij × pj · si − rij × pi · sj

mimj

�
ð21Þ

and

HsoðtpÞ
ij ¼ −

1

2rij

∂Hconf
ij

∂rij
�
rij × pi · si

m2
i

−
rij × pj · sj

m2
j

�
; ð22Þ

respectively. The αs, b, and constituent quark masses for
calculating the mass spectrum of Ωc baryons have been

FIG. 2. The M dependence of functions M −M0 and ΔMðMÞ
for Dsð13P0Þ. Here, the Mphy value corresponding to the blue dot
point at the intersection of two lines is the physical mass.

FIG. 3. The mass spectrum ofΩc baryons. The short black lines
denote the masses from the quenched quark model, while the
observed states are labeled by blue dots. The red dashed lines
correspond to the thresholds.

TABLE I. The β values of mesons in units of GeV.

States β States β States β

π 0.409 Dð1SÞ 0.357 Dsð1SÞ 0.428
K 0.385 D�ð1SÞ 0.307 D�

sð1SÞ 0.371
Dð1PÞ 0.204 Dsð1PÞ 0.237
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fixed in the last section. Other parameters in the quark
potential model are determined by the well-established Ξc
and Ωc states; i.e., σ ¼ 1.732 GeV and C ¼ −0.344 GeV.
Finally, we present the predicted masses of Ωc baryons in
Fig. 3. The masses of Ωc and Ω�

c are fitted with the
experimental results, and the mass of Ωcð1PÞ is consistent
with the previous predictions [31–33,35,54,55].
In order to describe the wave function of a baryon

conveniently, we employ the Jacobi coordinates ρ and λ
[32] to depict the structure of a three-body system. In
Table II, we present the corresponding harmonic oscillator
wave function scaling parameters βρ and βλ, which values
are also fixed by the quark potential model. The remaining
parameter is the γ value in the QPC model. According to
Ref. [56], for different hadron systems, the γ values are
allowed to be different. In the charmed-strange baryon
system, we determine γ ¼ 8.66 by the decay width of the
well-established Ξcð2790Þ state.
In the λ-mode-excited Ωcð1PÞ states, sl ¼ 1 is the spin

of the ss quark pair, and then the possible jl could be
obtained as 0, 1, and 2. TheΩcð1PÞ contain two JP ¼ 1=2−

states j1
2
−i1 and j12−i2, which are the mixtures of jl ¼ 0 and

jl ¼ 1 components, i.e.,

� j1
2
−i1

j1
2
−i2

�
¼
�
cos θ − sin θ

sin θ cos θ

�� jjl ¼ 0; 1
2
−i

jjl ¼ 1; 1
2
−i

�
; ð23Þ

where θ is the mixing angle. One is a predominant jl ¼ 0
state, while another is a predominant jl ¼ 1 state. In the
heavy quark limit, the pure Ωcð1=2−Þjl¼0 state can couple
with the ΞcK̄, while the Ωcð1=2−Þjl¼1 state is forbidden for
the decay channel of ΞcK̄. The mass of JP ¼ 1=2− Ωcð1PÞ
with predominant jl ¼ 0 is given by 3042 MeV in the
quenched model, which is about 80 MeV higher than the
ΞcK̄ threshold. Since this P-wave Ωc state mainly decays
into ΞcK̄ in the S-wave channel, its property is expected to
be similar to the D�

s0ð2317Þ state (see Fig. 1). We also
notice that the predicted mass of Ωcð1=2−Þ with a pre-
dominant jl ¼ 1 state is about 60 MeV below the threshold
of its S-wave channel Ξ0

cK̄. Hence, the coupled-channel
effect should also be considered for the predominant jl ¼ 1
Ωcð1=2−Þ state.
Because of the special decay properties in the heavy quark

limit, it is convenient to perform the calculation in the basis
(so-called j − j coupling scheme; see Ref. [34]). In the j − j
coupling scheme, the coupled-channel Schrödinger equation
which contains two bare states [57] could be written as

0
BBBBB@

Mjl¼0 Ṽspin
R
p2dphΩc0jĤIjΞcK̄i 0

Ṽspin Mjl¼1 0
R
p2dphΩc1jĤIjΞ0

cK̄i
hΞcK̄jĤIjΩc0i 0 HΞcK̄ 0

0 hΞ0
cK̄jĤIjΩc1i 0 HΞ0

cK̄

1
CCCCCA

0
BBBBB@

c0
c1
cΞcK̄

cΞ0
cK̄

1
CCCCCA ¼ M

0
BBBBB@

c0
c1
cΞcK̄

cΞ0
cK̄

1
CCCCCA; ð24Þ

where two JP ¼ 1=2− Ωc baryons with jl ¼ 0 and jl ¼ 1 are denoted asΩc0 andΩc1, respectively, and the effects of S-wave
channels ΞcK̄ and Ξ0

cK̄ are considered. The Mjl¼0 and Mjl¼1 are bare masses of Ωc0 and Ωc1, respectively, which can be
obtained by the quark potentialmodel. The off-diagonal element is defined as Ṽspin ¼ hΩc0jVspinjΩc1i, which isHermitian and
can be directly determined by the quark potential model. Finally, the multi-coupled-channel equation of Eq. (24) can be
simplified as (see details in the Appendix) 

Mjl¼0 þ ΔM0ðMÞ Ṽspin

Ṽspin Mjl¼1 þ ΔM1ðMÞ

! 
c0
c1

!
¼ M

�
c0
c1

�
; ð25Þ

where

ΔM0ðMÞ ¼ Re
Z

∞

0

p2dp
jMΩc0→ΞcK̄ðpÞj2

M −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

Ξc
þ p2

q
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

K þ p2
p ; ð26Þ

TABLE II. The β values of baryons in units of GeV.

States βρ βλ States βρ βλ States βρ βλ

Ξcð1SÞ 0.313 0.391 Ξ0
cð1SÞ 0.256 0.389 Ωcð1SÞ 0.289 0.420

… … … Ξ�
cð1SÞ 0.245 0.362 Ω�

cð1SÞ 0.276 0.389
Ξcð1PÞ 0.292 0.269 Ξ0

cð1PÞ 0.243 0.273 Ωcð1PÞ 0.273 0.293
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ΔM1ðMÞ¼Re
Z

∞

0

p2dp
jMΩc1→Ξ0

cK̄ðpÞj2
M−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

Ξ0
c
þp2

q
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

Kþp2
p :

ð27Þ

Equation (25) can be obviously decomposed into two
independent single coupled-channel equations [as Eq. (8)]
in the heavy quark limit Ṽspin → 0. Then, using Eqs. (26) and
(27), the probabilities of ΞcK̄ and Ξ0

cK̄ could be written as

PΞcK̄ ¼ −c20
∂ΔM0ðMÞ

∂M
����
M¼Mphy

ð28Þ

and

PΞ0
cK̄ ¼ −c21

∂ΔM1ðMÞ
∂M

����
M¼Mphy

; ð29Þ

respectively. In Eqs. (28) and (29), the values of c0 and c1 are
extracted from the eigenvectors of Eq. (25). Finally, with the
condition

jc0j2 þ jc1j2 þ PΞcK̄ þ PΞ0
cK̄ ¼ 1; ð30Þ

one could obtain the normalized values of jc0j2, jc1j2, PΞcK̄ ,
and PΞ0

cK̄ .
BydiagonalizingEq. (25), themass of JP ¼ 1=2−Ωcð1PÞ

with predominant jl ¼ 0 is predicted to be 2945MeV,which
is shifted down about 97 MeV. The mixing angle is
simultaneously obtained as θ ¼ tan−1 c1

c0
¼ −12.9°. Since

the mixing angle is small, we tentatively call this state as
Ωd

c0ð1P; 1=2−Þ, where the superscript “d” denotes that
Ωc0ð1P; 1=2−Þ component is dominant. The probabilities
ofΞcK̄ andΞ0

cK̄ are about 51.0%and 0.3%, respectively, and
the probabilities of conventional ssc components with jl ¼
0 and jl ¼ 1 are about 46.2% and 2.4%, respectively. We
would like to emphasize that the physical mass of
Ωd

c0ð1P; 1=2−Þ becomes about 20 MeV below the ΞcK̄
threshold when the nontrivial unquenched effect is incorpo-
rated. Then, we conclude that a charmed-strange baryonic
analog of D�

s0ð2317Þ may exist in the P-wave Ωc baryon.
It is a problem how to search for the predicted

Ωd
c0ð1P; 1=2−Þ. If the mass of Ωd

c0ð1P; 1=2−Þ is below
the ΞcK̄ threshold, there is no OZI (Okubo-Zweig-Iizuka)-

allowed decay. The radiative decay channels Ωð�Þ
c0 γ and

hadronic decay processes Ωð�Þ
c π0 are kinematically allowed

and should be considered in searches. For the

Ωd
c0ð1P; 1=2−Þ → Ωð�Þ

c π0 decay, it is a typical isospin-

breaking process, where Ωd
c0ð1P; 1=2−Þ → Ωð�Þ

c π0 may
occur via η − π0 mixing, which results in a suppression
factor of ∼10−4 [58]. Another approach of searching for
Ωc0ð1P; 1=2−Þ is the radiative decay. Among the heavy

flavor baryons, Ξ0þ
c , Ξ00

c , and Ω�
c were discovered by

radiative decays, since theirmasses are below their respective
lowest strong decay channels [59–61]. Very recently, the
Belle Collaboration [62] has seen Ξcð2790Þ0 and Ξcð2815Þ0
in the radiative decay channel Ξ0

cγ. This is a great break-
through, because the Ξ0þ

c , Ξ00
c , and Ω�

c are 1S states, while
Ξcð2790Þ0 and Ξcð2815Þ0 are orbitally excited states. In
consideration of the fact that the excited states Ξcð2790Þ and
Ξcð2815Þ can be seen via radiative decays, it is also probable
to discover Ωc0ð1P; 1=2−Þ via Ωð�Þ

c γ channels in future
Belle II experiments.
The mass of another JP ¼ 1=2− Ωc state, i.e., the

predominant jl ¼ 1 state, is obtained as 2991 MeV by
considering the coupled-channel effect from the Ξ0

cK̄
channel. Since this state is still above the ΞcK̄, it is
expected to be a conventional resonance. The mixing angle
is determined as θ ¼ −10.9°. Since Eq. (25) is a multi-
coupled-channel equation, it is not strange that the mixing
angles for the two physical states contain a small difference
[57,63]. Because the predicted mass is above the ΞcK̄
threshold, the definitions of probabilities in Eqs. (28) and
(29) may be not applicable in this situation [64]. For a state
above the threshold, the better description method is
spectral density [28,64]. For completeness, we should also
check the coupled-channel effect for two JP ¼ 3=2−

Ωcð1PÞ states by the following relations:

 
j3
2
−i1

j3
2
−i2

!
¼
�
cos θ − sin θ

sin θ cos θ

� jjl ¼ 1; 3
2
−i

jjl ¼ 2; 3
2
−i

!
: ð31Þ

Our results indicate that the masses of two JP ¼ 3=2− Ωc
states are not significantly affected by the coupled-channel
effect. Their masses and mixing angles are given, respec-
tively, by

Mphy
Ωd

c1ð1P;3=2−Þ
¼ 3029 MeV; θ ¼ 4.8°;

Mphy
Ωd

c2ð1P;3=2−Þ
¼ 3058 MeV; θ ¼ 4.1°: ð32Þ

IV. CONCLUSIONS AND DISCUSSIONS

The observation ofD�
s0ð2317Þmakes theorists realize the

importance of coupled-channel effects on mass spectrum
study [20–26]. If replacing the s̄ quark in D�

s0ð2317Þ by an
ss pair, we may naturally conjecture the existence of a new
resonance as the charmed-strange baryonic analog of
D�

s0ð2317Þ. In this work, we have predicted such a new
resonance by an unquenched quark model, where the
predicted charmed-strange baryon has mass lower than
the ΞcK̄ threshold, and, hence, its OZI-allowed strong
decay mode is forbidden. Searching for this predicted
charmed-strange baryon will be an interesting task for
future experiments like Belle II and LHCb.
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We have noticed that the LHCb Collaboration once
reported five narrow Ω0

c states, i.e., the Ωcð3000Þ0,
Ωcð3050Þ0, Ωcð3065Þ0, Ωcð3090Þ0, and Ωcð3120Þ0, in
the Ξþ

c K− channel [36]. The former four Ω0
c states have

been confirmed by the Belle Collaboration in the same
decay channel, while the Ωcð3120Þ0 signal has not been
reported in Belle [37]. These observed states are about in
the range of 3.0–3.1 GeV, which is roughly fitted on the
predicted mass region of conventionalΩcð1PÞ states. Thus,
some of the observed states could be good candidates of
Ωcð1PÞ states [34,65–75]. Besides the observed excited
states above the ΞcK̄ threshold, we think there should exist
a missing P-wave state below the ΞcK̄ threshold as
suggested in this work. When the nontrivial coupled-
channel effect has been considered, the mass of JP ¼
1=2− Ωcð1PÞ with predominant jl ¼ 0 should be shifted
below the threshold of the Ξþ

c K− channel. Obviously, this
state cannot be found by the measured Ξþ

c K− invariant
mass spectrum from LHCb and Belle [36,37]. How to find
this predicted charmed-strange baryon will be a challenging
opportunity for the Belle II experiment, where this pre-
dicted charmed-strange baryon Ωd

c0ð1P; 1=2−Þ should

decay into Ωð�Þ
c γ.

Before the present study, there exist several typical
examples including D�

s0ð2317Þ, D0
s0ð2460Þ, Xð3872Þ, and

Λcð2940Þ, where the coupled channel may play a crucial
role to understand their low-mass phenomena [20–30]. If
the predicted charmed-strange baryon as the charmed-
strange baryonic analog of D�

s0ð2317Þ can be confirmed
in future experiments, it can provide a new example to
show the importance of the coupled-channel effect.
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APPENDIX: SOME DETAILS OF DEDUCTION

In this Appendix, we present some details of how to
obtain Eq. (25) from Eq. (24). By expanding Eq. (24), we
obtain

c0Mjl¼0 þ c1Ṽspin þ
Z

p2dpcΞcK̄hΩc0jĤIjΞcK̄i ¼ c0M;

c0Ṽspin þ c1Mjl¼1 þ
Z

p2dpcΞ0
cK̄hΩc1jĤIjΞ0

cK̄i ¼ c1M

ðA1Þ

and

c0hΞcK̄jĤIjΩc0i þ cΞcK̄HΞcK̄ ¼ cΞcK̄M;

c1hΞ0
cK̄jĤIjΩc1i þ cΞ0

cK̄HΞ0
cK̄ ¼ cΞ0

cK̄M: ðA2Þ
Using Eq. (A2), we have

cΞcK̄ ¼ c0
hΞcK̄jĤIjΩc0i
M −HΞcK̄

; cΞ0
cK̄ ¼ c1

hΞ0
cK̄jĤIjΩc1i
M −HΞ0

cK̄
:

ðA3Þ
Then Eq. (A1) could be rewritten as

c0Mjl¼0 þ c0

Z
p2dp

jhΞcK̄jĤIjΩc0ij2
M −HΞcK̄

þ c1Ṽspin ¼ c0M;

c0Ṽspin þ c1Mjl¼1 þ c1

Z
p2dp

jhΞ0
cK̄jĤIjΩc1ij2
M −HΞ0

cK̄
¼ c1M:

ðA4Þ

The above relations are equivalent to the following eigen-
value equation:

�
Mjl¼0þΔM0ðMÞ Ṽspin

Ṽspin Mjl¼1þΔM1ðMÞ

��
c0
c1

�
¼M

�
c0
c1

�
;

ðA5Þ

where

ΔM0ðMÞ ¼ Re
Z

∞

0

p2dp
jMΩc0→ΞcK̄ðpÞj2

M −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

Ξc
þp2

q
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

K þp2
p ;

ðA6Þ

ΔM1ðMÞ ¼ Re
Z

∞

0

p2dp
jMΩc1→Ξ0

cK̄ðpÞj2
M −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

Ξ0
c
þp2

q
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

K þp2
p :

ðA7Þ
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