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In this work, we systematically study the Okubo-Zweig-Iizuka-allowed two-body strong decay
properties of 1P- and 1D-wave Σc baryons within the j-j coupling scheme in the framework of the
quark pair creation model. For a comparison, we also give the predictions of the chiral quark model. Some
model dependencies can be found in the predictions of two models. The calculations indicate that: (i) The
1P-wave λ-mode Σc states most likely to be relatively narrow states with a width of Γ < 80 MeV. Their
main decay channels areΛcπ, or Σcπ, or Σ�

cπ. The 1P-wave ρ-mode states most might be broad states with a
width of Γ ∼ 100–200 MeV. They dominantly decay into Σcπ and Σ�

cπ channels. Some evidences of these
1P-wave states are most likely to be observed in the Λcπ and Λcππ invariant mass spectra around the
energy range of 2.75–2.95 GeV. (ii) The 1D-wave λ-mode Σc excitations may be moderate states with a
width of about dozens of MeV. The 1D-wave λ-mode states mainly decay into the 1P-wave charmed
baryon via the pionic decay processes. Meanwhile, several 1D-wave λ-mode states have significant
decay rates into DN or D�N. Hence, the DN and D�N are likely to be interesting channels for
experimental exploration. (iii) Furthermore, the two 1D-wave ρ-mode excitations ΣcjJP ¼ 5=2þ; 3iρρ and
jJP ¼ 7=2þ; 3iρρ are most likely to be fairly narrow state with a width of dozens of MeV, and they mainly
decay into Λcπ. Some evidences of them might be observed in the Λcπ invariant mass spectra around the
energy range of 3.1–3.2 GeV.
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I. INTRODUCTION

In the past five years, great progress has been achieved on
the observation of singly heavy baryons in experiment. For
the baryons containing single bottom quark, there are
almost twelve new structures recently observed by LHCb
and CMS. In 2018, Σbð6097Þ� [1] was reported by LHCb
Collaboration in the Λ0

bπ
� systems. At the same year, the

LHCb Collaboration again found another resonance,
Ξbð6227Þ−, both in the Λ0

bK
− and Ξ0

bπ
− channels [2]. In

2019, two almost degenerate narrow states Λbð6146Þ0 and
Λbð6152Þ0 were observed by LHCb in theΛbπ

þπ− invariant
mass distribution [3]. Especially in 2020, the LHCb
Collaboration reported four narrow peaks, Ωbð6316Þ−,

Ωbð6330Þ−, Ωbð6340Þ−, and Ωbð6350Þ− in the Ξ0
bK

−

channel [4]. Moreover, in 2021, the CMS Collaboration
observed a narrow resonance Ξbð6100Þ− in the Ξ−

bπ
þπ−

invariant mass spectrum [5]. Very recently, the LHCb
Collaboration reported two new excited Ξ0

b states
Ξbð6327Þ0 and Ξbð6333Þ0 in the Λ0

bK
−πþ mass spec-

trum [6]. On other hand, for the singly charmed baryons,
the progress in experiment is also surprising. In 2017, the
LHCbCollaboration observed five newnarrowΩ0

c states [7]:
Ωcð3000Þ0, Ωcð3050Þ0, Ωcð3066Þ0, Ωcð3090Þ0, and
Ωcð3119Þ0, of which all decay strongly to the final state
Ξþ
c K−. The first four of them were confirmed by Belle

experiments subsequently [8]. In addition, at the same year
the LHCb Collaboration investigated a near-threshold
enhancement in the D0p amplitude and found a new Λþ

c
resonance, denoted the Λcð2860Þþ [9]. This new state has
been predicted as well by some references before [10–12].
Later, the LHCb Collaboration reported three new Ξ0

c states,
Ξcð2923Þ0, Ξcð2939Þ0, and Ξcð2965Þ0 in Λþ

c K− decay
mode [13] with no-determined spin-parity. Not long
ago the Belle collaboration found possibly an excited Λþ

c

state, Λcð2910Þþ, via studying B̄0 → Σcð2455Þ0;þþπ�p̄
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decays [14]. Recently, the LHCb collaboration observed two
new excited states, Ωcð3185Þ0 and Ωcð3327Þ0 [15], in the
Ξþ
c K− invariant-mass spectrum.
To decode the inner structures of those newly observed

singly heavy baryons, there exist many theoretical
calculations of the mass spectra and strong decays with
various models in the literature [16–46]. The most popular
explanation is interpreting those newly observed struc-
tures into traditional hadronic excited states, such as 1P-
wave [18–23,25–27,29–40], 2P-wave [17], 1D-wave [17],
or 2S-wave [16,17,24,41,42] excitations. Meanwhile, there
are other unconventional interpretations, such as molecular
states [42,43,47–49] or compact pentaquark states [45,46].
The Σc baryon spectrum is one of the important

members of the singly heavy baryons. Meanwhile, there
are very few signals of Σc baryons from experiments.
Except for the well-established ground states, Σcð2455Þ and
Σcð2520Þ [50], there is just one controversial candidate of
excited Σc baryon, denoted as Σcð2800Þ [51], of which the
spin-parity are not determined. Fortunately, the upgrades of
experimental technology of the LHC experiments have
demonstrated a powerful capability in discovering the
heavy baryons. Therefore, the missing 1P- and 1D-wave
Σc excitations are likely to be discovered by forthcoming

experiments. The mass spectrum of the Σc baryons were
studied extensively in the literature [10,35,52–61]. It
should be mentioned that for an excited singly heavy
baryon, there are two kinds of excitations: λ-mode and ρ-
mode excitations. The λ-mode excitation appears between
the light diquark and the heavy quark, while the ρ-mode
excitation occurs within the light diquark. According to the
quark model predictions [20,52,57,62] the mass of the λ-
mode resonances is about 70–150 MeV lower than that of
ρ-mode resonances. We collect the mass predictions of the
1P- and 1D-wave Σc resonances in Table I. Except mass
spectrum, the strong decay properties of the Σc baryons
were also studied with various theoretical methods and
models, such as the chiral quark model (ChQM) [63,64],
the quark pair creation (QPC) model [65], lattice QCD [66],
QCD sum rules [67], Eichten-Hill-Quigg (EHQ) for-
mula [10], heavy hadron chiral perturbation theory [68]
and nonrelativistic quark model [69,70], and so on.
For the low-lying 1P-wave and 1D-wave Σc baryons,

their masses allow them decaying into theDN andD�N (N
denoting a nucleon) channels. However, only a few dis-
cussions exist in literature [53]. Meanwhile, the study on
strong decay properties of ρ-mode excitations is rare. Based
on those actuality, in the present work we carry out a

TABLE I. Predicted mass of Σc baryons(1P-wave and 1D-wave) in various quark models and possible decay channels within the QPC
model.

Notation
Quantum number Mass

Decay channelΣcjJP; jiλðρÞ lλ lρ L sρ j JP GIM [53] RQM [54] RQM [55] NQM [10] NQM [57] QCD [61]

ΣcjJP ¼ 1
2
−; 0iλ 1 0 1 1 0 1

2
− 2823 2799 2805 2702 2802 2820 Σð�Þ

c π;Λcπ; DN
ΣcjJP ¼ 1

2
−; 1iλ 1 0 1 1 1 1

2
− 2809 2713 2795 2765 2826 2790

ΣcjJP ¼ 3
2
−; 1iλ 1 0 1 1 1 3

2
− 2829 2798 2799 2785 2807 2820

ΣcjJP ¼ 3
2
−; 2iλ 1 0 1 1 2 3

2
− 2802 2773 2761 2798 2837 2800

ΣcjJP ¼ 5
2
−; 2iλ 1 0 1 1 2 5

2
− 2835 2789 2790 2790 2839 2890

ΣcjJP ¼ 1
2
−; 1iρ 0 1 1 0 1 1

2
− 2909 Σð�Þ

c π

ΣcjJP ¼ 3
2
−; 1iρ 0 1 1 0 1 3

2
− 2910

ΣcjJP ¼ 1
2
þ; 1iλλ 2 0 2 1 1 1

2
þ 3073 3041 3014 2949 3103 Σð�Þ

c π;Λcπ; Dð�ÞN;ΞcK;
Ξ0
cK; jΛcðΣcÞPλiπΣcjJP ¼ 3

2
þ; 1iλλ 2 0 2 1 1 3

2
þ 3084 3043 3005 2952 3065

ΣcjJP ¼ 3
2
þ; 2iλλ 2 0 2 1 2 3

2
þ 3073 3040 3010 2964 3094

ΣcjJP ¼ 5
2
þ; 2iλλ 2 0 2 1 2 5

2
þ 3085 3038 3001 2942 3099

ΣcjJP ¼ 5
2
þ; 3iλλ 2 0 2 1 3 5

2
þ 3072 3023 2960 2962 3114

ΣcjJP ¼ 7
2
þ; 3iλλ 2 0 2 1 3 7

2
þ 3086 3013 3015 2943

ΣcjJP ¼ 1
2
þ; 1iρρ 0 2 2 1 1 1

2
þ Σð�Þ

c π;Λcπ;ΞcK;
Ξ0
cK; jΛcðΣcÞPλiπΣcjJP ¼ 3

2
þ; 1iρρ 0 2 2 1 1 3

2
þ

ΣcjJP ¼ 3
2
þ; 2iρρ 0 2 2 1 2 3

2
þ

ΣcjJP ¼ 5
2
þ; 2iρρ 0 2 2 1 2 5

2
þ

ΣcjJP ¼ 5
2
þ; 3iρρ 0 2 2 1 3 5

2
þ

ΣcjJP ¼ 7
2
þ; 3iρρ 0 2 2 1 3 7

2
þ
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systematic analysis of the 1P- and 1D-wave Σc states for
both ρ- and λ-mode excitations with the QPC model. For a
comparison, we also give the predictions within the chiral
quark model. The quark model classification and Okubo-
Zweig-Iizuka (OZI) allowed two-body decay channels are
summarized in Table I as well. It should be mentioned that
the Dð�ÞN decay channels for the ρ-mode excitations are
forbidden. Because of the ρ-mode excitation occurring
within the light diquark, when ρ-mode excitations decay
into Dð�ÞN, the light diquark more like an outsider goes
straight to the final baryon. Hence, the strong decays are
forbidden due to the orthogonality of spatial wave func-
tions. Thus, for the ρ-mode excitations, we only focus on
the decay channels containing light π and K mesons.
This paper is structured as follows. In Sec. II, we briefly

introduce the QPC model, chiral quark model and the
relationship of states in different coupling schemes. Then
we present our numerical results and discussions in Sec. III.
A summary is given in Sec. IV.

II. THEORETICAL FRAMEWORK

A. QPC model

The QPC model, also famous as the 3P0 model, was first
proposed by Micu [71], Car-litz and Kislinger [72], and
further developed by the Orsay group [73–75]. The main
idea of this model is that strong decay takes place via the
creation of quark-antiquark pair from the vacuum with
quantum number 0þþ. This model has been extensively
applied to study the OZI-allowed strong transitions of
hadron systems [36,76–80].
For a baryon decay process, one quark of the initial

baryon state jAi regroups with the created antiquark to form
a meson jCi, and the other two quarks regroup with the
created quark to form a daughter baryon jBi. Considering
the Σþ

c baryons being composed of two light quarks (u
and d) and a heavy quark c, thus, according to the quark
rearrangement process, any of the three quarks in the initial
baryon can go into the final meson. Hence, there are three
possible decay ways, as shown in Fig. 1.
In the QPC model, the transition operator for the OZI-

allowed two-body decay process A → BC is given by

T ¼ −3γ
X
m

h1m; 1 −mj00i
Z

d3p4d3p5δ
3ðp4 þ p5Þ

× Ym
1

�
p4 − p5

2

�
χ451−mϕ

45
0 ω45

0 a†4iðp4Þb†5jðp5Þ; ð1Þ

where γ is a dimensionless parameter and accounts for the
vacuum pair-production strength. p4 and p5 are the three-
vector momenta of the created quark pair. ω45

0 ¼ δij, ϕ45
0 ¼

ðuūþ dd̄þ ss̄Þ= ffiffiffi
3

p
and χ451−m denote the color singlet, flavor

function and spin triplet of the quark pair, respectively. The
solid harmonic polynomial Ym

1 ¼ jpjYm
1 ðθpϕpÞ reflects the

momentum-space distribution. The creation operator a†4id
†
5j

denotes the quark pair-creation in the vacuum.
According to the definition of the mock state in the

constituent quark model [81], the wave functions of the
baryon states jAi and jBi and meson state jCi can be easily
obtained. For example for the initial baryon state jAi, the
wave function is given by

jAðN2SAþ1
A LAJAMJAÞðPAÞi

¼
ffiffiffiffiffiffiffiffi
2EA

p
φ123
A ω123

A

X
MLA

;MSA

hLAMLA
; SAMSA jJA;MJAi

×
Z

d3p1d3p2d3p3δ
3ðp1 þ p2 þ p3 − PAÞ

× ΨNALAMLA
ðp1p2p3Þχ

123
SAMSA

jq1ðp1Þq2ðp2Þq3ðp3Þi; ð2Þ

and the wave function of the final meson state jCi is

jCðN2SCþ1
C LCJCMJCÞðPCÞi

¼
ffiffiffiffiffiffiffiffiffi
2EC

p
φab
C ωab

C

X
MLC

MSC

hLCMLC
; SCMSC jJCMJCi

×
Z

d3pad3pbδ
3ðpa þ pb − PCÞ

× ΨNCLCMLC
ðpapbÞχ

ab
SCMSC

jqaðpaÞqbðpbÞi: ð3Þ

The pi (i ¼ 1, 2, 3 and a, b) stands for the momentum of
quarks in hadron jAi and jCi. PA and PC denotes the
momentum of initial baryon jAi and final meson jCi,
respectively. The spatial wave functions of baryons and
mesons are described with simple harmonic oscillator wave
functions. Thus, the spatial wave function of baryon jAi or
jBi without the radial excitation reads

ψðlρ;mρ;lλ;mλÞ

¼3
3
4ð−iÞlρ

�
2lρþ2ffiffiffi

π
p ð2lρþ1Þ!!

�1
2

�
1

α

�
lρþ3

2

exp

�
−
p2
ρ

2α2ρ

�
Y

mρ

lρ
ðpρÞ

×ð−iÞlλ
�

2lλþ2ffiffiffi
π

p ð2lλþ1Þ!!
�1

2

�
1

α

�
lλþ3

2

exp

�
−
p2
λ

2α2λ

�
Ymλ

lλ
ðpλÞ;

ð4Þ

FIG. 1. Decay process of an excited Σc baryon in the QPC
model.
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where pρ denotes the relative momentum within the light
diquark, and pλ is the relative momentum between the light
diquark and the heavy quark in the baryon. The ground
state spatial wave function of meson jCi is

ψ0;0 ¼
�
R2

π

�3
4

exp

�
−
R2p2

ab

2

�
: ð5Þ

pab stands for the relative momentum between the quark
and antiquark in the meson. Then, the partial decay
amplitude in the center of mass frame can be obtained by

MMJA
MJB

MJC ðA → Bþ CÞ
¼ γ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8EAEBEC

p Y
A;B;C

hχ124SBMSB
χ35SCMSC

jχ123SAMSA
χ451−mi

× hφ124
B φ35

C jφ123
A φ45

0 iIMLA
;m

MLB
;MLC

ðpÞ: ð6Þ

Here, I
MLA

;m
MLB

;MLC
ðpÞ denotes the spatial integration, andQ

A;B;C is the Clebsch-Gorden coefficients, which can be
expanded as

X
hLBMLB

; SBMSB jJB;MJBihLCMLC
; SCMSC jJC;MJCi

× hLAMLA
; SAMSA jJA;MJAih1m; 1 −mj00i: ð7Þ

Finally, the decay width of initial state jAi decaying
into final state jBCi can be calculated by the following
formula,

ΓðA → BCÞ

¼ π2
jpj
M2

A

1

2JA þ 1

X
MJA

;MJB
;MJC

jMMJA
;MJB

;MJC j2: ð8Þ

Here, p is the momentum of the daughter baryon jBi in
the center of mass frame of baryon jAi, which can be
obtained by

jpj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½M2

A − ðMB −MCÞ2�½M2
A − ðMB þMCÞ2�

p
2MA

: ð9Þ

In our calculation, we adopt mu ¼ md ¼ 330 MeV,
ms ¼ 450 MeV, and mc ¼ 1700 MeV for the constituent
quark mass. The harmonic oscillator strength R for light
flavor mesons is taken to be R ¼ 2.5 GeV−1, and that forD
meson is R ¼ 1.67 GeV−1 [82]. The parameter of the
ρ-mode excitation between the two light quarks is taken
as αρ ¼ 0.4 GeV. The other parameter αλ is obtained by the
relation [83]

αλ ¼
�

3mQ

2mq þmQ

�1
4

αρ: ð10Þ

The value of vacuum pair-production strength γ is fixed as
γ ¼ 6.95, which is the same as that in our previous
work [84]. Additionally, the masses of final baryons and
mesons are derived from the Particle Data Group [50].

B. Chiral quark model

Within the chiral quark model (ChQM), the low energy
effective quark-pseudoscalar-meson coupling at tree level
in the SU(3) flavor basis reads [85]

Hm ¼
X
j

1

fm
ψ̄ jγ

j
μγ

j
5ψ jτ⃗ · ∂μϕ⃗m: ð11Þ

Here, fm denotes the pseudoscalar meson decay constant
and ψ j represents the jth quark field in a baryon. ϕm is the
pseudoscalar meson octet, which is

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 −
ffiffiffiffiffi
2
3
η

q

1
CCCA: ð12Þ

In this work, because of the harmonic oscillator spatial
wave function of baryons being nonrelativistic form, the
coupling is adopt the nonrelativistic form as well and is
written as [86–88]

Hnr
m ¼

X
j

�
ωm

Ef þMf
σj · Pf þ

ωm

Ei þMi
σj · Pi

− σj · qþ ωm

2μq
σj · p0

j

�
Ijϕm: ð13Þ

In this equation, q and ωm denote the three-vector momen-
tum and energy of the meson, respectively; the σj represents
the Pauli spin vector; MiðfÞ, EiðfÞ, and PiðfÞ stand for the
mass, energy, and three-vector momentum of the initial
(final) baryon; μq is the reduced mass of the jth quark in the
initial and final baryons. p0

j ¼ pj − ðmj=MÞPc:m: stands for
the internal momentum of the j-th quark in the baryon rest
frame. Ij is the isospin operator associated with the pseu-
doscalar meson and φm ¼ e−iq·rj is the plane wave for the
emitting light pseudoscalar meson from a decay process.
Hence, the partial decay amplitudes MJiz;Jfz of a light

pseudoscalar meson emission in a baryon’s strong decays
can be calculated. Then, the strong decay width can be
worked out by

Γ ¼
�

δ

fm

�
2 ðEf þMfÞjqj

4πMi

1

2Ji þ 1

X
JizJfz

jMJiz;Jfz j2; ð14Þ

where Jiz and Jfz denote the third components of the
total angular momenta of the initial and final baryons,
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respectively. δ is a global parameter accounting for the
strength of the quark-meson couplings. Here, we fix its
value the same as that in Refs. [83,89], i.e., δ¼0.557MeV,
which is determined by experimental data. The decay
constants fm for π and K mesons are taken as fπ ¼
132 MeV and fK ¼ 160 MeV, respectively. In addition,
the constituent quark masses are the same as in that of the
quark pair creation model.

C. Coupling scheme

It should be pointed out that due to the heavy quark
symmetry, the physical states may be closer to the j-j
coupling scheme. In the heavy quark symmetry limit, the
states within the j-j coupling scheme are constructed by

jJP; ji ¼ jf½ðlρlλÞLsρ�jsQgJPi: ð15Þ

In the expression, lρ and lλ are the quantum numbers of the
orbital angular momentum for ρ- and λ-mode excitations,
respectively. The the quantum number of total orbital
angular momentum L ¼ jlρ − lλj;…; lρ þ lλ. sρ is the spin
quantum number of the light quark pair, and sQ is the spin
quantum number of the heavy quark.
The states within the j-j coupling scheme can be

expressed as linear combinations of the states within the
L-S coupling via [90]

jf½ðlρlλÞLsρ�jsQgJPi¼ ð−1ÞLþsρþ1
2
þJ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2Jþ1

p X
S

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2Sþ1

p

×

�
L sρ j

sQ J S

�
jf½ðlρlλÞLðsρsQÞS�Jgi:

ð16Þ

The quantum number of total spin angular momentum
S ¼ jsρ − sQj;…; sρ þ sQ. J is the quantum number of
total angular momentum.

III. CALCULATIONS AND RESULTS

We calculate the strong decays of 1P-wave and 1D-wave
excited Σc baryons within the j-j coupling scheme in the

framework of the QPC model. Both λ-mode and ρ-mode
excitations are considered in the present work. In addition,
for a comparison we also give the decay properties of those
Σc excitations within the ChQM. We hope our calculations
being helpful for searching those missing Σc states in
forthcoming experiments.

A. 1P-wave λ-mode excitations

For the 1P-wave λ-mode Σc baryons, there are five states
according to the quark model classification, which are
ΣcjJP ¼ 1=2−; 0iλ, ΣcjJP ¼ 1=2−; 1iλ, ΣcjJP ¼ 3=2−; 1iλ,
ΣcjJP ¼ 3=2−; 2iλ and ΣcjJP ¼ 5=2−; 2iλ. They have not
been established in experiments. Their theoretical masses
and possible two-body decay channels are listed in Table I.
From the table, it is known that the predicted masses

of the 1P-wave λ-mode Σc baryons are about M ≃
ð2750–2850Þ MeV, and the possible two-body decay

channels are Σð�Þ
c π, Λcπ, and DN. Adopting the predicted

masses from Ref. [53], we calculate their decay properties
within the QPC model, the results are collected in Table II.
In addition, considering the uncertainty of the mass
predictions of the λ-mode 1P-wave Σc states, we plot
the strong decay properties as a function of the mass in the
region of M ¼ ð2750–2850Þ MeV in Fig. 2 with the QPC
model. From the figure, it is found that the decay properties
of the five 1P-wave λ-mode Σc excitations are sensitive to
the masses, especially the two JP ¼ 1=2− states ΣcjJP ¼
1=2−; 0iλ and ΣcjJP ¼ 1=2−; 1iλ. When the masses of
ΣcjJP ¼ 1=2−; 0iλ and ΣcjJP ¼ 1=2−; 1iλ are above the
threshold of DN, their decay rates into DN will be
significant. Hence, the two JP ¼ 1=2− states may be
explored in the DN channel in experiments. In
Ref. [63], the decay properties were also studied within
the ChQM, for a comparison, the results are listed in
Table II.
The ΣcjJP ¼ 1=2−; 0iλ state mainly decays into Λcπ.

Within the QPC model, this state is a moderate width state
with a width of Γ ≃ 49 MeV. If the mass is taken as the
recent quark model prediction M ¼ 2823 MeV [53], the
ΣcjJP ¼ 1=2−; 0iλ state may has a significant decay rate
into DN, the branching fraction is predicted to be

TABLE II. The strong decay properties of the λ-mode 1P-wave Σc states, which masses are taken from the predictions in Ref. [53].
ΓTotal stands for the total decay width. The unit of the width and mass is MeV.

ΣcjJP ¼ 1
2
−; 0iλ ΣcjJP ¼ 1

2
−; 1iλ ΣcjJP ¼ 3

2
−; 1iλ ΣcjJP ¼ 3

2
−; 2iλ ΣcjJP ¼ 5

2
−; 2iλ

M ¼ 2823 M ¼ 2809 M ¼ 2829 M ¼ 2802 M ¼ 2835

Decay width QPC ChQM [63] QPC ChQM [63] QPC ChQM [63] QPC ChQM [63] QPC ChQM [63]

Γ½DN� 10.3 � � � 2.7 � � � � � � � � � � � � � � � � � � � � �
Γ½Σcπ� 0.1 � � � 73.9 30.2 1.0 5.5 0.8 6.6 1.3 4.8
Γ½Λcπ� 38.1 5.7 � � � � � � � � � � � � 3.5 29.8 4.7 38.6
Γ½Σ�

cπ� � � � � � � 0.3 0.5 68.5 31.2 0.2 2.0 0.8 2.1

ΓTotal 48.5 5.7 76.9 30.7 69.5 36.7 4.5 38.4 6.8 45.5
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Γ½ΣcjJP ¼ 1
2
−; 0iλ → DN�

ΓTotal
∼ 21%: ð17Þ

However, within the ChQM, the ΣcjJP ¼ 1=2−; 0iλ state
might be a narrow state, the predicted partial width of the
Λcπ channel, Γ½ΣcjJP ¼ 1

2
−; 0iλ → Λcπ� ≃ 5.7 MeV, is

about one order of magnitude smaller than that predicted
with the QPC model. The decay properties of ΣcjJP ¼
1=2−; 0iλ predicted within the QPC model are in good
agreement with the nature of Σcð2800Þ observed in the Λcπ
channel. It should be mentioned that according to the equal
spacing rule, the mass of ΣcjJP ¼ 1=2−; 0iλ is predicted to
be about 2755 MeV [63], which is below the DN mass
threshold. If the observed state Σcð2800Þ corresponds to
ΣcjJP ¼ 1=2−; 0iλ indeed and its mass is above the thresh-
old of DN, besides the Λcπ channel, the DN may be the
other interesting channel for the observation of Σcð2800Þ in
future experiments.
The ΣcjJP ¼ 1=2−; 1iλ and ΣcjJP ¼ 3=2−; 1iλ states,

dominantly decay into Σcπ and Σ�
cπ channels, respectively.

In the QPC model, they are predicted to be moderate width
states with a comparable width of Γ ∼ 70 MeV, which is a
factor 2 larger than that of the ChQM. The branching
fractions of their dominant decay channel can reach up to

Γ½ΣcjJP ¼ 1
2
−; 1iλ → Σcπ�

ΓTotal
∼ 96%; ð18Þ

Γ½ΣcjJP ¼ 3
2
−; 1iλ → Σ�

cπ�
ΓTotal

∼ 85 − 99%: ð19Þ

The ΣcjJP ¼ 1=2−; 1iλ and ΣcjJP ¼ 3=2−; 1iλ states are
likely to be observed in the Λcππ final state via the decay
chains ΣcjJP ¼ 1=2−ð3=2−Þ; 1iλ → ΣcπðΣ�

cπÞ → Λcππ.
Furthermore, ΣcjJP ¼ 1=2−; 1iλ may have a sizeable

decay rate into DN, the predicted branching fraction is

Γ½ΣcjJP ¼ 1
2
−; 1iλ → DN�

ΓTotal
∼ 4%: ð20Þ

Hence, DN may be a good channel for looking for the
missing state ΣcjJP ¼ 1=2−; 1iλ.
The other two 1P-wave λ-mode states ΣcjJP ¼ 3=2−; 2iλ

and ΣcjJP ¼ 5=2−; 2iλ mainly decay into the Λcπ channel.
The predicted decay widths are very different between the
QPC model and the ChQM. Within the QPC model, both
ΣcjJP ¼ 3=2−; 2iλ and ΣcjJP ¼ 5=2−; 2iλ are most likely
to be narrow states with a width of about several MeV,
while according to the ChQM predictions, they may have a
moderate width of Γ ∼ 40 MeV. The predicted decay
properties within the ChQM are consistent with the
observations of Σcð2800Þ. Thus, in Ref. [63], Σcð2800Þ
is suggested to be a structure potentially arising from
two overlapping 1P-wave Σc states with JP ¼ 3=2− and
JP ¼ 5=2−. Due to the extremely similar decay properties
of ΣcjJP ¼ 3=2−; 2iλ and ΣcjJP ¼ 5=2−; 2iλ, it will be a
big challenge to distinguish them from each other in
experiments.

B. 1P-wave ρ-mode excitations

For the 1P-wave ρ-mode Σc baryons, there are two
states ΣcjJP ¼ 1=2−; 1iρ and ΣcjJP ¼ 3=2−; 1iρ. For their
masses, there are a few discussions in theoretical references
and we have collected in Table I as well. From the table, the
masses of the 1P-wave ρ-mode Σc excitations are about
M ∼ 2.9 GeV. Meanwhile, we notice that the masses of the
1P-wave ρ-mode Σc baryons are above the threshold of
Λcπ andDN, while their strong decays are forbidden due to
the orthogonality of spatial wave functions. Hence, we
mainly focus on their strong decays into Σcπ and Σ�

cπ.
Fixing the masses of the 1P-wave ρ-mode Σc excitations

on the predicted masses from Ref. [57], we discuss their
decay properties within the QPC model. The results are
listed in Table III. It is found that the two 1P-wave ρ-mode
Σc excitations may be broad states with a total decay width
of about Γ ∼ ð150–200Þ MeV. The ΣcjJP ¼ 1=2−; 1iρ is
mostly saturated by the decay channel Σcπ and the
branching fraction for the Σcπ channel is

FIG. 2. Partial and total strong decay widths of the 1P-wave λ-
mode Σc excitations as functions of their masses. Some decay
channels are too small to show in figure.
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Γ½ΣcjJP ¼ 1
2
−; 1iρ → Σcπ�

ΓTotal
∼ 92%: ð21Þ

While, the decay of ΣcjJP ¼ 3
2
−; 1iρ is governed by Σ�

cπ
with branching fraction

Γ½ΣcjJP ¼ 3
2
−; 1iρ → Σ�

cπ�
ΓTotal

∼ 88%: ð22Þ

For a comparison, the predicted results with the ChQM
are collected in Table III as well. It is found that the
predicted main decay channels with the two models are
agreement to each other, however, the predicted total decay
widths with the QPC model are about a factor of 2 larger
than that with the ChQM.
Similarly, the predicted masses of the 1P-wave ρ-mode

Σc excitations certainly have a large uncertainty, which may
bring uncertainties to the theoretical results. To investigate
this effect, we analyze the decay properties of the 1P-wave
ρ-mode Σc excitations as a function of the mass in Fig. 3
with the QPC model. Within the mass varying in the region
of M ¼ ð2850–2950Þ MeV, the total widths of ΣcjJP ¼
1=2−; 1iρ and ΣcjJP ¼ 3=2−; 1iρ are Γ > 100 MeV, which
shows some sensitivities to the mass changing. The ρ-mode
states ΣcjJP ¼ 1=2−; 1iρ and ΣcjJP ¼ 3=2−; 1iρ are much
broader than the 1P-wave λ-mode states, thus, they may be
difficult to be observed in experiments.

C. 1D-wave λ-mode excitations

For the 1D-wave λ-mode Σc baryons, there are six states
ΣcjJP¼1=2þ;1iλλ, ΣcjJP¼3=2þ;1iλλ, ΣcjJP¼3=2þ;2iλλ,
ΣcjJP ¼ 5=2þ; 2iλλ, ΣcjJP ¼ 5=2þ; 3iλλ, and ΣcjJP¼
7=2þ;3iλλ. According to the theoretical predictions by
various methods, the mass of the 1D-wave λ-mode Σc
baryons is about M ∼ 3.0 GeV. Fixing their masses at the
predictions in Ref. [54], we calculate their strong decay
properties with both the QPC model and ChQM, the results
are listed in Table IV.
For the ΣcjJP ¼ 1=2þ; 1iλλ, similar decay properties are

predicted within the two models. The ΣcjJP ¼ 1=2þ; 1iλλ
may have a width of about 10 s–100 MeV. The main decay
channels of ΣcjJP ¼ 1=2þ; 1iλλ are ΛcjJP ¼ 1=2−; 1iλπ
and ΣcjJP ¼ 1=2−; 1iλπ. With the QPC model, the branch-
ing fractions are predicted to be

Γ½ΣcjJP ¼ 1
2
þ; 1iλλ → ΛcjJP ¼ 1

2
−; 1iλπ�

ΓTotal
∼ 33%; ð23Þ

Γ½ΣcjJP ¼ 1
2
þ; 1iλλ → ΣcjJP ¼ 1

2
−; 1iλπ�

ΓTotal
∼ 25%: ð24Þ

The large branching ratios indicate the state ΣcjJP ¼
1=2þ; 1iλλ is very likely be observed in the Σcππ final state
via the decay chains ΣcjJP ¼ 1=2þ; 1iλλ → ΛcðΣcÞjJP ¼
1=2−; 1iλπ → Σcππ.
Meanwhile, according to the QPC model prediction, the

state ΣcjJP ¼ 1=2þ; 1iλλ may have a significant decay rate
into DN with a branching fraction

Γ½ΣcjJP ¼ 1
2
þ; 1iλλ → DN�

ΓTotal
∼ 15%: ð25Þ

Hence, the ΣcjJP ¼ 1=2þ; 1iλλ may be observed in the DN
decay channel.
The ΣcjJP ¼ 3=2þ; 1iλλ state may be a moderate state.

Within the QPC model, the total decay width is predicted to
be Γ ∼ 68 MeV, which is about a factor of 2 larger than that
predicted within the ChQM. The ΣcjJP ¼ 3=2þ; 1iλλ has a
large decay rate into ΛcjJP ¼ 3=2−; 1iλπ. Within the QPC
model, the branching fraction is predicted to be

Γ½ΣcjJP ¼ 3
2
þ; 1iλλ → ΛcjJP ¼ 3

2
−; 1iλπ�

ΓTotal
∼ 56%: ð26Þ

Moreover, the state ΣcjJP ¼ 3=2þ; 1iλλ may have a sizable
decay rate into D�N with a branching fraction of

Γ½ΣcjJP ¼ 3
2
þ; 1iλλ → D�N�
ΓTotal

∼ 11%: ð27ÞFIG. 3. Partial and total strong decay widths of the 1P-wave
ρ-mode Σc states.

TABLE III. Partial decay widths (MeV) and branching frac-
tions for the 1P-wave ρ-mode Σc states. The numbers in
parentheses stand for the corresponding masses (MeV).

ΣcjJP ¼ 1
2
−; 1iρð2909Þ ΣcjJP ¼ 3

2
−; 1iρð2910Þ

QPC ChQM QPC ChQM

Γi Bið%Þ Γi Bið%Þ Γi Bið%Þ Γi Bið%Þ
Σcπ 174.3 92 50 66 18.8 12 27.5 30
Σ�
cπ 16.0 8 25.5 34 136.0 88 63.5 70

Total 190.3 75.5 154.8 91.0
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Hence, besides the decay chain ΣcjJP ¼ 3=2þ; 1iλλ →
ΛcjJP ¼ 3=2−; 1iλπ → Λcπππ, the decay chain ΣcjJP ¼
3=2þ; 1iλλ → D�N → DπN may be also the other
optional decay precess to investigate the nature of
ΣcjJP¼3=2þ;1iλλ.
For the other JP ¼ 3=2þ state, ΣcjJP ¼ 3=2þ; 2iλλ, with

the QPC model the width is predicted to be Γ ∼ 89 MeV,
which is about a factor of 2 larger than that predicted
with the ChQM. This state dominantly decays into
ΣcjJP ¼ 3=2−; 2iλπ. Its predicted fraction is

Γ½ΣcjJP ¼ 3
2
þ; 2iλλ → ΣcjJP ¼ 3

2
−; 2iλπ�

ΓTotal
∼ 50–60%: ð28Þ

Thanks to the large branching fraction, the state
ΣcjJP ¼ 3=2þ; 2iλλ may be observed in the Λcππ decay
channel via the decay chain ΣcjJP ¼ 3=2þ; 2iλλ →
ΣcjJP ¼ 3

2
−; 2iλπ → Λcππ.

Furthermore, the ΣcjJP ¼ 3=2þ; 2iλλ state has a sizeable
decay rate into DN, with the QPC model the branching
fraction is predicted to be

TABLE IV. The strong decay properties of the λ-mode 1D-wave Σc states, which masses are taken from the predictions in Ref. [54].
ΓTotal stands for the total decay width. The unit of the width and mass is MeV.

ΣcjJP ¼ 1
2
þ; 1iλλ ΣcjJP ¼ 3

2
þ; 1iλλ ΣcjJP ¼ 3

2
þ; 2iλλ ΣcjJP ¼ 5

2
þ; 2iλλ ΣcjJP ¼ 5

2
þ; 3iλλ ΣcjJP ¼ 7

2
þ; 3iλλ

M ¼ 3041 M ¼ 3043 M ¼ 3040 M ¼ 3038 M ¼ 3023 M ¼ 3013

Decay width QPC ChQM QPC ChQM QPC ChQM QPC ChQM QPC ChQM QPC ChQM

Γ½DN� 17.1 � � � 1.1 � � � 9.6 � � � 0.3 � � � � � � � � � 0.6 � � �
Γ½D�N� 3.9 � � � 7.5 � � � 4.6 � � � 6.8 � � � 0.1 � � � � � � � � �
Γ½Σcπ� 2.5 3.5 0.7 0.9 5.3 7.9 0.3 4.8 0.3 4.7 0.1 2.4
Γ½Λcπ� 2.8 2.3 2.4 2.2 0.1 � � � � � � � � � 0.7 15.5 0.6 14.5
Γ½Σ�

cπ� 1.0 1.7 2.8 4.3 3.5 6.0 5.5 10.8 0.2 5.2 0.2 1.5
Γ½ΞcK� 0.9 3.4 0.8 3.6 � � � � � � � � � � � � � � � � � � � � � � � �
Γ½ΛcjJP ¼ 1

2
−; 1iλπ� 37.2 13.8 � � � 8.1 0.4 0.2 0.2 � � � 1.7 2.2 � � � � � �

Γ½ΛcjJP ¼ 3
2
−; 1iλπ� 0.1 1.4 37.3 10.8 0.3 0.2 0.5 1.9 0.3 1.2 1.0 8.0

Γ½ΣcjJP ¼ 1
2
−; 0iλπ� 4.3 0.3 � � � 0.4 0.2 1.3 � � � 0.5 � � � 0.2 1.0 � � �

Γ½ΣcjJP ¼ 1
2
−; 1iλπ� 27.9 24.9 0.3 0.5 0.5 4.3 0.2 0.1 � � � 3.9 0.8 � � �

Γ½ΣcjJP ¼ 3
2
−; 1iλπ� � � � 3.4 6.7 0.6 4.0 2.9 2.0 0.1 2.3 � � � 2.7 0.1

Γ½ΣcjJP ¼ 3
2
−; 2iλπ� � � � 1.5 4.6 0.3 55.6 22.9 0.5 � � � 1.0 0.3 0.5 0.2

Γ½ΣcjJP ¼ 5
2
−; 2iλπ� 14.7 0.9 3.3 1.3 5.0 0.9 8.6 7.6 6.9 0.8 1.4 0.4

ΓTotal 112.4 57.0 67.5 33.0 89.1 46.6 24.9 25.8 13.5 34.0 8.9 27.1

ΣcjJP ¼ 1
2
þ; 1iρρ ΣcjJP ¼ 3

2
þ; 1iρρ ΣcjJP ¼ 3

2
þ; 2iρρ ΣcjJP ¼ 5

2
þ; 2iρρ ΣcjJP ¼ 5

2
þ; 3iρρ ΣcjJP ¼ 7

2
þ; 3iρρ

M ¼ 3141 M ¼ 3143 M ¼ 3140 M ¼ 3138 M ¼ 3123 M ¼ 3113

Decay width QPC ChQM QPC ChQM QPC ChQM QPC ChQM QPC ChQM QPC ChQM

Γ½Σcπ� 69.0 14.1 29.0 3.5 126.4 31.7 11.1 10.2 11.1 10.4 5.7 5.4
Γ½Λcπ� 136.8 14.3 137.8 14.2 � � � � � � � � � � � � 21.7 24.3 20.3 23.1
Γ½Σ�

cπ� 24.8 6.9 62.6 17.3 33.3 17.3 136.3 39.4 7.4 18.8 8.9 9.3
Γ½ΞcK� 23.1 19.6 37.5 19.9 � � � � � � � � � � � � 1.0 0.6 0.8 0.5
Γ½Ξ0

cK� 1.9 2.1 0.6 0.5 3.8 4.6 � � � � � � � � � � � � � � � � � �
Γ½ΛcjJP ¼ 1

2
−; 1iλπ� 9.2 1.1 1.2 1.5 � � � � � � � � � � � � 1.7 0.6 � � � 0.5

Γ½ΛcjJP ¼ 3
2
−; 1iλπ� 1.8 1.9 8.8 2.4 � � � � � � � � � � � � 0.4 0.8 1.8 0.6

Γ½ΣcjJP ¼ 1
2
−; 0iλπ� � � � 0.2 � � � 0.1 � � � 0.1 0.1 0.1 � � � � � � � � � � � �

Γ½ΣcjJP ¼ 1
2
−; 1iλπ� 7.0 0.1 0.2 0.1 1.6 0.2 0.7 � � � 1.3 0.1 � � � � � �

Γ½ΣcjJP ¼ 3
2
−; 1iλπ� 1.3 0.2 2.1 � � � 1.3 � � � 0.2 0.1 0.1 � � � 0.2 � � �

Γ½ΣcjJP ¼ 3
2
−; 2iλπ� � � � 0.4 0.1 0.5 6.5 0.1 0.1 � � � 0.2 � � � 0.1 � � �

Γ½ΣcjJP ¼ 5
2
−; 2iλπ� 1.9 0.1 0.8 � � � 1.1 0.1 5.5 0.5 0.1 � � � 0.3 � � �

ΓTotal 276.7 61.0 280.7 60.0 174.0 54.1 153.9 50.3 44.9 55.6 38.1 39.4
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Γ½ΣcjJP ¼ 3
2
þ; 2iλλ → DN�

ΓTotal
∼ 11%: ð29Þ

Therefore,DN may be another decay channel for exploring
the state ΣcjJP ¼ 3=2þ; 2iλλ.
The ΣcjJP ¼ 5=2þ; 2iλλ may have a narrow width of

Γ ∼ 25 MeV. This state may have significant decay rates
into D�N, Σ�

cπ and ΣcjJP ¼ 5=2−; 2iλπ with comparable
branching fractions ∼20–30%, according to the predictions
of the QPC model. Due to the narrow decay width, the state
ΣcjJP ¼ 5=2þ; 2iλλ has a good potential to be observed in
experiment.
For the last two 1D-wave λ-mode states ΣcjJP ¼

5=2þ; 3iλλ and ΣcjJP ¼ 7=2þ; 3iλλ, they are probably
narrow states with a total decay width of Γ ∼
ð9–14Þ MeV predicted within the QPC model. With the
ChQM, their widths are predicted to be Γ ∼ 30 MeV,
which is slightly broader than the prediction of the QPC
model. The predicted decay properties with the two strong
decay models are very different from each other. In the
ChQM, both ΣcjJP ¼ 5=2þ; 3iλλ and ΣcjJP ¼ 7=2þ; 3iλλ
dominantly decay into the Λcπ channel. However, in the
QPC model, the main decay channel of ΣcjJP ¼ 5=2þ; 3iλλ
is predicted to be ΣcjJP¼5=2−;2iλπ, while the
dominant decay channel of ΣcjJP ¼ 7=2þ; 3iλλ is
ΣcjJP ¼ 3=2−; 1iλπ. If the predictions of the ChQM are
reliable, both ΣcjJP ¼ 5=2þ; 3iλλ and ΣcjJP ¼ 7=2þ; 3iλλ
may be observed in the Λcπ channel. If the predictions of
the QPC model are reliable, they mainly decay into the
1P-wave Σc states via pionic decay processes.

We also plot the partial decay widths of the 1D-wave λ-
mode Σc baryons within the QPCmodel as a function of the
mass in region of M ¼ ð2950–3120Þ MeV. The sensitiv-
ities of the decay properties of these states to their masses
are shown in Fig. 4. Within the masses varied in the region
we considered in present work, the 1D-wave λ-mode Σc
baryons have a large potential to be observed in their main
decay channels in experiments.

D. 1D-wave ρ-mode excitations

For the 1D-wave ρ-mode Σc baryons, there are also six
states ΣcjJP ¼ 1=2þ; 1iρρ, ΣcjJP ¼ 3=2þ; 1iρρ, ΣcjJP ¼
3=2þ; 2iρρ, ΣcjJP ¼ 5=2þ; 2iρρ, ΣcjJP ¼ 5=2þ; 3iρρ, and
ΣcjJP ¼ 7=2þ; 3iρρ. So far, numerical values of their
masses are still missing. While, according to the quark
model predictions [20,52,57,62] the mass of the ρ-mode
excitations is about (70–150) MeV higher than that of the
λ-mode excitations. Thus, we fix masses of the 1D-wave
ρ-mode states on the values which are 100MeV higher than
those of the corresponding 1D-wave λ-mode states. We
predict the strong decay properties with both the QPC
model and ChQM, and our results are collected in Table IV.
It should be mentioned that the DN and D�N decay
channels are forbidden in present work, although the
masses of the 1D-wave ρ-mode Σc states are above the
threshold of DN and D�N.
According to the QPC model predictions, it is obtained

that the four states ΣcjJP¼1=2þ;1iρρ, ΣcjJP ¼ 3=2þ; 1iρρ,
ΣcjJP ¼ 3=2þ; 2iρρ, and ΣcjJP ¼ 5=2þ; 2iρρ may be broad

FIG. 4. Partial and total strong decay widths of the 1D-wave λ-mode Σc states as functions of their masses. Some decay channels are
too small to show in the figure.
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states with a width of Γ ∼ ð150–280Þ MeV; while the other
two states ΣcjJP ¼ 5=2þ; 3iρρ and ΣcjJP ¼ 7=2þ; 3iρρ
have a moderate width of around Γ ∼ ð40–45Þ MeV, and
may have good potential to be observed in forthcoming
experiments. However, with the ChQM all of the six
ρ-mode states are predicted to be moderate states with a
width of Γ ∼ ð40–60Þ MeV.
For the four broad states predicted in the QPC model, the

ΣcjJP ¼ 1=2þ; 1iρρ and ΣcjJP ¼ 3=2þ; 1iρρ states have
similar decay properties, they mainly decay into Λcπ,
Σcπ, Σ�

cπ, and ΞcK channels; while the other two states
ΣcjJP ¼ 3=2þ; 2iρρ and ΣcjJP ¼ 5=2þ; 2iρρ have a similar
decay width, they dominantly decay into the Σcπ and Σ�

cπ
channels, respectively. Both ΣcjJP ¼ 5=2þ; 3iρρ and
ΣcjJP ¼ 7=2þ; 3iρρ are most likely to be moderate states
with a comparable width of Γ ∼ ð40–50Þ MeV. They have
similar decay properties, and mainly decay into Λcπ, Σcπ
and Σ�

cπ channels. To looking for the missing 1D-wave
ρ-mode Σc baryons, the Λcπ, Σcπ and Σ�

cπ channels are
worth observing around the mass range of ∼3.1–3.2 GeV
in future experiments.
Considering the uncertainty of the masses of the

1D-wave ρ-mode states, we further investigate the strong
decay widths of the 1D-wave ρ-mode Σc states with the
QPC model as a function of the mass in Fig. 5. It is shown
that the decay properties of the 1D-wave ρ-mode Σc
excitations are sensitive to their masses varying in region
of M ¼ ð3050–3220Þ MeV.

IV. SUMMARY

In this work, we systematically investigated the two-
body strong decays of low-lying 1P- and 1D-wave Σc
excitations in the QPC model within the j-j coupling
scheme. For a comparison, we also give our predictions
within the chiral quark model. The main theoretical results
are summarized as follows.
In the 1P-wave λ-mode states, the three states

ΣcjJP¼1=2−;0iλ, ΣcjJP¼3=2−;2iλ, and ΣcjJP¼5=2−;2iλ
dominantly decay into Λcπ. The predicted decay widths
have a strong model dependency. In the QPC model, the
ΣcjJP ¼ 1=2−; 0iλ has a moderate width of Γ ∼ 50 MeV,
while the other two states are very narrow states with a
width of Γ ∼ 4–7 MeV. However, in the ChQM, the
ΣcjJP ¼ 1=2−; 0iλ is predicted to be a narrow state, while
both ΣcjJP ¼ 3=2−; 2iλ and ΣcjJP ¼ 5=2−; 2iλ have a
moderate width of Γ ∼ 40 MeV. The Σcð2800Þ structure
may be contributed by the ΣcjJP ¼ 1=2−; 0iλ state or
potentially arises from the overlapping the three 1P-wave
Σc states with different quantum numbers JP ¼ 1=2−, JP ¼
3=2− and JP ¼ 5=2−. The ΣcjJP ¼ 1=2−; 0iλ may a large
decay rate into the DN channel. The observations of this
channel may be useful to distinguish the ΣcjJP ¼ 1=2−; 0iλ
from the other P-wave states. The two 1P-wave λ-mode
states ΣcjJP ¼ 1=2−; 1iλ, ΣcjJP ¼ 3=2−; 1iλ dominantly
decay into Σcπ and Σ�

cπ, respectively. Both the QPC model
and ChQM give consistent predictions of their decay
properties. These two 1P-wave states may be moderate

FIG. 5. Partial and total strong decay widths of the 1D-wave ρ-mode Σc states as functions of their masses. Some decay channels are
too small to show in the figure.
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width states with a width of ∼10s MeV. They are most
likely to be observed in the Λcππ invariant mass spec-
trum around the energy range of ∼2.75–2.85 GeV in
experiments.
The 1P-wave ρ-mode states ΣcjJP ¼ 1=2−; 1iρ and

ΣcjJP ¼ 3=2−; 2iρ dominantly decay into Σcπ and
Σ�
cπ, respectively. They may have a broad width of

Γ ∼ ð100–200Þ MeV. To looking for these 1P-wave
ρ-mode states, the Λcππ invariant mass spectrum around
the energy range of ∼2.85–2.95 GeV is worth to observing
in future experiments.
For the 1D-wave λ-mode Σc baryons, the main decay

channels predicted within the QPC model and ChQM are
roughly consistent with each other. Most of these 1D-wave
λ-mode states have a relatively narrow width of ∼10s MeV,
and dominantly decay into the 1P-wave Σc and/or Λc
states. According to the QPC model predictions, both
ΣcjJP ¼ 1=2þ; 1iλλ and ΣcjJP ¼ 3=2þ; 2iλλ have sizable
decay rates decaying into theDN channel, which may be an
interesting decay channel for experimental observations.
In the ChQM, both ΣcjJP ¼ 5=2þ; 3iλλ and ΣcjJP ¼
7=2þ; 3iλλ mainly decay into the Λcπ channel, which is
worth to observing in future experiments.
For the 1D-wave ρ-mode Σc baryons, both ΣcjJP ¼

1=2þ; 1iρρ and ΣcjJP ¼ 3=2þ; 1iρρ have similar decay
properties. They have large decay rates into the Λcπ,
Σcπ, Σ�

cπ, and ΞcK channels. According to the QPC model
predictions, they may be broad states with a width of about
Γ ∼ ð150–280Þ MeV, which is about a factor of 4–5 larger
than that predicted with ChQM. The ΣcjJP ¼ 3=2þ; 2iρρ
and ΣcjJP ¼ 5=2þ; 2iρρ mainly decay into the Σcπ and Σ�

cπ
channels, respectively. They have a similar decay width of
Γ ∼ ð50–180Þ MeV, which shows some model dependen-
cies. The ΣcjJP ¼ 5=2þ; 3iρρ and ΣcjJP ¼ 7=2þ; 3iρρ are

most likely to be moderate states with a comparable width
of Γ ∼ ð40–50Þ MeV. They have similar decay properties,
and mainly decay into Λcπ, Σcπ, and Σ�

cπ channels. To
looking for the missing 1D-wave ρ-mode Σc baryons, the
Λcπ, Σcπ, and Σ�

cπ channels are worth observing around the
mass range of ∼3.1–3.2 GeV in future experiments.
Finally, it should be mentioned for some states very

different predictions are obtained within the QPC model
and ChQM. In fact, these two strong decay modes have
some obvious differences with each other. (i) Within the
QPC model, the strong decay takes place via the creation of
quark-antiquark pair from the vacuum with quantum
numbers 0þþ, while in the ChQM, the quantum numbers
of the quark-antiquark pair creating from the vacuum are
not defined. (ii) Within the QPC model, the all the hadrons
in the final and initial states are taken as particles containing
internal structures, while in the ChQM, the emitting light
pseudoscalar mesons, π, K, η, and η0, are considered to be
structureless goldstone bosons. (iii) Within the ChQM, the
couplings of the light pseudoscalar mesons with the quarks
are described with the chiral Lagrangian, which satisfies the
spirit of QCD, while in the QPC model, the chiral
symmetry of the interactions for the pseudoscalar mesons
with the quarks are not considered. Both models have
achieved some successes in describing the strong decays of
hadrons. Hence, the results obtained in this work await
experimental verification in future.
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