
 

Strong and radiative decays of the low-lying D-wave singly heavy baryons

Ya-Xiong Yao,1 Kai-Lei Wang,1 and Xian-Hui Zhong1,2,*
1Department of Physics, Hunan Normal University, and Key Laboratory of Low-Dimensional Quantum

Structures and Quantum Control of Ministry of Education, Changsha 410081, China
2Synergetic Innovation Center for Quantum Effects and Applications (SICQEA), Hunan Normal

University, Changsha 410081, China

(Received 22 March 2018; revised manuscript received 28 August 2018; published 25 October 2018)

The strong and radiative decays of the low-lying λ-mode D-wave ΛcðbÞ, ΣcðbÞ, ΞcðbÞ, Ξ0
cðbÞ, and ΩcðbÞ

baryons are studied in a constituent quark model. Our calculation shows the following: (i) The missing
λ-modeD-waveΩcðbÞ, Λb, and Ξb baryons have a relatively narrow decay width of a few MeVor a few tens
of MeVand their dominant strong and radiative decay channels can be ideal for searching for their signals
in future experiments. (ii) The λ-mode 1D-wave excitations in the ΣcðbÞ and Ξ0

cðbÞ families appear to have a

relatively broad width of ∼50–200 MeV. Most of the 1D-wave states have large decay rates into the
1P-wave heavy baryons via the pionic or kaonic strong decay processes, which should be taken seriously in
future observations. (iii) Both Λcð2860Þ and Ξcð3050Þ seem to favor the JP ¼ 3=2þ excitation j2Dλλ

3
2
þi of

3̄F, while both Λcð2880Þ and Ξcð3080Þ may be assigned as the JP ¼ 5=2þ excitation j2Dλλ
5
2
þi of 3̄F, The

nature of Ξcð3050Þ and Ξcð3080Þ could be tested by the radiative transitions Ξcð3055Þ0 → Ξcð2790Þ0γ and
Ξcð3080Þ0 → Ξcð2815Þ0γ, respectively.
DOI: 10.1103/PhysRevD.98.076015

I. INTRODUCTION

The LHC facility provides good opportunities for us
to discover some of the missing heavy baryons. Recently,
five extremely narrow Ωc states, Ωcð3000Þ, Ωcð3050Þ,
Ωcð3066Þ, Ωcð3090Þ, and Ωcð3119Þ, were observed in the
Ξþ
c K− channel by the LHCb Collaboration [1]. Most of

them may be interpreted as the P-wave excited states of Ωc
[2–9]. Lately, the LHCb Collaboration observed a new
structure Ξbð6227Þ− in both the Λ0

bK
− and Ξ0

bπ
− invariant

mass spectra [10]. The mass of this structure and the
observed decay modes are consistent with expectations of a
P-wave excited state in the Ξ0

b family [11–23]. Besides the
missing P-wave heavy baryons, some low-lying D-wave
singly heavy baryons should be also observed at the LHC in
forthcoming experiments. Furthermore, the Belle II experi-
ments will also offer the possibility of studying excited
heavy baryons. Thus, the theoretical studies of the low-
lying P- and D-wave singly heavy baryons will provide
very useful references for searching for them in future
experiments. Considering that the decay properties of

heavy baryons should be sensitive to its inner structure,
one may better understand the nature of the heavy baryons
by studying their decays. In our recent work [11], we
systematically studied the strong and radiative decay
properties of the P-wave singly heavy baryons. As a
continuation of Ref. [11], we study the strong and radiative
decays of the low-lying D-wave singly heavy baryons in
the present work.
In the heavy baryon resonances listed in the Review of

Particle Physics (RPP) [24], there are several good D-wave
candidates, such as Λcð2880Þþ, Ξcð3055Þ0;þ, Ξcð3080Þ0;þ,
and Ξcð3123Þþ. Recently, a new D-wave candidate in
the Λc family, i.e., Λcð2860Þþ, was observed in the D0p
channel by the LHCb Collaboration [25]. However, no
candidates of the D-wave bottom baryons have been found
in experiments. To look for the missing D-wave singly
heavy baryons, and to identify these possible D-wave
heavy baryons observed in experiments, many theoretical
studies were carried out with various phenomenological
methods. For example, the mass spectra were calculated in
various quark models [18–23,26–33], the Faddeev method
[34], the lattice QCD [35,36], the QCD sum rules [37–39],
and so on. Furthermore, the strong decay properties of the
low-lying D-wave charmed baryons were also studied
within some methods, such as the 3P0 model [20,33,40–
43], the heavy hadron chiral perturbation theory [44–46],
the chiral quark model (ChQM) [47–49], and so on. It
should be pointed out that there are few discussions of the
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radiative decays of the D-wave charmed and bottom
baryons and the strong decays of the D-wave bottom
baryons, although there are many discussions about the
radiative decays [50–68] and strong decays [7–9,69–88] for
the low-lying S- and/or P-wave singly heavy baryons.
More details about the status for the studies of the heavy
baryons can be found in Refs. [88–91]. A a whole, it is
necessary to carry out a systematical study of the strong and
radiative decays for theD-wave singly charmed and bottom
baryons.
In this work, we apply a nonrelativistic constituent quark

model to study the strong decays with emission of one light
pseudoscalar meson and the radiative decays with emission
of one photon for the low-lying D-wave singly heavy
baryons. By an analysis of the decay properties for the
D-wave states, we will suggest ideal decay channels to
observe missing states in future experiments. For a sim-
plicity, the harmonic oscillator wave functions of the heavy
baryons are adopted in our calculations. To deal with the
strong decays of a hadron, an effective chiral Lagrangian at
the tree level [92] is introduced. In this interaction, the
emitted light pseudoscalar mesons are treated as Goldstone
bosons, which only couple with the light constituent
quarks. Since the quark-meson coupling is invariant under
the chiral transformation, some of the low-energy proper-
ties of QCD are retained [92–94]. This method (i.e.,
ChQM) has been successfully applied to study the strong
decays of heavy-light mesons and charmed and strange
baryons [2,47–49,95–100]. The chiral quark model used
in this work is different from the often-used 3P0 model
[101–103]; the differences between them have been pointed
out in Ref. [11]. Meanwhile, to treat the radiative decay of a
hadron, we apply an effective quark-photon electromag-
netic (EM) coupling at the tree level. The higher EM
multipole contributions are included by a multipole expan-
sion of the EM interactions. This approach has been
successfully applied to deal with the radiative decays of
cc̄ and bb̄ systems [104,105], and recently it has been
extended to study the radiative transitions of heavy baryons
[2,99,106].
The paper is organized as follows. Section II is our

framework, in which we give a brief review of the quark
model classification of the singly heavy baryons and
the quark model description of the strong and radiative
decays. Then, the numerical results for the heavy baryons
belonging to 3̄F and 6F are presented and discussed in
Secs. III and IV, respectively. Finally, a summary is given
in Sec. V.

II. FRAMEWORK

A. Spectra

The heavy baryon containing a heavy quark violates the
SU(4) symmetry. However, the SU(3) symmetry between

the other two light quarks (u, d, or s) is approximately kept.
The heavy baryons containing a single heavy quark belong
to two different SU(3) flavor representations: the symmet-
ric sextet 6F and antisymmetric antitriplet 3̄F [11]. In the
singly charmed (bottom) baryons, there are two families,
Λc and Ξc (Λb and Ξb) belonging to 3̄F, while there are
three families, Σc, Ξ0

c, and Ωc (Σb, Ξ0
b, and Ωb), belonging

to 6F [11].
The spatial wave function of a heavy baryon is adopted

the harmonic oscillator form in the constituent quark model
[47]. For a q1q2Q basis state, it contains two light quarks
q1 and q2 with equal massm and a heavy quarkQwith mass
m0. The basis states are generated by the oscillator
Hamiltonian

H ¼ P2
cm

2M
þ 1

2mρ
p2
ρ þ

1

2mλ
p2
λ þ

3

2
Kðρ2 þ λ2Þ: ð1Þ

The constituent quarks are confined in an oscillator potential
with the potential parameter K independent of the flavor
quantum number. The Jacobi coordinates ρ and λ and c.m.
coordinate Rc:m: can be related to the coordinate rj of the
jth quark. The momenta pρ, pλ, and Pc:m: are defined by

pρ¼mρ _ρ, pλ¼mλ
_λ, Pc:m:¼M _Rc:m:, with M¼2mþm0,

mρ¼m, andmλ ¼ 3mm0
2mþm0. The wave function of an oscillator

is give by

ψnσ
lσm

ðσÞ ¼ Rnσ lσ ðσÞYlσmðσÞ; ð2Þ

TABLE I. Mass spectra of the singly heavy baryons of 3̄F up to
D wave from various quark models [21,22,27,33] compared with
the data from the RPP [24].

Λc Λb

State
RQM
[21]

NQM
[27]

NQM
[33]

PDG
[24]

RQM
[21]

NQM
[27]

PDG
[24]

12S1
2
þ 2286 2285 2286 2286 5620 5618 5620

12Pλ
1
2
− 2598 2628 2614 2592 5930 5938 5912

12Pλ
3
2
− 2627 2630 2639 2628 5942 5939 5920

12Dλλ
3
2
þ 2874 2920 2843 2860? 6190 6211 ?

12Dλλ
5
2
þ 2880 2922 2851 2880? 6196 6212 ?

Ξc Ξb

State
RQM
[21]

NQM
[22]

NQM
[33]

PDG
[24]

RQM
[21]

NQM
[22]

PDG
[24]

12S1
2
þ 2476 2466 2470 2468 5803 5806 5795

12Pλ
1
2
− 2792 2773 2793 2792 6120 6090 ?

12Pλ
3
2
− 2819 2783 2820 2817 6130 6093 ?

12Dλλ
3
2
þ 3059 3012 3033 3055? 6366 6311 ?

12Dλλ
5
2
þ 3076 3004 3040 3080? 6373 6300 ?
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where σ ≡ ρ, λ. In the wave functions, there are two
oscillator parameters, i.e., the potential strengths αρ
and αλ. The parameters αρ and αλ satisfy the following
relation [47]:

α2λ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3m0

2mþm0

r
α2ρ: ð3Þ

The details of the classifications of the heavy baryons
in the constituent quark model can be found in Refs. [47].
Considering that the λ-mode excitations of singly
heavy baryons should be easily formed than the ρ-mode
excitations [27], thus in the present work, we only study
the λ-mode excitations. The mass spectra of the single
heavy baryons up to the 1D-wave excitations predicted
within various quark models are summarized in Tables I
and II.

B. Decays

In this work, strong decays of the D-wave singly heavy
baryons with emission of one light pseudoscalar meson are
studied within ChQM [92]. This model has been success-
fully applied to study the strong decays of heavy-light
mesons and charmed and strange baryons [2,47–49,95–
100]. In this model, the light pseudoscalar mesons, i.e., π,
K, and η, are treated as fundamental states, which only
couple with the light constituent quarks of a hadron via the
simple chiral Lagrangian [92]

Hm ¼
X
j

1

fm
ψ̄ jγ

j
μγ

j
5ψ j∂μϕm; ð4Þ

where ψ j represents the jth quark field in the hadron, ϕm is
the pseudoscalar meson field, and fm is the pseudoscalar
meson decay constant.
Meanwhile, to treat the radiative decay of a hadron, we

apply the constituent quark model, which has been suc-
cessfully applied to study the radiative decays of cc̄ and bb̄
systems [104,105]. In this model, the quark-photon EM
coupling at the tree level is adopted as

He ¼ −
X
j

ejψ̄ jγ
j
μAμðk; rjÞψ j; ð5Þ

where Aμ represents the photon field with 3-momenta k. ej
and rj stand for the charge and coordinate of the constituent
quark ψ j, respectively.
To match the nonrelativistic harmonic oscillator wave

functions, in the calculations, one should adopt the non-
relativistic forms for the quark-pseudoscalar and quark-
photon EM couplings listed in Eqs. (4) and (5), which have
been given in the previousworks [2,47,48,93–100,104–112].
For a strong decay process, the partial decay width can

be calculated with [47]

TABLE II. Mass spectra of the singly heavy baryons of 6F up to
D wave from various quark models [21,22,27,33] compared with
the data from the RPP [24].

Σc Σb

State
RQM
[21]

NQM
[27]

NQM
[33]

PDG
[24]

RQM
[21]

NQM
[27]

PDG
[24]

12S1
2
þ 2443 2460 2456 2455 5808 5823 5811

14S3
2
þ 2519 2523 2515 2520 5834 5845 5832

12Pλ
1
2
− 2713 2802 2702 ? 6101 6127 ?

12Pλ
3
2
− 2798 2807 2785 ? 6096 6132 ?

14Pλ
1
2
− 2799 2826 2765 ? 6095 6135 ?

14Pλ
3
2
− 2773 2837 2798 ? 6087 6141 ?

14Pλ
5
2
− 2789 2839 2790 ? 6084 6144 ?

12Dλλ
3
2
þ 3043 3065 2952 ? 6326 6356 ?

12Dλλ
5
2
þ 3038 3099 2942 ? 6284 6397 ?

14Dλλ
1
2
þ 3041 3103 2949 ? 6311 6395 ?

14Dλλ
3
2
þ 3040 3094 2964 ? 6285 6393 ?

14Dλλ
5
2
þ 3023 3114 2962 ? 6270 6402 ?

14Dλλ
7
2
þ 3013 · · · 2943 ? 6260 · · · ?

Ξ0
c Ξ0

b

State
RQM
[21]

NQM
[22]

NQM
[33]

PDG
[24]

RQM
[21]

NQM
[22]

PDG
[24]

12S1
2
þ 2579 2592 2579 2575 5936 5958 5935

14S3
2
þ 2649 2650 2649 2645 5963 5982 5955

12Pλ
1
2
− 2936 2859 2839 ? 6233 6192 ?

12Pλ
3
2
− 2935 2871 2921 ? 6234 6194 ?

14Pλ
1
2
− 2854 · · · 2900 ? 6227 · · · ?

14Pλ
3
2
− 2912 · · · 2932 ? 6224 · · · ?

14Pλ
5
2
− 2929 2905 2927 ? 6226 6204 ?

12Dλλ
3
2
þ 3167 · · · 3089 ? 6459 · · · ?

12Dλλ
5
2
þ 3166 · · · 3091 ? 6432 6402 ?

14Dλλ
1
2
þ 3163 · · · 3075 ? 6447 · · · ?

14Dλλ
3
2
þ 3160 · · · 3081 ? 6431 · · · ?

14Dλλ
5
2
þ 3153 3080 3077 ? 6420 · · · ?

14Dλλ
7
2
þ 3147 3094 3078 ? 6414 6405 ?

Ωc Ωb

State
RQM
[21]

NQM
[27]

NQM
[22]

PDG
[24]

RQM
[21]

NQM
[27]

PDG
[24]

12S1
2
þ 2698 2731 2718 2695 6064 6076 6046

14S3
2
þ 2768 2779 2776 2770 6088 6094 ?

12Pλ
1
2
− 2966 3030 2977 ? 6330 6333 ?

12Pλ
3
2
− 3029 3033 2986 ? 6331 6336 ?

14Pλ
1
2
− 3055 3048 2990 ? 6339 6340 ?

14Pλ
3
2
− 3054 3056 2994 ? 6340 6344 ?

14Pλ
5
2
− 3051 3057 3014 ? 6334 6345 ?

12Dλλ
3
2
þ 3282 3257 3262 ? 6530 6528 ?

12Dλλ
5
2
þ 3286 3288 3273 ? 6520 6561 ?

14Dλλ
1
2
þ 3287 3292 3275 ? 6540 6561 ?

14Dλλ
3
2
þ 3298 3285 3280 ? 6549 6559 ?

14Dλλ
5
2
þ 3297 3299 · · · ? 6529 6566 ?

14Dλλ
7
2
þ 3283 · · · 3327 ? 6517 · · · ?
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Γm ¼
�

δ

fm

�
2 ðEf þMfÞjqj
4πMið2Ji þ 1Þ

X
Jfz;Jiz

jMJfz;Jiz j2; ð6Þ

while for a radiative decay process, the partial decay width
can be calculated with [104,105]

Γγ ¼
jkj2
π

2

2Ji þ 1

Mf

Mi

X
Jfz;Jiz

jAJfz;Jiz j2; ð7Þ

where MJfz;Jiz and AJfz;Jiz correspond to the strong and
radiative transition amplitudes, respectively. The quantum
numbers Jiz and Jfz stand for the third components of the
total angular momenta of the initial and final heavy
baryons, respectively. Ef and Mf are the energy and mass
of the final heavy baryon, and Mi is the mass of the initial
heavy baryon. δ as a global parameter accounts for the
strength of the quark-meson couplings. It has been deter-
mined in our previous study of the strong decays of
the charmed baryons and heavy-light mesons [47,96].
Here, we fix its value the same as that in Refs. [47,96], i.e.,
δ ¼ 0.557.
In the calculation, we adopt the same quark model

parameter set as that in Ref. [11], which has been collected
in Table III. The masses of the well-established hadrons
used in the calculations are adopted from the RPP [24].

III. RESULTS FOR SINGLY HEAVY
BARYONS OF 3̄F

A. Λc states

In the Λc family, there are two λ-mode 1D-wave
excitations jΛc

2Dλλ
3
2
þi and jΛc

2Dλλ
5
2
þi according to the

quark model classification. The masses for the λ-mode 1D-
wave Λc excitations are predicted to be ∼2.9 GeV in
various models (see Table I). The resonances Λcð2860Þ
with JP ¼ 3=2þ and Λcð2880Þ with JP ¼ 5=2þ listed
in RPP [24] most likely correspond to the two λ-mode
1D-wave Λc excitations jΛc

2Dλλ
3
2
þi and jΛc

2Dλλ
5
2
þi,

respectively.

1. JP = 5=2+ state and Λcð2880Þ
The Λcð2880Þ state was first observed in Λþ

c π
þπ− by

CLEO [113]. It was confirmed in Σcπ and Σcð2520Þπ
channels by Belle [114] and in the D0p channel by BABAR
[115] and LHCb [25]. It has a narrow decay width
of Γ ≃ 5.6 MeV [24]. The spin-parity numbers were

determined to be JP ¼ 5=2þ by Belle [114] and were
confirmed by LHCb [25] recently.
The Λcð2880Þ state may be classified as the 1D-wave

charmed baryons [23,30,34,40,44]. If Λcð2880Þ is a con-
ventional λ-mode 1D-wave excitation, it should be
assigned to jΛc

2Dλλ
5
2
þi. With this assignment, the width

of Λcð2880Þ can be reasonably understood by ChQM [47].
It is found that the main decay channel of Λcð2880Þ should
be Σcð2520Þπ (see Table IV). The partial width ratio,

R ¼ Γ½Σcð2520Þπ�
Γ½Σcð2455Þπ� ≃ 3.3, predicted by us is too large to

compare with the measured value R ≃ 0.225 at Belle
[114]. The recent 3P0 analysis of the strong decays of
Λcð2880Þ in Ref. [41] is consistent with our predictions.
It should be mentioned that the measured ratio R ¼

Γ½Σcð2520Þπ�
Γ½Σcð2455Þπ� ≃ 0.225 of Λcð2880Þmay be strongly affected by

its nearby state Λcð2860Þ32þ newly observed in the D0p
channel at LHCb [25]. Thus, the measured ratio from Belle
[114] should not be a genuine ratio for Λcð2880Þ. This
situation is very similar to that of DsJð2860Þ before two
largely overlapping states Ds1ð2860Þ and Ds3ð2860Þ were
found by LHCb [116]. Considering DsJð2860Þ as the

JP ¼ 3− state 13D3, the measured partial width ratio R ¼
Γ½D�K�
Γ½DK� ≃ 1.1 cannot be explained by ChQM [95,96] and

TABLE III. Quark model parameters adopted in present work.

Parameter muðdÞ ms mc mb αρ (for ΛcðbÞ and ΣcðbÞ) αρ (for Ξð0Þ
cðbÞ)

αρ (for ΩcðbÞ) fπ fK

Value (MeV) 330 450 1480 5000 400 420 440 132 160

TABLE IV. Partial widths of strong decays for the λ-mode D-
wave Λc and Λb baryons. The masses of the D-wave Λc (Λb)
states j2Dλλ

3
2
þi and j2Dλλ

5
2
þi are taken as 2856 and 2881 (6190

and 6196) MeV, respectively. The superscript (subscript) stands
for the uncertainty of a prediction with a þ10% (−10%)
uncertainty of the oscillator parameter αρ.

jΛc
2Dλλ

3
2
þið2856Þ jΛc

2Dλλ
5
2
þið2881Þ

Decay mode Γi (MeV) Γi (MeV)

Σcπ 4.57þ1.09
−1.20 1.33−0.35þ0.50

Σ�
cπ 0.95−0.03þ0.09 4.38þ0.67

−0.74
Sum 5.52þ1.06

−1.11 5.71þ0.32
−0.24

jΛb
2Dλλ

3
2
þið6190Þ jΛb

2Dλλ
5
2
þið6196Þ

Decay mode Γi (MeV) Γi (MeV)

Σbπ 6.32þ1.78
−1.91 1.83−0.47þ0.67

Σ�
bπ 2.76−0.22þ0.41 7.42þ1.38

−1.43
Sum 9.08þ1.56

−1.50 9.25þ0.91
−0.76
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many other approaches [117–119]. Then, people proposed
an alternative solution that there might exist two largely
overlapping resonances at about 2.86 GeV [95,120], which
was confirmed by LHCb recently [116].
To better understand the properties of Λcð2880Þ, con-

sidering it as the 1D-wave state jΛc
2Dλλ

5
2
þi, we further

study its radiative decays into the 1P-wave charmed baryon
states. Our results are listed in Table V. It is found that most
of the partial radiative widths ofΛcð2880Þ into the 1P-wave
states are Oð100Þ eV. Combining these partial widths with
the total decay width of Λcð2880Þ, we find the branching
fractions for the main radiative decay channels are
Oð10−5Þ. The small decay rates indicate that the radiative
decays of Λcð2880Þ into the 1P-wave states might be hard
to be observed in experiments.

2. JP = 3=2+ state and Λcð2860Þ
Recently, besides the confirmation of Λcð2880Þ in the

D0p channel, the LHCb Collaboration observed a new
charmed baryon state, Λcð2860Þ, with a broad width of
Γ ≃ 67:6þ10.1

−8.1 MeV in the same channel [25]. The deter-
mined spin-parity quantum numbers are JP ¼ 3=2þ [25].

Both the mass and decay modes ofΛcð2860Þ indicate that it
might be assigned to the λ-mode excited 1D-wave charmed
baryon state jΛc

2Dλλ
3
2
þi [21,33,41]. Considering Λcð2860Þ

as the jΛc
2Dλλ

3
2
þi state, we predict its partial widths into the

Σcð2455Þπ and Σcð2520Þπ channels,

Γ½Σcð2455Þπ� ≃ 4.6 MeV; Γ½Σcð2520Þπ� ≃ 1.0 MeV;

ð8Þ

which roughly agree with the predictions in Ref. [41].
Combining these predicted partial widths with the mea-
sured width of Λcð2860Þ, we further estimate that the
branching fractions of the Σcð2455Þπ and Σcð2520Þπ
channels can reach up to 7% and 2%, respectively. The
relatively large branching fractions indicate that Λcð2860Þ
might be observed in the Σcð2455Þπ and Σcð2520Þπ
channels as well.
Considering Λcð2860Þ as the 1D-wave state jΛc

2Dλλ
3
2
þi,

we also study its radiative decays into the 1P-wave states.
Our results are listed in Table V as well. It is found that the
radiative decay rates into the 1P-wave states are small.
Their partial decay widths are Oð10Þ eV. Combining these
partial widths with the total decay width of Λcð2860Þ,
we find the branching fractions, B½Λcð2860Þ → 1Pγ�, are
Oð10−6Þ, which indicates the radiative decays of Λcð2860Þ
into the 1P-wave states might be hard to be observed in
experiments.

B. Λb states

In the Λb family, there are two λ-mode 1D-wave
excitations jΛb

2Dλλ
3
2
þi and jΛb

2Dλλ
5
2
þi according to the

quark model classification. The masses for the λ-mode
1D-wave Λb excitations are predicted to be ∼6.2 GeV in
various models (see Table I). In the possible mass region of
the 1D-wave Λb excitations, we study their strong decay
properties, which have been shown in Fig. 1. To be more
specific, taking the masses of the 1D-wave states as
predicted in the relativistic quark-diquark picture [21],
we further present the results in Table IV.

1. JP = 3=2+ state

From Fig. 1, it is found that if the mass of jΛb
2Dλλ

3
2
þi is

∼6200 MeV as predicted in theory [21,27] it should be a
narrow state with a width of Γtotal ≃ 10 MeV. The decays
may be saturated by the Σbπ and Σ�

bπ channels, and the
partial width ratio between them is predicted to be

ΓðΣbπÞ
ΓðΣ�

bπÞ
≃ 2; ð9Þ

which is less sensitive to the mass of jΛb
2Dλλ

3
2
þi. On the

other hand, if the mass of jΛb
2Dλλ

3
2
þi is larger than

6240 MeV, more strong decay channels may open. The

TABLE V. Partial widths of radiative decays for the λ-mode D-
wave Λc and Λb baryons. The masses of the D-wave Λc (Λb)
states j2Dλλ

3
2
þi and j2Dλλ

5
2
þi are taken as 2856 and 2881 (6190

and 6196) MeV, respectively.Mf stands for the masses of P-wave
heavy baryons (MeV) in the final states, which are adopted from
the RPP [24] and Ref. [21]. The superscript (subscript) stands for
the uncertainty of a prediction with a þ10% (−10%) uncertainty
of the oscillator parameter αρ.

jΛc
2Dλλ

3
2
þið2856Þ jΛc

2Dλλ
5
2
þið2881Þ

Decay mode Mf Γi (keV) Γi (keV)

jΛþ
c
2Pλ

1
2
−iγ 2592 0.01 0.13−0.03þ0.03

jΛþ
c
2Pλ

3
2
−iγ 2628 0.07 0.26−0.02þ0.03

jΣþ
c
2Pλ

1
2
−iγ 2713 0.23−0.04þ0.05 0.80−0.12þ0.15

jΣþ
c
2Pλ

3
2
−iγ 2798 0.01 0.05

jΣþ
c
4Pλ

1
2
−iγ 2799 < 0.01 < 0.01

jΣþ
c
4Pλ

3
2
−iγ 2773 0.08 0.13−0.02þ0.03

jΣþ
c
4Pλ

5
2
−iγ 2789 < 0.01 0.19−0.03þ0.04

jΛb
2Dλλ

3
2
þið6190Þ jΛb

2Dλλ
5
2
þið6196Þ

Decay mode Mf Γi (keV) Γi (keV)

jΛ0
b
2Pλ

1
2
−iγ 5912 19.7−3.0þ3.7 1.67−0.34þ0.49

jΛ0
b
2Pλ

3
2
−iγ 5920 6.26−1.08þ1.45 24.1−3.7þ4.7

jΣ0
b
2Pλ

1
2
−iγ 6101 0.04 0.09

jΣ0
b
2Pλ

3
2
−iγ 6096 0.17−0.03þ0.04 0.18−0.03þ0.03

jΣ0
b
4Pλ

1
2
−iγ 6095 0.08 0.01

jΣ0
b
4Pλ

3
2
−iγ 6087 0.34−0.05þ0.07 0.21−0.04þ0.04

jΣ0
b
4Pλ

5
2
−iγ 6084 0.11−0.02þ0.02 0.75−0.12þ0.16
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jΛb
2Dλλ

3
2
þi state may have a large decay rate into the

jΣb
2Pλ

3
2
−iπ channel as well (see Fig. 1). To establish the

missing D-wave state jΛb
2Dλλ

3
2
þi, the decay channel Σbπ

might be the ideal channel to be observed in future
experiments.
We further estimate the radiative decays of jΛb

2Dλλ
3
2
þi

into the 1P-wave states. Our results are listed in Table V. It
is found that jΛb

2Dλλ
3
2
þi has a relatively large decay rate

into Λbð5912Þ12−γ, and the partial width of Γ½jΛb
2Dλλ

3
2
þi →

Λbð5912Þ12−γ� can reach up to ∼20 keV. Combining it with
our predicted total width, we find the branching fraction of
B½jΛb

2Dλλ
3
2
þi → Λbð5912Þγ� is Oð10−3Þ, which indicates

that jΛb
2Dλλ

3
2
þi has the possibility of being observed in the

Λbð5912Þ12−γ channel.

2. JP = 5=2+ state

If the mass of jΛb
2Dλλ

5
2
þi is less than 6200 MeV as

predicted in various quark models [21,27], the decays of
jΛb

2Dλλ
5
2
þi may be saturated by the Σbπ and Σ�

bπ channels.
The jΛb

2Dλλ
5
2
þi state has a narrow width of Γtotal≃

10 MeV, which is comparable with that of jΛb
2Dλλ

3
2
þi

(see Fig. 1). However, the strong decays of jΛb
2Dλλ

5
2
þi are

governed by the Σ�
bπ channel. The partial width ratio

between Σbπ and Σ�
bπ is predicted to be

ΓðΣbπÞ
ΓðΣ�

bπÞ
≃ 0.25; ð10Þ

which shows few sensibilities to the mass of jΛb
2Dλλ

5
2
þi.

On the other hand, if the mass of jΛb
2Dλλ

5
2
þi is larger than

6240 MeV, more strong decay channels may open.
The jΣb

4Pλ
5
2
−iπ decay mode may play an important role

in the decays as well. To establish the missingD-wave state
jΛb

2Dλλ
5
2
þi, the decay channel Σ�

bπ should be the ideal
channel to be observed in future experiments.
To know more properties of jΛb

2Dλλ
5
2
þi, we further

estimate its radiative decays into the 1P-wave states. Our
results are listed in Table V. It is found that the radiative
process jΛb

2Dλλ
5
2
þi → Λbð5920Þ32−γ has a relatively large

partial width∼24 keV. Combining it with our predicted total
width, we find the branching fraction of B½jΛb

2Dλλ
5
2
þi →

Λbð5920Þ32−γ� is Oð10−3Þ, which indicates that jΛb
2Dλλ

5
2
þi

has the possibility of being observed in the Λbð5920Þ32−γ
channel.

C. Ξc states

In the Ξc family, there are two λ-mode 1D-wave
excitations jΞc

2Dλλ
3
2
þi and jΞc

2Dλλ
5
2
þi. The typical masses

of the λ-mode 1D-wave Ξc excitations are ∼3.05 GeV
within various quark model predictions (see Table I). From
the point of view of mass, the charmed-strange baryons
Ξcð3055Þþ and Ξcð3080Þþ observed in theΛcK̄π final state
by the Belle [121] and BABAR [122] Collaborations are
good candidates of the λ-mode 1D-wave states. Recently, a
new decay mode DþΛ for both Ξcð3055Þþ and Ξcð3080Þþ
was observed by the Belle Collaboration [123]. They first
reported the following partial width ratios:

Γ½Ξcð3055Þþ → ΛDþ�
Γ½Ξcð3055Þþ → Σcð2455ÞþþK−� ¼ 5.09� 1.01� 0.76;

ð11Þ
Γ½Ξcð3080Þþ → ΛDþ�

Γ½Ξcð3080Þþ → Σcð2455ÞþþK−� ¼ 1.29� 0.30� 0.15;

ð12Þ
and

Γ½Ξcð3080Þþ → Σcð2520ÞþþK−�
Γ½Ξcð3080Þþ → Σcð2455ÞþþK−� ¼ 1.07� 0.27� 0.01:

ð13Þ
Furthermore, more accurate widths for both Ξcð3055Þþ
and Ξcð3080Þþ were obtained by the Belle Collaboration,

FIG. 1. Strong decay partial widths of the main decay modes
for the λ-mode 1D-wave excited Λb states jΛbDλλ3=2þi and
jΛbDλλ5=2þi as functions of their mass. The solid curves stand
for the total widths. The masses of the P-wave heavy baryons in
final states are adopted from the quark model predictions in
Ref. [21] (see Table II).
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i.e., ΓΞcð3055Þþ ¼7.8�1.1�1.5 and ΓΞcð3080Þþ ¼3.0�0.7�
0.4MeV [123].

1. JP = 3=2+ state and Ξcð3055Þ
In Ref. [48], the strong decay properties of the 1D-wave

states were studied within ChQM. It is found that Ξcð3055Þ
seems to favor the JP ¼ 3=2þ state jΞc

2Dλλ
3
2
þi, which is

consistent with the predictions in Refs. [21,41]. Based on
the SU(4) symmetry, we estimated the partial width of
Γ½Ξcð3055Þþ → ΛDþ�, which is too small to compare with
the observation at Belle [123]. The serious SU(4) symmetry
breaking might lead to our failed description of the decays
into the DþΛ channel. Assigning Ξcð3055Þ as jΞc

2Dλλ
3
2
þi,

it should have relatively large decay rates into Ξ0
cπ and

Σcð2455ÞK channels (see Table VI). The predicted partial
width ratio between these two channels is

Γ½Ξ00
c π

þ�
Γ½Σcð2455ÞþþK−� ≃ 0.78: ð14Þ

Combining the predicted partial width of Γ½Ξcð3055Þþ →
Σcð2455ÞþþK−� ≃ 2.4 MeV with Eq. (11), we estimate the
partial width into the ΛD channel: Γ½Ξcð3055Þþ →
ΛDþ� ≃ 12.2� 4.2 MeV. Finally, the total width of
Ξcð3055Þ is estimated to be Γ ≃ 17.5� 4.2 MeV, which
is close to the upper limit of the observation. Other
interpretations of Ξcð3055Þ also can be found in the
literature [42,43,45]. To further confirm the nature of
Ξcð3055Þ, the ratio of Γ½Ξ00

c π
þ�=Γ½Σcð2455ÞþþK−� is worth

observing in future experiments.
Furthermore, the nature of Ξcð3055Þ can be tested by its

radiative decays. Assigning Ξcð3055Þ as the JP ¼ 3=2þ

state jΞc
2Dλλ

3
2
þi, we study its radiative decays into the 1P-

wave charmed baryon states. Our results are listed in
Table VII. It is found that the Ξcð3055Þ0 → Ξcð2790Þ0γ
process has a relatively large partial decay width, ∼80 keV.
Combining it with the measured width of Ξcð3055Þ,
we predict the branching fraction B½Ξcð3055Þ0 →
Ξcð2790Þ0γ� ≃ 1.0%. Thus, the neutral state Ξcð3055Þ0 is
most likely to be observed in the Ξcð2790Þ0γ channel if it
corresponds to the JP ¼ 3=2þ state jΞc

2Dλλ
3
2
þi indeed.

2. JP = 5=2+ state and Ξcð3080Þ
The Ξcð3080Þ resonance is suggested to be the ρ-mode

2S-wave state with JP ¼ 1=2− in Ref. [48]. The observa-
tion of Ξcð3080Þþ in the DþΛ channel excludes this
assignment because the DþΛ decay mode should be for-
bidden [48]. The mass and decay modes observed in experi-
ments indicate thatΞcð3080Þ is most likely to be the λ-mode
1D excitation of Ξc with JP ¼ 5=2þ (i.e., jΞc

2Dλλ
5
2
þi)

[21,41,44]. Considering Ξcð3080Þþ as the jΞc
2Dλλ

5
2
þi state,

we find that it has relatively large decay rates into the
Σ�
cð2520ÞK and Ξ0

c
�ð2645Þπ (see Table VI). The partial

width ratio between these two main channels is predicted
to be

Γ½Ξ�0
c ð2645Þπþ�

Γ½Σcð2520ÞþþK−� ≃ 1.2: ð15Þ

Combining it with the predicted partial width of
Γ½Ξcð3080Þþ → Σcð2455ÞþþK−� ∼ 0.22 MeV, we esti-
mate that Γ½Ξcð3080Þþ → ΛDþ� ≃ 0.2 MeV. Finally, the
total width of Ξcð3080Þ is estimated to be Γ ≃ 6.9 MeV,
which is close to the upper limit of the observation from the
Belle Collaboration [123]. However, our predicted partial
width ratio between the ΣcK and Σ�

cK channels

Γ½Σþþ
c ð2520ÞK−�

Γ½Σcð2455ÞþþK−� ≃ 7.6 ð16Þ

is about an order of magnitude larger than the observed ratio
listed in Eq. (13), and a similar phenomenon is found by
Chen et al. within their 3P0 analysis [41]. It should be

mentioned that the measured ratio R ¼ Γ½Σþþ
c ð2520ÞK−�

Γ½Σcð2455ÞþþK−� ≃
1.07� 0.27 of Ξcð3080Þ may be strongly affected by its

TABLE VI. Partial widths of strong decays for the λ-mode D-
wave Ξc and Ξb baryons. The masses of the D-wave Ξc (Ξb)
states j2Dλλ

3
2
þi and j2Dλλ

5
2
þi are taken as 3055 and 3080 (6373

and 6366) MeV, respectively.Mf stands for the masses of P-wave
heavy baryons (MeV) in the final states, which are adopted from
the RPP [24] and Ref. [21]. The superscript (subscript) stands for
the uncertainty of a prediction with a þ10% (−10%) uncertainty
of the oscillator parameter αρ.

jΞc
2Dλλ

3
2
þið3055Þ jΞc

2Dλλ
5
2
þið3080Þ

Decay mode Mf Γi (MeV) Γi (MeV)

Ξ0
cπ 2575 1.93þ0.57

−0.61 0.75−0.18þ0.27
Ξ0�

cπ 2645 0.60−0.04þ0.07 2.08þ0.38
−0.40

ΣcK 2455 2.49þ0.38
−0.29 0.22<−0.01

þ0.10
Σ�
cK 2520 0.14<−0.01

<þ0.01 1.68þ0.11
−0.14

jΞ0
c1

4Pλ
1
2
−iπ 2854 < 0.01 1.42þ0.39

−0.34
jΞ0

c1
4Pλ

3
2
−iπ 2912 0.04 0.20þ0.04

−0.03
jΞ0

c1
4Pλ

5
2
−iπ 2929 � � � 0.54þ0.10

−0.10
Sum 5.20þ0.91

−0.83 6.90þ0.84
−0.64

jΞb
2Dλλ

3
2
þið6366Þ jΞb

2Dλλ
5
2
þið6373Þ

Decay mode Mf Γi (MeV) Γi (MeV)

Ξ0
bπ 5935 2.41þ0.79

−0.81 0.90−0.22þ0.30
Ξ0�

bπ 5955 1.45−0.13þ0.25 3.22þ0.68
−0.68

ΣbK 5811 2.47þ0.20
−0.27 0.07

Σ�
bK 5832 0.30þ0.04

−0.01 2.10þ0.12
−0.16

jΞ0
b1

4Pλ
1
2
−iπ 6227 < 0.01 0.28þ0.06

−0.06
jΞ0

b1
4Pλ

3
2
−iπ 6224 0.11þ0.02

−0.02 0.10þ0.02
−0.02

jΞ0
b1

4Pλ
5
2
−iπ 6226 0.06 0.45þ0.09

−0.09
Sum 6.8þ0.92

−0.02 7.11þ0.75
−0.71

STRONG AND RADIATIVE DECAYS OF THE LOW-LYING … PHYS. REV. D 98, 076015 (2018)

076015-7



nearby states, such as Ξcð3055Þ. Thus, the measured ratio
from Belle [123] may not be a genuine ratio for Ξcð3080Þ.
Furthermore, assigning Ξcð3080Þ as the JP ¼ 5=2þ state

jΞc
2Dλλ

5
2
þi, we study its radiative decays. Our results are

listed in Table VII. It is found that the Ξcð3080Þ0 should
have a relatively large decay rate into Ξcð2815Þ032−γ. The
partial decay width is predicted to be Γ½Ξcð3080Þ0 →
Ξcð2815Þ0γ� ≃ 85 keV. Combining it with the mea-
sured width of Ξcð3080Þ, we predict the branching

fraction B½Ξcð3055Þ0 → Ξcð2815Þ0γ� ≃ 3%. The neutral
state Ξcð3080Þ0 is most likely to be observed in the
Ξcð2815Þ0γ channel if it corresponds to the JP ¼ 5=2þ

state jΞc
2Dλλ

5
2
þi indeed.

D. Ξb states

In the Ξb family, there are two λ-mode 1D-wave
excitations jΞb

2Dλλ
3
2
þi and jΞb

2Dλλ
5
2
þi. The typical masses

of the λ-mode 1D-wave Ξb excitations are 6.3–6.4 GeV
within various quark model predictions (see Table I). In the
possible mass regions, the strong decays of these 1D-wave
states are studied with ChQM. Our results have been shown
in Fig. 2. To be more specific, taking the masses of the
1D-wave states obtained in the relativistic quark-diquark
picture [21], we give the predicted widths in Table VI.

1. JP = 3=2+ state

The JP ¼ 3=2þ state jΞb
2Dλλ

3
2
þi might be a narrow state

with a width of a few MeV. It mainly decays into Ξ0
bπ, Ξ0�

b π
and ΣbK channels. The partial widths of Ξ0

bπ, Ξ0�
b π are

less sensitive to the mass of jΞb
2Dλλ

3
2
þi; however,

the partial width for the ΣbK channel shows a significant
linear dependence on the mass (see Fig. 2). If the mass of
jΞb

2Dλλ
3
2
þi takes the predicted value ∼6.37 GeV in

Ref. [21], the branching fractions for the main channels
are predicted to be

Γ½Ξ0
bπ;Ξ0�

b π;ΣbK�
Γtotal

¼ 35%; 21%; 36%: ð17Þ

The Ξ0
bπ and ΣbK decay channels may be ideal channels for

our search for this missing 1D-wave Ξb baryon in future
experiments.
Furthermore, we study the radiative decays of

jΞb
2Dλλ

3
2
þi into the 1P-wave bottom baryon states. Our

results are listed in Table VII. It is found that the charged
state jΞ−

b
2Dλλ

3
2
þi might have a relatively large decay rate

into Ξ−
b ð12−Þγ. The partial decay width can reach up to

∼30 keV if the mass for jΞb
2Dλλ

3
2
þi is taken to be

∼6366 MeV as predicted in the relativistic quark model
[21]. Combining the predicted total width of jΞb

2Dλλ
3
2
þi,

we estimate the branching fraction B½jΞ−
b
2Dλλ

3
2
þi →

Ξ−
b ð12−Þγ� ≃Oð10−3Þ.

2. JP = 5=2+ state

The JP ¼ 5=2þ state jΞb
2Dλλ

5
2
þi may be a narrow state

with a width comparable to the JP ¼ 3=2þ state jΞb
2Dλλ

3
2
þi

(i.e., a few MeV). The decays of jΞb
2Dλλ

5
2
þi are governed

by Ξ0�
b π, which is less sensitive to its mass. If the mass of

jΞb
2Dλλ

5
2
þi is taken to be ∼6.37 GeV as the prediction in

Ref. [21], the decay channel Σ�
bK becomes important as

well (see Table VI). In this case, the branching fractions for
the Ξ0

bπ, Ξ0�
b π and ΣbK channels are predicted to be

TABLE VII. Partial widths of radiative decays for the λ-mode
D-wave Ξc and Ξb baryons. The masses of the D-wave Ξc (Ξb)
states j2Dλλ

3
2
þi and j2Dλλ

5
2
þi are taken as 3055 and 3080 (6366

and 6373) MeV, respectively.Mf stands for the masses of P-wave
heavy baryons (MeV) in the final states, which are adopted from
the RPP [24] and Ref. [21]. The superscript (subscript) stands for
the uncertainty of a prediction with a þ10% (−10%) uncertainty
of the oscillator parameter αρ.

jΞc
2Dλλ

3
2
þið3055Þ jΞc

2Dλλ
5
2
þið3080Þ

Decay mode Mf Γi (keV) Γi (keV)

jΞþ
c
2Pλ

1
2
−iγ 2792 1.09−0.22þ0.33 0.36−0.06þ0.08

jΞ0
c
2Pλ

1
2
−iγ 79.0−12.8þ16.7 7.62−1.41þ1.97

jΞþ
c
2Pλ

3
2
−iγ 2815 0.57−0.11þ0.15 0.28−0.07þ0.11

jΞ0
c
2Pλ

3
2
−iγ 21.1−3.6þ4.9 85.1−13.9þ18.2

jΞ0þ
c

2Pλ
1
2
−iγ 2936 0.06 0.26−0.04þ0.05

jΞ00
c
2Pλ

1
2
−iγ 0.0 0.0

jΞ0þ
c

2Pλ
3
2
−iγ 2935 0.22−0.04þ0.05 0.42−0.07þ0.08

jΞ00
c
2Pλ

3
2
−iγ 0.0 0.0

jΞ0þ
c

4Pλ
1
2
−iγ 2854 0.97−0.13þ0.16 0.21−0.02þ0.03

jΞ00
c
4Pλ

1
2
−iγ 0.0 0.0

jΞ0þ
c

4Pλ
3
2
−iγ 2912 0.66−0.11þ0.13 0.63−0.10þ0.12

jΞ00
c
4Pλ

3
2
−iγ 0.0 0.0

jΞ0þ
c

4Pλ
5
2
−iγ 2929 0.09 1.24−0.20þ0.27

jΞ00
c
4Pλ

5
2
−iγ 0.0 0.0

jΞb
2Dλλ

3
2
þið6366Þ jΞb

2Dλλ
5
2
þið6373Þ

Decay mode Mf Γi (keV) Γi (keV)

jΞ0
b
2Pλ

1
2
−iγ 6120 3.62−0.51þ0.64 0.33−0.07þ0.10

jΞ−
b
2Pλ

1
2
−iγ 32.0−4.9þ6.2 2.58−0.53þ0.76

jΞ0
b
2Pλ

3
2
−iγ 6130 1.09−0.19þ0.26 4.78−0.71þ0.88

jΞ−
b
2Pλ

3
2
−iγ 9.40−1.63þ2.19 39.5−6.2þ7.9

jΞ00
b
2Pλ

1
2
−iγ 6233 0.17−0.02þ0.04 0.37−0.05þ0.07

jΞ0−
b

2Pλ
1
2
−iγ 0.0 0.0

jΞ00
b
2Pλ

3
2
−iγ 6234 0.57−0.09þ0.13 0.56−0.09þ0.12

jΞ0−
b

2Pλ
3
2
−iγ 0.0 0.0

jΞ00
b
4Pλ

1
2
−iγ 6227 0.31−0.05þ0.05 0.05

jΞ0−
b

4Pλ
1
2
−iγ 0.0 0.0

jΞ00
b
4Pλ

3
2
−iγ 6224 1.04−0.16þ0.22 0.59−0.08þ0.11

jΞ0−
b

4Pλ
3
2
−iγ 0.0 0.0

jΞ00
b
4Pλ

5
2
−iγ 6226 0.27−0.04þ0.06 1.82−0.29þ0.38

jΞ0−
b

4Pλ
5
2
−iγ 0.0 0.0
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Γ½Ξ0
bπ;Ξ0�

b π;ΣbK�
Γtotal

¼ 12%; 45%; 29%: ð18Þ

To establish this missing 1D-wave Ξb baryon with
JP ¼ 5=2þ, its dominant decay modes Ξ0�

b π and ΣbK are
worth observing in future experiments.
We also study the radiative decays of jΞb

2Dλλ
5
2
þi into the

1P-wave bottom baryon states. Our results are listed in
Table VII as well. It is found that the charged state
jΞ−

b
2Dλλ

5
2
þi might have a relatively large decay rate into

Ξ−
b ð32−Þγ. The partial decay width can reach up to ∼40 keV.

If the mass for jΞb
2Dλλ

3
2
þi is taken to be ∼6373 MeV as

predicted in the relativistic quark model [21]. Combining
the predicted total width of jΞb

2Dλλ
5
2
þi, we estimate the

branching fraction B½jΞ−
b
2Dλλ

5
2
þi → Ξ−

b ð32−Þγ� ≃Oð10−3Þ.

IV. RESULTS FOR SINGLY HEAVY
BARYONS OF 6F

A. Σc

In the Σc family, according to the quark model
classification, there are six λ-mode 1D-wave exci-
tations: jΣc

4Dλλ
1
2
þi, jΣc

4Dλλ
3
2
þi, jΣc

2Dλλ
3
2
þi, jΣc

2Dλλ
5
2
þi,

jΣc
4Dλλ

5
2
þi, and jΣc

4Dλλ
7
2
þi. However, no D-wave states

have been established. The typical masses of the λ-mode
1D-wave Σc excitations are predicted to be ∼3.0 GeV
within various quark models (see Table II). In the possible

FIG. 2. Strong decay partial widths of the main decay modes
for the λ-mode 1D-wave excited Ξb states jΞbDλλ3=2þi and
jΞbDλλ5=2þi as functions of their mass. The solid curves stand
for the sum of the strong decay partial widths.

FIG. 3. Strong decay partial widths of the main decay modes for the λ-mode 1D-wave excited Σc states as functions of their mass. The
bold solid curves stand for the sum of the partial widths. The masses of the P-wave heavy baryons in final states are adopted from the
quark model predictions in Ref. [21] (see Table II).
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mass range, we study their strong decay transitions within
ChQM. Our results are shown in Fig. 3. To be more
specific, taking the masses of the 1D-wave states as
predicted in the relativistic quark-diquark picture [21],
we further present the results in Table VIII.

1. JP = 1=2+ state

The JP ¼ 1=2þ state jΣc
4Dλλ

1
2
þi might be a broad state.

If its mass is taken as the prediction 3041 MeV in Ref. [21],
the sum of the partial widths for the pionic and kaonic
decays can reach up to ΓSum ∼ 160 MeV (see Table VIII).
This state has large decay rates into Λcð2595Þπ and
Λcð2625Þπ final states. The ratios between the partial
decay widths for the Λcð2595Þπ and Λcð2625Þπ channels
and ΓSum are predicted to be

Γ½Λcð2595Þπ�
ΓSum

≃ 33%;
Γ½Λcð2625Þπ�

ΓSum
≃ 40%: ð19Þ

Both Λcð2595Þπ and Λcð2625Þπ may be ideal channels for
our search for jΣc

4Dλλ
1
2
þi in future experiments.

We also estimate its radiative transitions into the
1P-wave charmed baryon states. Our results are listed in

Table IX. It is found that jΣþþð0Þ
c

4Dλλ
1
2
þi might have

relatively large decay rates into jΣþþð0Þ
c

4Pλ
1
2
−iγ and

jΣþþð0Þ
c

4Pλ
3
2
−iγ, and their partial radiative decay widths

are estimated to be Oð10Þ–Oð100Þ keV. The branching
fractions for these main radiative decay processes may
reach up to Oð10−4Þ −Oð10−3Þ.

TABLE VIII. Strong decay partial widths of the main decay modes for the λ-mode D-wave Σc and Σb baryons, the masses (MeV) of
which taken from the quark model predictions of Ref. [21].Mf stands for the masses of P-wave heavy baryons (MeV) in the final states,
which are adopted from the RPP [24] and Ref. [21]. The superscript (subscript) stands for the uncertainty of a prediction with a þ10%
(−10%) uncertainty of the oscillator parameter αρ.

jΣc
2Dλλ

3
2
þið3043Þ jΣc

2Dλλ
5
2
þið3038Þ jΣc

4Dλλ
1
2
þið3041Þ jΣc

4Dλλ
3
2
þið3040Þ jΣc

4Dλλ
5
2
þið3023Þ jΣc

4Dλλ
7
2
þið3013Þ

Decay mode Mf Γi (MeV) Γi (MeV) Γi (MeV) Γi (MeV) Γi (MeV) Γi (MeV)

Λcπ 2286 1.29þ2.54
−1.22 11.9−1.65þ1.51 2.62þ5.09

−2.46 1.15þ2.32
−1.09 3.1−0.46þ0.42 13.1−2.06þ1.83

Σcπ 2455 7.06þ4.66
−3.95 8.78−1.86þ2.25 3.53þ2.31

−1.96 1.77þ1.14
−0.98 0.54−0.11þ0.14 2.18−0.48þ0.60

Σ�
cπ 2520 2.44−0.33þ0.48 2.91þ0.72

−0.61 1.71þ0.79
−0.76 7.47þ2.04

−1.77 11.6þ0.80
−0.34 1.45þ0.13

−0.02
ΞcK 2470 1.17þ0.12

−0.14 0.03 2.27þ0.22
−0.27 1.12þ0.10

−0.13 < 0.01 0.01
jΛc

2Pλ
1
2
−iπ 2592 4.93þ0.25

−0.19 10.3−0.83þ0.68 52.6−3.2þ2.7 3.06þ2.44
−1.70 11.2−0.8þ0.9 11.1þ3.5

−3.0
jΛc

2Pλ
3
2
−iπ 2628 52.8þ6.76

−5.77 10.9þ2.1
−2.4 64.0þ22.2

−18.8 43.1þ4.4
−3.7 1.92þ0.02

<þ0.01 24.2þ0.05
−0.04

jΣc
2Pλ

1
2
−iπ 2713 4.09þ0.35

−0.29 5.85−0.75þ0.86 7.56−0.77þ0.89 2.10þ0.99
−0.82 1.13−0.16þ0.18 2.83þ0.76

−0.68
jΣc

2Pλ
3
2
−iπ 2798 25.6þ4.82

−4.29 0.76−0.05þ0.18 15.8þ4.0
−3.6 3.58þ0.39

−0.34 0.01 0.95þ0.06
−0.04

jΣc
4Pλ

1
2
−iπ 2799 0.09 1.30þ0.38

−0.33 0.46−0.07þ0.10 22.4þ3.4
−3.0 12.1þ2.1

−1.9 < 0.01

jΣc
4Pλ

3
2
−iπ 2773 3.42þ0.22

−0.16 1.26þ0.11
−0.09 4.18þ0.05

þ0.02 18.9þ2.4
−2.0 4.54þ2.16

−1.80 1.03−0.03þ0.04

jΣc
4Pλ

5
2
−iπ 2789 2.20þ0.06

<þ0.01 4.51þ0.57
−0.45 6.1þ1.96

−1.72 16.8þ4.8
−4.3 23.0þ3.3

−2.9 1.26−0.05þ0.09

Sum 105þ19.5
−15.5 58.5−1.3þ1.6 160.8þ32.6

−25.9 121.5þ24.4
−19.8 69.1þ6.9

−5.3 58.1þ1.9
−1.2

jΣb
2Dλλ

3
2
þið6326Þ jΣb

2Dλλ
5
2
þið6284Þ jΣb

4Dλλ
1
2
þið6311Þ jΣb

4Dλλ
3
2
þið6285Þ jΣb

4Dλλ
5
2
þið6270Þ jΣb

4Dλλ
7
2
þið6260Þ

Decay mode Mf Γi (MeV) Γi (MeV) Γi (MeV) Γi (MeV) Γi (MeV) Γi (MeV)

Λbπ 5620 0.56þ2.76
−0.46 17.3−1.1þ1.6 1.56þ5.81

−1.51 1.21þ3.07
−1.20 4.43−0.58þ0.45 18.5−2.6þ2.1

Σbπ 5811 8.28þ5.54
−4.66 6.32−1.44þ1.82 4.16þ2.51

−2.20 2.03þ1.03
−0.96 0.37−0.09þ0.11 1.43−0.33þ0.46

Σ�
bπ 5832 4.21−0.58þ0.80 3.26þ0.81

−0.70 2.05þ1.08
−1.00 8.36þ2.26

−2.01 12.6þ0.9
−0.5 1.54þ0.15

−0.05
ΞbK 5794 0.89þ0.06

−0.06 · · · 0.88þ0.03
−0.04 · · · · · · · · ·

jΛb
2Pλ

1
2
−iπ 5912 5.70þ0.22

−0.13 6.96−0.61þ0.54 51.6−2.9þ2.2 3.05þ2.13
−1.55 7.68−0.65þ0.66 8.89þ2.77

−2.34
jΛb

2Pλ
3
2
−iπ 5920 70.0þ8.3

−7.5 10.4−2.0þ2.3 66.0þ24.1
−20.1 40.5þ4.1

−3.4 1.90−0.001þ0.02 21.1þ0.06
−0.1

jΣb
2Pλ

1
2
−iπ 6101 1.18þ0.15

−0.13 0.13−0.02þ0.03 0.71−0.07þ0.09 0.81þ0.22
−0.20 0.01 0.43þ0.09

−0.08
jΣb

2Pλ
3
2
−iπ 6096 25.6þ4.8

−4.2 0.28þ0.09
−0.05 13.1þ3.2

−2.9 1.49þ0.20
−0.18 < 0.01 0.24þ0.03

−0.03
jΣb

4Pλ
1
2
−iπ 6095 0.10−0.04þ0.07 0.79þ0.21

−0.18 0.33−0.06þ0.07 10.5þ1.81
−1.55 5.30þ1.0

−0.90 < 0.01

jΣb
4Pλ

3
2
−iπ 6087 2.53þ0.16

−0.12 0.41þ0.05
−0.05 2.24þ0.04

−0.01 6.44þ1.01
−0.88 3.52þ1.09

−0.97 0.15þ0.01
<−0.01

jΣb
4Pλ

5
2
−iπ 6084 2.39þ0.02

þ0.03 2.09þ0.32
−0.27 5.46þ1.72

−1.52 10.7þ2.8
−2.5 10.8þ1.8

−1.6 0.34þ0.02
−0.01

Sum 121.4þ21.4
−16.4 47.9−3.7þ5.0 148.0þ35.5

−26.9 85.1þ18.6
−14.4 48.5þ3.5

−2.7 52.6þ0.2
−0.05
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2. JP = 3=2+ states

The JP ¼ 3=2þ state jΣc
2Dλλ

3
2
þi dominantly decays into

theP-wave states through the pionic decaymodesΛcð2625Þπ
and jΣc

2Pλ
3
2
−iπ, while its decay rate into Σcπ is sizable. It has

a width of Oð10Þ–Oð100Þ MeV, which significantly

depends on its mass. If the mass is taken as the prediction
3043 MeV in Ref. [21], the sum of the partial widths of the
pionic decays is ΓSum ∼ 100 MeV (see Table VIII), and the
ratios between the partial decaywidths for theΛcð2625Þπ and
Σcπ channels and ΓSum are predicted to be

TABLE IX. Partial widths of radiative decays for the λ-mode D-wave Σc and Σb baryons, the masses (MeV) of which are taken from
the quark model predictions of Ref. [21].Mf stands for the masses of P-wave heavy baryons (MeV) in the final states, which are adopted
from the RPP [24] and Ref. [21]. The superscript (subscript) stands for the uncertainty of a prediction with aþ10% (−10%) uncertainty
of the oscillator parameter αρ.

jΣc
2Dλλ

3
2
þið3043Þ jΣc

2Dλλ
5
2
þið3038Þ jΣc

4Dλλ
1
2
þið3041Þ jΣc

4Dλλ
3
2
þið3040Þ jΣc

4Dλλ
5
2
þið3023Þ jΣc

4Dλλ
7
2
þið3013Þ

Decay mode Mf Γi (keV) Γi (keV) Γi (keV) Γi (keV) Γi (keV) Γi (keV)

jΣþþ
c

2Pλ
1
2
−iγ 2713 231.9−27.7þ30.6 58.4−7.1þ8.1 15.01−1.9þ2.3 23.6−2.7þ2.9 7.40−0.92þ1.04 0.017

jΣþ
c
2Pλ

1
2
−iγ 1.50−0.01−0.08 2.27−0.21þ0.19 2.56−0.37þ0.46 2.58−0.33þ0.37 0.80−0.11þ0.13 0.001

jΣ0
c
2Pλ

1
2
−iγ 164.2−23.2þ28.2 22.6−3.2þ4.0 0.45−0.02þ0.02 2.71−0.24þ0.22 0.87−0.09þ0.09 0.004

jΣþþ
c

2Pλ
3
2
−iγ 2798 78.5þ12.0

−15.1 34.9−5.5þ7.1 1.93−0.29þ0.36 0.59−0.10þ0.13 4.90−0.69þ0.85 3.94−0.55þ0.67

jΣþ
c
2Pλ

3
2
−iγ 1.82−0.23þ0.28 0.81−0.14þ0.18 0.20−0.03þ0.04 0.06 0.52−0.08þ0.09 0.42−0.07þ0.07

jΣ0
c
2Pλ

3
2
−iγ 38.6−6.1þ8.0 47.52−8.0þ10.6 0.24−0.03þ0.04 0.08 0.60−0.08þ0.09 0.49−0.07þ0.07

jΣþþ
c

4Pλ
1
2
−iγ 2799 5.09−0.63þ0.70 0.29−0.03þ0.02 136.5−19.3þ23.5 52.7−7.6þ9.4 9.79−1.48þ1.88 1.30−0.28þ0.41

jΣþ
c
4Pλ

1
2
−iγ 0.55−0.08þ0.08 0.03 0.97−0.07þ0.06 0.45−0.05þ0.05 0.14−0.01þ0.02 0.005

jΣ0
c
4Pλ

1
2
−iγ 0.60−0.06þ0.06 0.03 94.3−14.5þ18.4 38.61−6.0þ7.8 5.64−0.90þ1.17 1.00−0.20þ0.28

jΣþþ
c

4Pλ
3
2
−iγ 2773 11.9−1.6þ1.8 4.73−0.54þ0.59 94.6−13.6þ16.5 121.8−17.0þ20.5 48.5−7.2þ8.9 13.5−2.0þ2.5

jΣþ
c
4Pλ

3
2
−iγ 1.27−0.17þ0.21 0.51−0.06þ0.08 1.26−0.13þ0.14 0.90−0.06þ0.04 0.47−0.06þ0.08 0.17−0.01þ0.02

jΣ0
c
4Pλ

3
2
−iγ 1.42−0.16þ0.17 0.55−0.05þ0.04 55.9−8.6þ10.9 84.22−12.8þ16.3 44.2−7.1þ9.2 8.22−1.3þ1.7

jΣþþ
c

4Pλ
5
2
−iγ 2789 2.66−0.39þ0.48 12.93−1.8þ2.3 10.1−2.0þ2.7 32.3−5.1þ6.5 49.4−7.5þ9.5 23.3−3.8þ4.9

jΣþ
c
4Pλ

5
2
−iγ 0.28−0.04þ0.05 1.36−0.20þ0.25 0.10−0.02þ0.02 0.42−0.06þ0.06 0.35−0.03þ0.04 0.55−0.08þ0.11

jΣ0
c
4Pλ

5
2
−iγ 0.33−0.04þ0.05 1.59−0.20þ0.25 6.72−1.28þ:80 19.6−3.3þ4.2 35.0−5.7þ7.3 30.5−5.2þ6.9

jΛþ
c
2Pλ

1
2
−iγ 2592 17.53−0.02þ0.84 25.36−0.62−2.2 24.7−1.7þ1.2 88.8−4.6þ2.3 31.3−2.2þ1.7 0.35−0.14þ0.24

jΛþ
c
2Pλ

3
2
−iγ 2628 64.6−5.6þ5.0 42.95−3.0þ2.1 21.2−2.2þ2.2 7.71−1.07þ1.27 53.9−3.5þ2.5 45.4−2.4þ1.2

jΣb
2Dλλ

3
2
þið6326Þ jΣb

2Dλλ
5
2
þið6284Þ jΣb

4Dλλ
1
2
þið6311Þ jΣb

4Dλλ
3
2
þið6285Þ jΣb

4Dλλ
5
2
þið6270Þ jΣb

4Dλλ
7
2
þið6260Þ

Decay mode Mf Γi (keV) Γi (keV) Γi (keV) Γi (keV) Γi (keV) Γi (keV)

jΣþ
b
2Pλ

1
2
−iγ 6101 216.0−32.4þ40.65 15.90−2.59þ3.42 2.22−0.31þ0.39 2.79−0.41þ0.50 0.72−0.11þ0.14 < 0.01

jΣ0
b
2Pλ

1
2
−iγ 15.9−2.4þ3.0 1.09−0.18þ0.24 0.11−0.01þ0.02 0.17−0.03þ0.03 0.04 < 0.01

jΣ−
b
2Pλ

1
2
−iγ 45.3−6.7þ8.4 3.61−0.58þ0.77 0.67−0.10þ0.12 0.72−0.11þ0.13 0.19−0.03þ0.03 < 0.01

jΣþ
b
2Pλ

3
2
−iγ 6096 141.0−21.9þ28.2 74.4−12.5þ46.5 1.50−0.22þ0.28 0.26−0.04þ0.06 2.04−0.30þ0.36 1.53−0.22þ0.27

jΣ0
b
2Pλ

3
2
−iγ 9.84−1.55þ1.98 5.86−0.99þ1.31 0.09 0.02 0.12−0.01þ0.03 0.09

jΣ−
b
2Pλ

3
2
−iγ 31.4−4.9þ6.2 14.3−2.36þ3.18 0.39−0.06þ0.07 0.06 0.52−0.07þ0.10 0.39−0.05þ0.07

jΣþ
b
4Pλ

1
2
−iγ 6095 4.92−0.50þ0.49 0.13−0.01þ0.02 243.8−35.9þ44.7 67.54−10.5þ13.6 9.69−1.58þ2.05 1.64−0.34þ0.48

jΣ0
b
4Pλ

1
2
−iγ 0.30−0.03þ0.03 0.008 17.6−2.6þ3.3 4.94−0.78þ1.00 0.68−0.11þ0.15 0.12−0.02þ0.04

jΣ−
b
4Pλ

1
2
−iγ 1.27−0.13þ0.13 0.034 52.1−7.5þ9.4 14.2−2.2þ2.9 2.14−0.35þ0.45 0.34−0.07þ0.10

jΣþ
b
4Pλ

3
2
−iγ 6087 9.18−1.11þ1.25 1.74−0.21þ0.25 124.8−19.0þ24.0 124.9−19.4þ24.9 62.7−10.2þ13.3 11.0−1.8þ2.3

jΣ0
b
4Pλ

3
2
−iγ 0.56−0.07þ0.07 0.11−0.02þ0.01 8.78−1.34þ1.71 9.05−1.42þ1.82 4.75−0.77þ1.02 0.78−0.13þ0.16

jΣ−
b
4Pλ

3
2
−iγ 2.37−0.29þ0.32 0.45−0.06þ0.06 27.5−4.1þ5.2 26.6−4.1þ5.3 12.7−2.1þ2.7 2.39−0.39þ0.51

jΣþ
b
4Pλ

5
2
−iγ 6084 2.88−0.39þ0.48 6.53−0.94þ1.15 19.9−4.0þ5.8 37.4−6.3þ8.3 62.8−10.2þ13.3 50.4−8.6þ11.4

jΣ0
b
4Pλ

5
2
−iγ 0.17−0.02þ0.03 0.40−0.07þ0.06 1.43−0.29þ0.40 2.65−0.45þ0.59 4.57−0.75þ0.97 4.01−0.68þ0.91

jΣ−
b
4Pλ

5
2
−iγ 0.74−0.10þ0.13 1.68−0.24þ0.30 4.31−0.87þ1.25 8.18−1.36þ1.80 13.3−2.1þ2.8 9.59−1.62þ2.15

jΛ0
b
2Pλ

1
2
−iγ 5912 19.0þ0.9

−2.1 21.6þ0.7
−2.2 27.6−1.6þ0.8 79.0−4.3þ2.3 27.4−2.0þ1.6 0.35−0.14þ0.25

jΛ0
b
2Pλ

3
2
−iγ 5920 99.0−5.9þ3.7 45.8−2.6þ1.6 30.2−2.7þ2.5 9.06−1.28þ1.56 56.1−3.0þ1.5 45.4−1.7þ0.03
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Γ½Λcð2625Þπ�
ΓSum

≃ 50%;
Γ½Σcπ�
ΓSum

≃ 7%: ð20Þ

The Σcπ and Λcð2625Þπ decay channels may be ideal
channels for our search for jΣc

2Dλλ
3
2
þi in future experiments.

For the other JP ¼ 3=2þ state jΣc
4Dλλ

3
2
þi, one finds that

it has large decay rates into the P-wave states through the
pionic decay modes Λcð2625Þπ, jΣc

4Pλ
1
2
−iπ, jΣc

4Pλ
3
2
−iπ,

and jΣc
4Pλ

5
2
−iπ. Its width should be broader than that of

jΣc
2Dλλ

3
2
þi. Furthermore, the decay rate into Σcð2520Þπ is

sizable as well. If its mass is taken as the prediction
3040 MeV in Ref. [21], the sum of the partial widths of the
pionic decays can reach up to ΓSum ∼ 120 MeV (see
Table VIII), while the ratios between the partial widths
of Λcð2625Þπ and Σcð2520Þπ and ΓSum are predicted to be

Γ½Λcð2625Þπ�
ΓSum

≃ 35%;
Γ½Σcð2520Þπ�

ΓSum
≃ 6%: ð21Þ

The Λcð2625Þπ and Σcð2520Þπ may be ideal channels for
our search for jΣc

4Dλλ
3
2
þi in future experiments.

We also estimate the radiative transitions of these JP ¼
3=2þ states into the 1P-wave states. Our results are listed in

Table IX. It is found that jΣþþð0Þ
c

4Dλλ
3
2
þi might have

relatively large decay rates into jΣþþð0Þ
c

4Pλ
3
2
−iγ, while

jΣþ
c
4Dλλ

3
2
þi might have a relatively large decay rates into

Λcð2595Þþγ, and their partial radiative decay widths are
estimated to be Oð10Þ–Oð100Þ keV. The branching frac-
tions for these main radiative decay processes may reach up
to Oð10−4Þ–Oð10−3Þ. The jΣþ

c
4Dλλ

3
2
þi may have the

possibility of being observed in the Λcð2595Þþγ channel.

3. JP = 5=2+ states

The JP ¼ 5=2þ state jΣc
2Dλλ

5
2
þi might be a narrow state

with a width of Oð10Þ MeV (see Fig. 3). It has large decay
rates into Λcπ, Σcπ, Λcð2595Þπ, and Λcð2625Þπ with
comparable partial decay widths. If its mass is taken as
the prediction 3038 MeV in Ref. [21], the sum of the partial
widths of the pionic decays is about ΓSum ∼ 60 MeV (see
Table VIII), and the ratios between the partial widths for the
main decay modes, Λcπ, Σcπ, Λcð2595Þπ, and Λcð2625Þπ,
and ΓSum are predicted to be

Γ½Λcπ;Σcπ;Λcð2595Þπ;Λcð2625Þπ�
ΓSum

≃ 20%; 15%; 18%; 19%: ð22Þ

The Λcπ, Σcπ, Λcð2595Þπ, and Λcð2625Þπ decay channels
may be ideal channels for our search for the missing JP ¼
5=2þ state jΣc

2Dλλ
5
2
þi.

The other JP ¼ 5=2þ state jΣc
4Dλλ

5
2
þi might also be a

narrow state with a width of Oð10Þ MeV. This state has

relatively large decay rates into Σcð2520Þπ, Λcð2595Þπ,
jΣc

4Pλ
1
2
−iπ, and jΣc

4Pλ
5
2
−iπ. If its mass is taken as the

prediction 3023 MeV in Ref. [21], the sum of the partial
widths of the pionic decays is about ΓSum ∼ 70 MeV (see
Table VIII), while the ratios between the partial widths for
the main decay modes, Σcð2520Þπ and Λcð2595Þπ, and
ΓSum are predicted to be

Γ½Σcð2520Þπ;Λcð2595Þπ�
ΓSum

≃ 17%; 16%: ð23Þ

The Σcð2520Þπ and Λcð2595Þπ may be ideal channels for a
search for jΣc

4Dλλ
5
2
þi in future experiments.

The radiative transitions of these JP ¼ 5=2þ states into
the 1P-wave charmed baryon states are estimated as well.
Our results are listed in Table IX. It is found that for the
jΣc

2Dλλ
5
2
þi state the main radiative decay processes are

jΣþþð0Þ
c

2Dλλ
5
2
þi → jΣþþð0Þ

c
2Pλ

1
2
−iγ, jΣþþð0Þ

c
2Pλ

3
2
−iγ, and

jΣþ
c
2Dλλ

5
2
þi → Λcð2595; 2625Þþγ, while for the other JP ¼

5=2þ state jΣc
4Dλλ

5
2
þi, the main radiative decay processes

are jΣþþð0Þ
c

4Dλλ
5
2
þi → jΣþþð0Þ

c
4Pλ

3
2
−iγ, jΣþþð0Þ

c
4Pλ

5
2
−iγ, and

jΣþ
c
4Dλλ

5
2
þi → Λcð2595; 2625Þþγ. The partial radiative

decay widths for these processes are estimated to
be Oð10Þ keV, while the branching fractions may be
Oð10−4Þ. These radiative transitions may be hard to be
observed in experiments.

4. JP = 7=2+ state

The JP ¼ 7=2þ state jΣc
4Dλλ

7
2
þi might have a relatively

narrow width of Oð10Þ MeV. It mainly decays into Λcπ,
Λcð2595Þπ, and Λcð2625Þπ channels. If one adopts the
predicted mass 3013 MeV in Ref. [21], the sum of the
partial widths of the pionic decays is estimated to be ΓSum ∼
60 MeV (see Table VIII), and the ratios between the partial
decay widths for these main channels, Λcπ, Λcð2595Þπ,
and Λcð2625Þπ, and ΓSum are predicted to be

Γ½Λcπ;Λcð2595Þπ;Λcð2625Þπ�
ΓSum

≃ 22%; 19%; 41%: ð24Þ

The Λcπ, Λcð2595Þπ, and Λcð2625Þπ may be ideal chan-
nels for a search for jΣc

4Dλλ
7
2
þi in future experiments.

The radiative transitions into the 1P-wave states are
estimated as well. Our results are listed in Table IX.
It is found that the main radiative decay processes are

jΣþþð0Þ
c

4Dλλ
7
2
þi → jΣþþð0Þ

c
4Pλ

5
2
−iγ and jΣþ

c
4Dλλ

7
2
þi →

Λcð2595Þþγ. Their partial radiative decay widths are
estimated to be Oð10Þ keV, while the branching fractions
are Oð10−4Þ. These radiative transitions may be hard to be
observed in experiments.
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B. Σb

In the Σb family, according to the quark model
classification, there are six λ-mode 1D-wave excitations:
jΣb

4Dλλ
1
2
þi, jΣb

4Dλλ
3
2
þi, jΣb

2Dλλ
3
2
þi, jΣb

2Dλλ
5
2
þi,

jΣb
4Dλλ

5
2
þi, and jΣb

4Dλλ
7
2
þi. However, no 1D-wave states

have been established. The typical masses of the λ-mode
1D-wave Σb excitations are predicted to be ∼6.3 within
various quark models (see Table II). In the possible mass
ranges, we study their strong decay transitions within
ChQM. Our results are shown in Fig. 4. To be more
specific, taking the masses of the 1D-wave states obtained
in the relativistic quark-diquark picture [21], we present the
results in Table VIII.

1. JP = 1=2+ state

The JP ¼ 1=2þ state jΣb
4Dλλ

1
2
þi might be a broad state

with a width of Oð100Þ MeV. If its mass is taken as the
prediction in Ref. [21], the sum of the partial widths for
the pionic decays can reach up to ΓSum ∼ 150 MeV (see
Table VIII). This state might mainly decay into the P-wave
Λb states Λbð5912Þ12− and Λbð5920Þ32− via pionic decay
modes Λbð5912Þπ and Λbð5920Þπ. The ratios between the
partial decay widths for the Λbð5912Þπ and Λbð5920Þπ
channels and ΓSum are predicted to be

Γ½Λbð5912Þπ�
ΓSum

≃ 35%;
Γ½Λbð5920Þπ�

ΓSum
≃ 44%: ð25Þ

Both Λbð5912Þπ and Λbð5920Þπ may be ideal channels for
our search for jΣb

4Dλλ
1
2
þi in future experiments.

We also estimate its radiative transitions. Our results
are listed in Table IX. It is found that jΣþ

b
4Dλλ

1
2
þimight have

relatively large decay rates into jΣþ
b
4Pλ

1
2
−iγ and jΣþ

b
4Pλ

3
2
−iγ,

and their partial radiative decay widths are estimated to be
Oð100Þ keV. The branching fractions for these main radi-
ative decay processes may reach up to Oð10−3Þ.

2. JP = 3=2+ states

The JP ¼ 3=2þ state jΣb
2Dλλ

3
2
þi has large decay rates

into the P-wave states through the pionic decay modes
Λbð5920Þ32−π and jΣb

2Pλ
3
2
−iπ. It has a width of Oð10Þ–

Oð100Þ MeV, which obviously depends on its mass (see
Fig. 4). If the mass is taken as the prediction 6326 MeV in
Ref. [21], the sum of the partial widths of the pionic decays
can reach up to ΓSum ∼ 120 MeV (see Table VIII), and the
ratio between the partial decay width for the Λbð5920Þπ
channel and ΓSum is predicted to be

Γ½Λbð5920Þπ�
ΓSum

≃ 58%: ð26Þ

The Λbð5920Þπ decay channel may be an ideal channel for
our search for jΣb

2Dλλ
3
2
þi in future experiments.

For the other JP ¼ 3=2þ state jΣb
4Dλλ

3
2
þi, one finds that

this state mainly decays into the P-wave states through
the pionic decay modes Λbð5920Þπ, jΣb

4Pλ
1
2
−iπ, and

jΣb
4Pλ

5
2
−iπ. Furthermore, the decay rate into Σ�

bð5832Þπ

FIG. 4. Strong decay partial widths of the main decay modes for the λ-mode 1D-wave excited Σb states as functions of their mass. The
bold solid curves stand for the sum of the partial widths. The masses of the P-wave heavy baryons in final states are adopted from the
quark model predictions in Ref. [21], if there are no observations (see Table II).
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is sizable as well. Its width should be narrower than that of
jΣb

2Dλλ
3
2
þi. If its mass is taken as the predictions in

Ref. [21], the sum of the partial widths of the pionic
decays can reach up to ΓSum ∼ 85 MeV (see Table VIII),
while the ratios between the partial widths of Γ½Σ�

bð5832Þπ�
and Γ½Λbð5920Þπ� and ΓSum are predicted to be

Γ½Σ�
bð5832Þπ�
ΓSum

≃ 10%;
Γ½Λbð5920Þπ�

ΓSum
≃ 46%: ð27Þ

Both Σ�
bð5832Þπ and Λbð5920Þπ may be ideal channels for

a search for jΣb
4Dλλ

3
2
þi in future experiments.

The radiative decays of the JP ¼ 3=2þ states into the 1P-
wave bottom baryon states are estimated as well. Our
results are listed in Table IX. It is found that jΣþ

b
2Dλλ

3
2
þi

might have relatively large decay rates into jΣþ
b
2Pλ

1
2
−iγ and

jΣþ
b
2Pλ

3
2
−iγ, while jΣþ

b
4Dλλ

3
2
þi might have a relatively large

decay rate into jΣþ
b
4Pλ

3
2
−iγ. Their partial radiative decay

widths are estimated to be Oð100Þ keV, while the branch-
ing fractions may reach up to Oð10−3Þ.

3. JP = 5=2+ states

The jΣb
2Dλλ

5
2
þi might be a relatively narrow state with a

width of Oð10Þ MeV. It has large decay rates into Λbπ,
Σbπ, Λbð5912Þπ, and Λbð5920Þπ. If its mass is taken as the
prediction 6284 MeV in Ref. [21], the sum of the partial
widths of the pionic decays is about ΓSum ∼ 50 MeV (see
Table VIII), and the ratios between the partial decay widths
for these main channels, Λbπ, Σbπ, Λbð5912Þπ, and
Λbð5920Þπ, and ΓSum are predicted to be

Γ½Λbπ;Σbπ;Λbð5912Þπ;Λbð5920Þπ�
ΓSum

≃ 35%; 13%; 14%; 21%: ð28Þ
The Λbπ, Σbπ, Λbð5912Þπ, and Λbð5920Þπ decay channels
may be ideal channels for our search for jΣb

2Dλλ
5
2
þi in

future experiments.
For the other JP ¼ 5=2þ state jΣb

4Dλλ
5
2
þi, it has a width

of Oð10Þ–Oð100Þ MeV, which significantly depends on
the mass. This state has large decay rates into Λbπ, Σ�

bπ,
Λbð5912Þπ, jΣb

4Pλ
1
2
−iπ, and jΣb

4Pλ
5
2
−iπ. If its mass is

taken as the prediction 6270 MeV in Ref. [21], the sum of
the partial widths of the pionic decays is about ΓSum ∼
50 MeV (see Table VIII), and the ratios between the partial
decay widths for the Λbπ, Σ�

bπ, and Λbð5912Þπ final states
and ΓSum are predicted to be

Γ½Λbπ;Σ�
bπ;Λbð5912Þπ�
ΓSum

≃ 9%; 26%; 16%: ð29Þ

The Λbπ, Σ�
bπ, and Λbð5912Þπ decay channels might be

ideal channels for our search for jΣb
4Dλλ

5
2
þi in future

experiments.

The radiative decays of these JP ¼ 5=2þ states into the
1P-wave bottom baryon states are estimated as well. Our
results are listed in Table IX. It is found that for the
jΣb

2Dλλ
5
2
þi state the main radiative decay processes are

jΣþ
b
2Dλλ

5
2
þi → jΣþ

b
2Pλ

1
2
−iγ, jΣþ

b
2Pλ

1
2
−iγ, and jΣ0

b
2Dλλ

5
2
þi →

Λbð5912; 5920Þþγ, while for the other JP ¼ 5=2þ

state jΣb
4Dλλ

5
2
þi, the main radiative decay processes

are jΣþ
b
4Dλλ

5
2
þi → jΣþ

b
4Pλ

3
2
−iγ, jΣþ

b
4Pλ

5
2
−iγ, and

jΣ0
b
4Dλλ

5
2
þi → Λbð5912; 5920Þþγ. The partial radiative

decay widths for these processes are estimated to be
Oð10Þ keV, while the branching fractions may
be Oð10−4Þ–Oð10−3Þ.

4. JP = 7=2+ state

The JP ¼ 7=2þ state jΣb
4Dλλ

7
2
þi might have a width of

Oð10Þ–Oð100Þ MeV, which strongly depends on its mass
(see Fig. 4). This state has large decay rates into Λbπ,
Λbð5912Þπ, and Λbð5920Þπ channels. If one adopts the
predicted mass 6260 MeV in Ref. [21], the sum of the
partial widths of the pionic decays is estimated to be ΓSum ∼
50 MeV (see Table VIII), and the ratios between the partial
decay widths for these main channels, Λbπ, Λbð5912Þπ,
and Λbð5920Þπ, and ΓSum are predicted to be

Γ½Λbπ;Λbð5912Þπ;Λbð5920Þπ�
ΓSum

≃ 35%; 16%; 40%: ð30Þ

The Λbπ, Λbð5912Þπ, and Λbð5920Þπ decay channels may
be ideal channels for our search for jΣb

4Dλλ
7
2
þi in future

experiments.
We also estimate its radiative decays into the 1P-wave

bottom baryon states. Our results are listed in Table IX.
It is found that the main radiative decay processes are
jΣþ

b
4Dλλ

7
2
þi → jΣþ

b
4Pλ

5
2
−iγ and jΣ0

b
4Dλλ

7
2
þi → Λbð5920Þ0γ.

Their partial radiative decay widths are estimated to
be Oð10Þ keV, while the branching fractions may
be Oð10−4Þ–Oð10−3Þ. The neutral JP ¼ 7=2þ state
jΣ0

b
4Dλλ

7
2
þi may have the possibility of being observed

in the Λbð5920Þ0γ channel.

C. Ξ0
c

In the Ξ0
c family, according to the quark model classi-

fication, there are six λ-mode 1D-wave excitations:
jΞ0

c
4Dλλ

1
2
þi, jΞ0

c
4Dλλ

3
2
þi, jΞ0

c
2Dλλ

3
2
þi, jΞ0

c
2Dλλ

5
2
þi,

jΞ0
c
4Dλλ

5
2
þi, and jΞ0

c
4Dλλ

7
2
þi. However, no 1D-wave states

have been established. The typical masses of the λ-mode
1D-wave Ξ0

c excitations are ∼3.14 within various quark
model predictions (see Table II).
In Ref. [48], the strong decay properties of the D-wave

excited Ξ0
c states were studied in their possible mass ranges.

However, we did not give correct predictions of the partial
widths of the D-wave excited Ξ0

c states decaying into the
P-wave charmed baryons. In this work, we update our
predictions, which have been shown in Fig. 5. To be more
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specific, taking the masses of the 1D-wave states predicted
within the relativistic quark-diquark picture [21], we give
our predictions in Table X.

1. JP = 1=2+ state

If the mass of the JP ¼ 1=2þ state jΞ0
c
4Dλλ

1
2
þi is less than

3.12 GeV, this state should be a rather narrow state with a
width of ∼10 MeV; its main decay modes are Ξcπ, ΛcK,
and ΣcK. However, if the mass of jΞ0

c
4Dλλ

1
2
þi is taken as the

prediction 3163 MeV in Ref. [21], the decay channels into
the P-wave charmed baryon final states should open, and
the decay channels Λcð2625ÞK and Ξcð2815Þπ will play
dominant roles. In this case, the JP ¼ 1=2þ state
jΞ0

c
4Dλλ

1
2
þi might be a broad state, and the sum of the

partial widths for the pionic and kaonic decays can reach up
to ΓSum ∼ 120 MeV (see Table X), while the ratios between
the partial widths for the Λcð2625ÞK and Ξcð2815Þπ
channels and ΓSum are predicted to be

Γ½Λcð2625ÞK�
ΓSum

≃ 32%;
Γ½Ξcð2815Þπ�

ΓSum
≃ 33%: ð31Þ

The decay channels Λcð2625ÞK and Ξcð2815Þπ may be
ideal channels for our search for jΞ0

c
4Dλλ

1
2
þi in future

experiments.
We also estimate its radiative decays into the 1P-wave

bottom baryon states. Our results are listed in Table XI. It is
found that jΞ00

c
4Dλλ

1
2
þi might have relatively large decay

rates into jΞ00
c
4Pλ

1
2
−iγ, and the partial radiative decay width

is estimated to beOð100Þ keV. The branching fractions for
this main radiative decay process may reach up toOð10−3Þ.

2. JP = 3=2+ states

For jΞ0
c
2Dλλ

3
2
þi, if its mass is less than 3.12 GeV, it

should be a rather narrow state with a width of ∼10 MeV,
and its main decay modes are Ξcπ, Ξ0

cπ, and ΣcK. However,
if the mass of jΞ0

c
2Dλλ

3
2
þi is taken as the prediction

3167 MeV in Ref. [21], the decay channels into the P-
wave charmed baryon final states should open, and the
decay channels Λcð2625ÞK and Ξcð2815Þπ will
play dominant roles. In this case, the JP ¼ 3=2þ state
jΞ0

c
2Dλλ

3
2
þi might be a broad state, and the sum of the

partial widths for the pionic and kaonic decays can reach up
to ΓSum ∼ 90 MeV (see Table X), while the ratios between
the partial widths for the Λcð2625ÞK and Ξcð2815Þπ
channels and ΓSum are predicted to be

Γ½Λcð2625ÞK�
ΓSum

≃ 12%;
Γ½Ξcð2815Þπ�

ΓSum
≃ 54%: ð32Þ

The Λcð2625ÞK and Ξcð2815Þπ decay channels may be
ideal channels for our search for jΞ0

c
2Dλλ

3
2
þi in future

experiments.
For the other JP ¼ 3=2þ state jΞ0

c
4Dλλ

3
2
þi, if its mass is

less than 3.12 GeV, it should be a rather narrow state with a
width of ∼10 MeV as well, and its main decay modes are
Ξcπ, Ξ0�

c π, and Σ�
cK. However, if the mass of jΞ0

c
4Dλλ

3
2
þi is

taken as the prediction 3160 MeV in Ref. [21], the decay

FIG. 5. Strong decay partial widths of the main decay modes for the λ-mode 1D-wave excited Ξ0
c states as functions of their mass. The

bold solid curves stand for the sum of the partial widths. The masses of the P-wave heavy baryons in final states are adopted from the
quark model predictions in Ref. [21], if there are no observations (see Table II).
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channels into the P-wave charmed baryon final states
should open, and the decay channels Λcð2625ÞK,
Ξcð2790Þπ, Ξcð2815Þπ, and jΞ0

c
4Pλ

1
2
−iπ will dominate

the decays of jΞ0
c
4Dλλ

3
2
þi. In this case, the sum of the

partial widths for the pionic and kaonic decays can reach up
to ΓSum ∼ 80 MeV (see Table X), while the ratios between
the partial widths for the Λcð2625ÞK, Ξcð2790Þπ, and
Ξcð2815Þπ channels and ΓSum are predicted to be

Γ½Λcð2625ÞK;Ξcð2790Þπ;Ξcð2815Þπ�
ΓSum

≃ 10%; 12%; 16%:

ð33Þ

The Λcð2625ÞK, Ξcð2790Þπ, and Ξcð2815Þπ decay chan-
nels may be ideal channels for a search for jΞ0

c
4Dλλ

3
2
þi in

future experiments.

TABLE X. Partial widths of strong decays for the λ-mode D-wave Ξ0
c and Ξ0

b baryons, the masses (MeV) of which are taken from the
quark model predictions of Ref. [21]. Mf stands for the masses of P-wave heavy baryons (MeV) in the final states, which are adopted
from the RPP [24] and Ref. [21]. The superscript (subscript) stands for the uncertainty of a prediction with aþ10% (−10%) uncertainty
of the oscillator parameter αρ.

jΞ0
c
2Dλλ

3
2
þið3167Þ jΞ0

c
2Dλλ

5
2
þið3166Þ jΞ0

c
4Dλλ

1
2
þið3163Þ jΞ0

c
4Dλλ

3
2
þið3160Þ jΞ0

c
4Dλλ

5
2
þið3153Þ jΞ0

c
4Dλλ

7
2
þið3147Þ

Decay mode Mf Γi (MeV) Γi (MeV) Γi (MeV) Γi (MeV) Γi (MeV) Γi (MeV)

Ξcπ 2470 2.43þ2.13
−1.59 5.13−0.96þ1.05 4.92þ4.18

−3.19 2.48þ2.06
−1.60 1.32−0.25þ0.29 5.68−1.10þ1.24

Ξ0
cπ 2578 3.51þ1.79

−1.66 2.77−0.62þ0.77 1.75þ0.88
−0.81 0.87þ0.44

−0.40 0.17−0.03þ0.05 0.73−0.17þ0.21
Ξ0�

cπ 2645 0.74−0.09þ0.13 1.18þ0.27
−0.26 0.76þ0.27

−0.28 2.94þ0.72
−0.69 4.28þ0.34

−0.24 0.56þ0.06
−0.04

ΛcK 2286 1.23þ1.13
−0.83 1.25−0.43þ0.53 2.51þ2.24

−1.67 1.27þ1.12
−0.84 0.72−0.13þ0.15 3.09−0.58þ0.63

ΣcK 2455 6.37þ1.97
−2.07 1.72−0.43þ0.58 3.16þ0.96

−1.0 1.57þ0.46
−0.49 0.11−0.03þ0.04 0.40−0.10þ0.14

Σ�
cK 2520 0.47−0.01þ0.04 1.57þ0.25

−0.28 1.22þ0.23
−0.26 3.97þ0.62

−0.70 4.18þ0.37
−0.40 0.59þ0.08

−0.08
jΛc

2Pλ
1
2
−iK 2592 0.84þ0.11

−0.10 0.55þ0.08
−0.06 3.66−0.30þ0.38 3.55þ1.22

−1.06 0.65−0.05þ0.07 10.1þ2.5
−2.3

jΛc
2Pλ

3
2
−iK 2628 10.9þ2.4

−2.1 0.24þ0.10
−0.05 39.1þ9.5

−8.6 7.25þ1.53
−1.36 0.15þ0.02

−0.02 1.15þ0.15
−0.13

jΞc
2Pλ

1
2
−iπ 2792 1.85þ0.15

−0.13 1.83þ0.15
−0.13 14.5−1.28þ2.11 9.28þ1.53

−1.43 3.37−0.31þ0.36 14.4þ4.0
−3.5

jΞc
2Pλ

3
2
−iπ 2815 47.3þ7.7

−7.3 3.54−0.82þ1.13 40.2þ11.9
−10.5 11.8þ1.7

−1.4 0.67þ0.03
−0.02 8.81þ0.04

−0.04
jΞ0

c
2Pλ

1
2
−iπ 2936 0.39þ0.05

−0.05 0.21−0.03þ0.04 0.26−0.03<þ0.01 0.51þ0.15
−0.14 0.03 0.92þ0.21

−0.19
jΞ0

c
2Pλ

3
2
−iπ 2935 8.53þ1.70

−1.50 0.22−0.03þ0.04 5.50þ1.33
−1.21 1.0þ0.13

−0.11 < 0.01 0.33þ0.02
−0.02

jΞ0
c
4Pλ

1
2
−iπ 2854 0.23−0.07þ0.10 1.00þ0.32

−0.30 0.75−0.11þ0.14 20.5þ2.9
−2.6 13.0þ2.1

−2.0 < 0.01

jΞ0
c
4Pλ

3
2
−iπ 2912 1.01þ0.10

−0.07 0.41þ0.04
−0.04 1.10þ0.03

−0.02 5.62þ0.82
−0.72 2.85þ1.08

−0.94 0.34<−0.01
<þ0.01

jΞ0
c
4Pλ

5
2
−iπ 2929 0.59þ0.04

−0.02 1.46þ0.22
−0.18 2.23þ0.64

−0.57 5.75þ1.51
−1.35 7.55þ1.17

−1.05 0.37<−0.01
þ0.01

Sum 86.4þ19.1
−17.2 23.1−1.9þ2.8 121.6þ30.4

−25.5 78.4þ16.9
−14.9 39.1þ4.3

−3.7 47.5þ5.1
−4.1

jΞ0
b
2Dλλ

3
2
þið6459Þ jΞ0

b
2Dλλ

5
2
þið6432Þ jΞ0

b
4Dλλ

1
2
þið6447Þ jΞ0

b
4Dλλ

3
2
þið6431Þ jΞ0

b
4Dλλ

5
2
þið6420Þ jΞ0

b
4Dλλ

7
2
þið6414Þ

Decay mode Mf Γi (MeV) Γi (MeV) Γi (MeV) Γi (MeV) Γi (MeV) Γi (MeV)

Ξbπ 5795 2.02þ3.07
−1.72 9.41−1.51þ1.44 4.41þ6.04

−3.64 2.43þ2.93
−1.89 2.42−0.40þ0.40 10.3−1.73þ1.81

Ξ0
bπ 5935 4.18þ2.37

−2.13 2.82−0.64þ0.81 2.06þ1.10
−0.99 1.01þ0.48

−0.46 0.17−0.04þ0.05 0.71−0.17þ0.22
Ξ0�

bπ 5955 1.60−0.21þ0.29 1.59þ0.39
−0.35 1.00þ0.47

−0.45 4.03þ1.09
−0.99 6.16þ0.46

−0.29 0.79þ0.08
−0.03

ΛbK 5620 1.04þ1.67
−0.90 2.45−0.89þ0.83 2.39þ3.36

−1.98 1.40þ1.47
−1.19 1.29−0.21þ0.20 5.45−0.90þ0.90

ΣbK 5811 7.80þ2.16
−2.31 0.86−0.22þ0.33 4.03þ0.98

−1.07 1.83þ0.37
−0.42 0.04 0.16−0.04þ0.06

Σ�
bK 5835 0.85−0.04þ0.08 1.95þ0.28

−0.32 1.77þ0.34
−0.39 5.11þ0.74

−0.85 4.77þ0.41
−0.45 0.68þ0.08

−0.09
jΛb

2Pλ
1
2
−iK 5912 0.77þ0.11

−0.10 0.06 1.54−0.10þ0.14 3.18þ0.81
−0.74 0.04 3.65þ0.79

−0.71
jΛb

2Pλ
3
2
−iK 5920 14.6þ3.07

−2.8 0.17þ0.10
−0.07 30.2þ7.48

−6.65 5.87þ1.25
−1.13 0.06 · · ·

jΞb
2Pλ

1
2
−iπ 6120 1.90þ0.14

−0.11 1.35þ0.12
−0.09 13.2−1.19þ1.28 7.36þ1.22

−1.13 2.15−0.20þ0.25 11.0þ3.0
−2.6

jΞb
2Pλ

3
2
−iπ 6130 54.4þ8.22

−6.92 2.80−0.66þ0.93 39.3þ12.0
−10.5 10.5þ1.47

−1.29 0.56þ0.03
<−0.01 6.79þ0.07

<−0.01
jΞ0

b
2Pλ

1
2
−iπ 6233 0.47þ0.06

−0.05 0.10−0.01þ0.02 0.28−0.03þ0.04 0.43þ0.11
−0.11 0.01 0.65þ0.14

−0.14
jΞ0

b
2Pλ

3
2
−iπ 6234 9.60þ1.87

−1.66 0.14þ0.04
−0.02 5.33þ1.31

−1.18 0.72þ0.10
−0.09 0.001 0.18þ0.01

−0.012
jΞ0

b
4Pλ

1
2
−iπ 6227 0.03 0.43þ0.11

−0.10 0.13−0.02þ0.02 5.80þ0.94
−0.87 3.35þ0.61

−0.56 < 0.01

jΞ0
b
4Pλ

3
2
−iπ 6224 0.89þ0.08

−0.05 0.21þ0.03
−0.03 0.81þ0.03

−0.01 3.16þ0.49
−0.43 1.80þ0.59

−0.52 0.12<þ0.01
<−0.01

jΞ0
b
4Pλ

5
2
−iπ 6226 0.72þ0.03

<−0.01 0.96þ0.14
−0.13 2.21þ0.65

−0.58 4.80þ1.23
−1.12 5.26þ0.89

−0.76 0.20þ0.01
<−0.01

Sum 100.8þ22.6
−18.4 25.3−2.7þ3.3 108.7þ32.4

−26.0 57.6þ14.7
−12.7 28.1þ2.1

−1.7 40.7þ1.3
−4.6
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The radiative decays of these JP ¼ 3=2þ states into the
1P-wave charmed baryon states are also estimated. Our
results are listed in Table XI. It is found that for the
jΞ0

c
2Dλλ

3
2
þi state the main radiative decay processes are

jΞ0
c
þ2Dλλ

3
2
þi → Ξþ

c ð2815Þγ, jΞ00
c
2Dλλ

3
2
þi → jΞ00

c
2Pλ

1
2
−iγ;

jΞ00
c
2Pλ

3
2
−iγ, while for the jΞ0

c
4Dλλ

3
2
þi state, the main

radiative decay processes are jΞ0
c
þ4Dλλ

3
2
þi → Ξþ

c ð2790Þγ,
jΞ0

c
04Dλλ

3
2
þi → jΞ00

c
4Pλ

1
2
−iγ; jΞ00

c
4Pλ

3
2
−iγ. Their partial

radiative decay widths are estimated to be Oð10Þ keV,
while the branching fractions may reach up to Oð10−4Þ–
Oð10−3Þ.

3. JP = 5=2+ states

For jΞ0
c
2Dλλ

5
2
þi, if its mass is less than 3.12 GeV, it

should be a rather narrow state with a width of ∼10 MeV,
and its main decay modes are Ξcπ, Ξ0

cπ. However, if the
mass of jΞ0

c
2Dλλ

3
2
þi is taken as the prediction 3166 MeV in

Ref. [21], the decay channels into the P-wave charmed
baryon final states should open, and the Ξcð2815Þπ decay
mode together with Ξcπ and Ξ0

cπ dominates its decays. In
this case, the width of jΞ0

c
2Dλλ

5
2
þi might be still fairly

narrow, and the sum of the partial widths for the pionic and
kaonic decays is ΓSum ∼ 20 MeV (see Table X), while the

TABLE XI. Partial widths of radiative decays for the λ-mode D-wave Ξ0
c and Ξ0

b baryons, the masses (MeV) of which are taken from
the quark model predictions of Ref. [21].Mf stands for the masses of P-wave heavy baryons (MeV) in the final states, which are adopted
from the RPP [24] and Ref. [21]. The superscript (subscript) stands for the uncertainty of a prediction with aþ10% (−10%) uncertainty
of the oscillator parameter αρ.

jΞ0
c
2Dλλ

3
2
þið3167Þ jΞ0

c
2Dλλ

5
2
þið3166Þ jΞ0

c
4Dλλ

1
2
þið3163Þ jΞ0

c
4Dλλ

3
2
þið3160Þ jΞ0

c
4Dλλ

5
2
þið3153Þ jΞ0

c
4Dλλ

7
2
þið3147Þ

Decay mode Mf Γi (keV) Γi (keV) Γi (keV) Γi (keV) Γi (keV) Γi (keV)

jΞþ
c
2Pλ

1
2
−iγ 2792 7.91−0.58þ0.45 12.4−0.7þ0.4 9.33−1.03þ1.09 34.2−3.5þ3.5 12.4−1.4þ1.4 0.05

jΞ0
c
2Pλ

1
2
−iγ 0.0 0.0 0.00 0.00 0.00 0.0

jΞþ
c
2Pλ

3
2
−iγ 2815 24.4−2.9þ3.2 17.5−1.9þ2.0 7.49−0.96þ1.12 2.41−0.36þ0.46 22.0−2.4þ2.4 19.5−1.9þ1.9

jΞ0
c
2Pλ

3
2
−iγ 0.0 0.0 0.00 0.00 0.00 0.0

jΞ0þ
c
2Pλ

1
2
−iγ 2936 0.02 0.32−0.04þ0.05 0.49−0.08þ0.10 0.47−0.08þ0.10 0.16−0.03þ0.03 < 0.01

jΞ00
c
2Pλ

1
2
−iγ 64.2−10.3þ13.6 6.38−1.07þ1.41 0.03 0.30−0.04þ0.05 0.10−0.01þ0.02 < 0.01

jΞ0þ
c
2Pλ

3
2
−iγ 2935 0.45−0.05þ0.06 1.98−0.35þ0.48 0.13−0.02þ0.03 0.04 0.40−0.06þ0.08 0.35−0.05þ0.07

jΞ00
c
2Pλ

3
2
−iγ 29.2−4.8þ6.4 50.1−8.5þ11.2 0.08 0.03 0.25−0.03þ0.04 0.22−0.03þ0.03

jΞ0þ
c
4Pλ

1
2
−iγ 2854 1.36−0.16þ0.18 0.08 < 0.01 0.54−0.10þ0.16 0.05 < 0.01

jΞ00
c
4Pλ

1
2
−iγ 0.69−0.04þ0.02 0.04 184.92−27.2þ33.9 74.7−11.3þ14.2 13.1−2.0þ2.6 2.71−0.57þ0.85

jΞ0þ
c
4Pλ

3
2
−iγ 2912 0.90−0.13þ0.16 0.40−0.06þ0.06 0.07 0.04 0.73−0.13þ0.18 0.02

jΞ00
c
4Pλ

3
2
−iγ 0.54−0.16þ0.08 0.23−0.03þ0.02 42.00−6.7þ8.7 66.24−10.5þ13.7 43.1−7.1þ9.3 7.26−1.19þ1.57

jΞ0þ
c
4Pλ

5
2
−iγ 2929 0.19−0.03þ0.03 0.98−0.15þ0.19 0.02 0.04 0.05 1.25−0.22þ0.29

jΞ00
c
4Pλ

5
2
−iγ 0.12−0.02þ0.02 0.61−0.08þ0.10 5.15−0.97þ1.36 14.00−2.4þ3.2 31.0−5.1þ6.7 33.7−5.7þ7.7

jΞ0
b
2Dλλ

3
2
þið6459Þ jΞ0

b
2Dλλ

5
2
þið6432Þ jΞ0

b
4Dλλ

1
2
þið6447Þ jΞ0

b
4Dλλ

3
2
þið6431Þ jΞ0

b
4Dλλ

5
2
þið6420Þ jΞ0

b
4Dλλ

7
2
þið6414Þ

Decay mode Mf Γi (keV) Γi (keV) Γi (keV) Γi (keV) Γi (keV) Γi (keV)

jΞ0
b
2Pλ

1
2
−iγ 6120 5.16−0.43þ0.38 10.00−0.55þ0.25 9.66−1.02þ1.04 29.7−3.0þ3.0 10.0−1.1þ1.2 0.05

jΞ−
b
2Pλ

1
2
−iγ 0.0 0.0 0.00 0.0 0.0 0.0

jΞ0
b
2Pλ

3
2
−iγ 6130 18.2−2.2þ2.6 16.7−1.7þ1.8 9.33−1.15þ1.30 2.60−0.40þ0.51 20.5−2.1þ2.1 17.7−1.6þ1.6

jΞ−
b
2Pλ

3
2
−iγ 0.0 0.0 0.00 0.0 0.0 0.0

jΞ00
b
2Pλ

1
2
−iγ 6233 14.9−2.4þ2.9 1.21−0.20þ0.27 0.07 0.16−0.03þ0.02 0.05 < 0.01

jΞ0−
b
2Pλ

1
2
−iγ 37.5−5.6þ7.1 3.72−0.61þ0.79 0.52−0.08þ0.09 0.68−0.10þ0.12 0.20−0.03þ0.04 < 0.01

jΞ00
b
2Pλ

3
2
−iγ 6234 7.73−1.24þ1.62 6.88−1.16þ1.54 0.06 0.01 0.11−0.02þ0.02 0.09

jΞ0−
b
2Pλ

3
2
−iγ 22.4−3.6þ4.5 14.3−2.4þ3.1 0.25−0.04þ0.05 0.05 0.48−0.06þ0.09 0.41−0.06þ0.07

jΞ00
b
4Pλ

1
2
−iγ 6227 0.21−0.03þ0.02 < 0.01 16.7−2.6þ3.2 5.61−0.89þ1.15 0.81−0.13þ0.17 0.17−0.04þ0.05

jΞ0−
b
4Pλ

1
2
−iγ 0.92−0.11þ0.10 0.03 43.9−6.5þ8.1 14.3−2.2þ2.8 2.32−0.38þ0.48 0.43−0.10þ0.13

jΞ00
b
4Pλ

3
2
−iγ 6224 0.35−0.05þ0.05 0.09 7.36−1.15þ1.49 9.32−1.48þ1.90 5.58−0.91þ1.21 0.92−0.15þ0.20

jΞ0−
b
4Pλ

3
2
−iγ 1.54−0.20þ0.23 0.39−0.05þ0.06 20.8−3.2þ4.0 24.4−3.8þ4.8 12.9−2.1þ2.7 2.56−0.41þ0.55

jΞ00
b
4Pλ

5
2
−iγ 6226 0.10−0.02þ0.02 0.30−0.05þ0.05 1.14−0.22þ0.32 2.44−0.42þ0.55 4.70−0.77þ1.01 5.36−0.91þ1.21

jΞ0−
b
4Pλ

5
2
−iγ 0.43−0.06þ0.08 1.31−0.19þ0.24 3.06−0.61þ0.87 6.76−1.13þ1.50 12.2−2.0þ2.5 10.0−1.7þ2.3
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ratios between the partial widths for the Ξcπ, Ξ0
cπ, and

Ξcð2815Þπ channels and ΓSum are predicted to be

Γ½Ξcπ;Ξ0
cπ;Ξcð2815Þπ�
ΓSum

≃ 22%; 12%; 15%: ð34Þ

The Ξcπ, Ξ0
cπ, and Ξcð2815Þπ decay modes may be ideal

modes for our search for jΞ0
c
2Dλλ

5
2
þi in future experiments.

For the other JP ¼ 5=2þ state jΞ0
c
4Dλλ

5
2
þi, if its mass is

less than 3.12 GeV, it should be a rather narrow states with a
width of ∼10 MeV as well, its main decay modes are Ξ0�

c π
and Σ�

cK. However, if the mass of jΞ0
c
4Dλλ

5
2
þi is taken as the

prediction 3153 MeV in Ref. [21], the decay channels into
the P-wave charmed baryon final states should open, and
the Ξcð2790Þπ, jΞ0

c
4Pλ

1
2
−iπ, and jΞ0

c
4Pλ

5
2
−iπ decay modes

together with Ξ0
c
�π and Σ�

cK will dominate the decays of
jΞ0

c
4Dλλ

5
2
þi. In this case, the sum of the partial widths for

the pionic and kaonic decays can reach up to ΓSum ∼
40 MeV (see Table X), while the ratios between the partial
widths for the Ξ0�

c π, Σ�
cK, and Ξcð2790Þπ channels and

ΓSum are predicted to be

Γ½Ξ0�
c π;Σ�

cK;Ξcð2790Þπ�
ΓSum

≃ 11%; 11%; 9%: ð35Þ

The decay modes Ξ0�
c π, Σ�

cK, and Ξcð2790Þπ may be ideal
modes for our search for jΞ0

c
4Dλλ

5
2
þi in future experiments.

The radiative decays of these JP ¼ 5=2þ states into
the 1P-wave charmed baryon states are also estimated.
Our results are listed in Table XI. It is found that for
the jΞ0

c
2Dλλ

5
2
þi state the main radiative decay processes

are jΞ0þ
c

2Dλλ
5
2
þi→Ξþ

c ð2790;2815Þγ, jΞ00
c
2Dλλ

5
2
þi→

jΞ00
c
2Pλ

3
2
−iγ, while for the jΞ0

c
4Dλλ

5
2
þi state, the main

radiative decay processes are jΞ0
c
þ4Dλλ

5
2
þi → Ξþ

c ð2790;
2815Þγ, jΞ00

c
4Dλλ

3
2
þi → jΞ00

c
4Pλ

1
2
−iγ, jΞ00

c
4Pλ

3
2
−iγ,

jΞ00
c
4Pλ

5
2
−iγ. Their partial radiative decay widths are esti-

mated to be Oð10Þ keV, while the branching fractions may
reach up to Oð10−4Þ–Oð10−3Þ.

4. JP = 7=2+ state

If the mass of the JP ¼ 7=2þ state jΞ0
c
4Dλλ

7
2
þi is less than

3.12 GeV, it should be a rather narrow state with a width of
a few MeV, and its main decay modes are Ξcπ and ΛcK.
However, if the mass of jΞ0

c
4Dλλ

7
2
þi is taken to be

3147 MeV as predicted in Ref. [21], the decay channels
into the P-wave charmed baryon final states, Λcð2595ÞK,
Ξcð2790Þπ, and Ξcð2815Þπ, become dominant. In this case,
the sum of the partial widths for the pionic and kaonic
decays can reach up to ΓSum ∼ 50 MeV (see Table X),
while the ratios between the partial widths for the main
channels and ΓSum are predicted to be

Γ½Ξcπ;Λcð2595ÞK;Ξcð2790Þπ;Ξcð2815Þπ�
ΓSum

≃ 12%; 20%; 30%; 19%: ð36Þ

The Ξcπ, ΛcK, Λcð2595ÞK, Ξcð2790Þπ, and Ξcð2815Þπ
decay modes may be ideal modes for our search for
jΞ0

c
4Dλλ

7
2
þi in future experiments.

The radiative decays of jΞ0
c
4Dλλ

7
2
þi into the 1P-wave

charmed baryon states are also estimated. Our results are
listed in Table XI. It is found that the main radiative decay
processes are jΞ0

c
þ2Dλλ

7
2
þi → Ξþ

c ð2815Þγ, jΞ00
c
2Dλλ

7
2
þi →

jΞ00
c
2Pλ

5
2
−iγ. Their partial radiative decay widths are esti-

mated to beOð10Þ keV, while the branching fractions may
be Oð10−4Þ.

D. Ξ0
b

In the Ξ0
b family, there are six λ-mode 1D-wave

excitations: jΞ0
b
4Dλλ

1
2
þi, jΞ0

b
4Dλλ

3
2
þi, jΞ0

b
2Dλλ

3
2
þi,

jΞ0
b
2Dλλ

5
2
þi, jΞ0

b
4Dλλ

5
2
þi, and jΞ0

b
4Dλλ

7
2
þi. However, no

1D-wave states have been established. The typical masses
of the λ-mode 1D-wave Ξ0

b excitations are ∼6.44 GeV
within various quark model predictions (see Table II). In the
possible mass ranges, we study their strong decay tran-
sitions by emitting one light pseudoscalar meson within the
ChQM. Our results are shown in Fig. 6. To be more
specific, taking the masses of the 1D-wave states obtained
in the relativistic quark-diquark picture [21], we give the
predicted widths in Table X.

1. JP = 1=2+ state

The JP ¼ 1=2þ state jΞ0
b
4Dλλ

1
2
þi might be a broad state

with a width ofOð100Þ MeV, which obviously depends on
its mass. This state might mainly decay into the P-wave
bottom baryons via pionic decay modes jΞb

2Pλ
1
2
−iπ and

jΞb
2Pλ

3
2
−iπ and kaonic decay mode Λbð5920ÞK. If its mass

is taken as the prediction 6447 MeV in Ref. [21], the sum of
the partial widths for the pionic and kaonic decays can
reach up to ΓSum ∼ 110 MeV (see Table VIII), while the
ratio between the partial width for the Λbð5920ÞK channel
and ΓSum is predicted to be

Γ½Λbð5920ÞK�
ΓSum

≃ 27%: ð37Þ

The Λbð5920ÞK decay channel may be an ideal channel for
our search for jΞ0

b
4Dλλ

1
2
þi in future experiments.

We also estimate its radiative decays into the 1P-wave
bottom baryon states. Our results are listed in Table XI. It is
found that jΞ0

b
−4Dλλ

1
2
þi might have relatively large decay

rates into jΞ0
b
−4Pλ

1
2
−iγ and jΞ0

b
−4Pλ

3
2
−iγ, and the partial

radiative decay width is estimated to be Oð10Þ keV.
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The branching fractions for these main radiative decay
processes may be Oð10−4Þ.

2. JP = 3=2+ states

The JP ¼ 3=2þ state jΞ0
b
2Dλλ

3
2
þi has a width of

Oð10Þ −Oð100Þ MeV, which significantly depends on
the mass. It might mainly decay into the P-wave bottom
baryons via the jΞb

2Pλ
3
2
−iπ and Λbð5920ÞK decay modes.

The decay rate into ΣbK is also sizeable. If its mass is taken
as the prediction in Ref. [21], the sum of the partial widths
for the pionic and kaonic decays can reach up to ΓSum ∼
100 MeV (see Table X), while the ratios between the partial
widths for the ΣbK and Λbð5920ÞK channels and ΓSum are
predicted to be

Γ½ΣbK�
ΓSum

≃ 7%;
Γ½Λbð5920ÞK�

ΓSum
≃ 14%: ð38Þ

The ΣbK and Λbð5920ÞK decay modes may be ideal modes
for our search for jΞ0

b
2Dλλ

3
2
þi in future experiments.

For the other JP ¼ 3=2þ state jΞ0
b
4Dλλ

3
2
þi, one finds that

it has large decay rates into the P-wave states through the
decay modes Λbð5912ÞK, Λbð5920ÞK, jΞb

2Pλ
1
2
−iπ,

jΞb
2Pλ

3
2
−iπ, jΞ0

b
4Pλ

1
2
−iπ, and jΞ0

b
4Pλ

5
2
−iπ. Furthermore,

the decay rates into Ξ0�
b π and Σ�

bK are sizable as well.
Its width should be about a factor of 2 narrower than that of
jΞ0

b
2Dλλ

3
2
þi. If its mass is taken as the predictions in

Ref. [21], the sum of the partial widths of the pionic
and kaonic decays can reach up to ΓSum ∼ 60 MeV (see

Table VIII), while the ratios between the partial widths for
the Ξ0�

b π, Σ�
bK, Λbð5912ÞK, and Λbð5920ÞK decay modes

and ΓSum are predicted to be

Γ½Ξ0�
b π;Σ�

bK;Λbð5912ÞK;Λbð5920ÞK�
ΓSum

≃ 7%; 8%; 5%; 10%: ð39Þ

The Ξ0�
b π, Σ�

bK, Λbð5912ÞK, and Λbð5920ÞK decay modes
may be ideal modes for our search for jΞ0

b
4Dλλ

3
2
þi in future

experiments.
We also estimate the radiative decays of these JP ¼

3=2þ states into the 1P-wave bottom baryon states. Our
results are listed in Table XI. It is found that for jΞ0

b
2Dλλ

3
2
þi

the main radiative processes are jΞ00
b
2Dλλ

3
2
þi → jΞ0

b
2Pλ

3
2
−iγ

and jΞ0−
b

2Dλλ
3
2
þi → jΞ0−

b
2Pλ

3
2
−iγ, jΞ0−

b
2Pλ

3
2
−iγ, while for

jΞ0
b
4Dλλ

3
2
þi, the main radiative processes are jΞ00

b
4Dλλ

3
2
þi →

jΞ0
b
2Pλ

1
2
−iγ and jΞ0−

b
4Dλλ

3
2
þi → jΞ0−

b
4Pλ

1
2
−iγ; jΞ0−

b
4Pλ

3
2
−iγ.

Their partial radiative decay widths are estimated to
be Oð10Þ keV, while the branching fractions may be
Oð10−4Þ.

3. JP = 5=2+ states

The JP ¼ 5=2þ state jΞ0
b
2Dλλ

5
2
þi might be a narrow state

with a width of a few tens of MeV. Its dominant decay
mode is Ξbπ. If the mass of jΞ0

b
2Dλλ

5
2
þi is taken as the

prediction 6432 MeV in Ref. [21], the sum of the partial
widths for the pionic and kaonic decays is ΓSum ∼ 25 MeV

FIG. 6. Strong decay partial widths of the main decay modes for the λ-mode 1D-wave excited Ξ0
b states as functions of their mass. The

bold solid curves stand for the sum of the partial widths. The masses of the P-wave heavy baryons in final states are adopted from the
quark model predictions in Ref. [21], if there are no observations (see Table II).
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(see Table X), while the ratio between the partial width for
the Ξbπ channel and ΓSum is predicted to be

Γ½Ξbπ�
ΓSum

≃ 37%: ð40Þ

To look for this state, the Ξbπ decay mode is worth
observing in future experiments.
The other JP ¼ 5=2þ state jΞ0

b
4Dλλ

5
2
þi might be also a

narrow state with a width of a few tens of MeV. It has large
decay rates into Ξ0�

b π and Σ�
bK. If its mass is taken as the

predictions in Ref. [21], the sum of the partial widths of the
pionic and kaonic decays is ΓSum ∼ 30 MeV (see
Table VIII), while the ratios between the partial widths
for the Ξ0�

b π and Σ�
bK decay modes and ΓSum are predicted

to be

Γ½Ξ0�
b π�

ΓSum
≃ 20%;

Γ½Σ�
bK�

ΓSum
≃ 16%: ð41Þ

To look for this state, the Ξ0�
b π and Σ�

bK decay modes are
worth observing in future experiments.
We also estimate the radiative decays of these JP ¼

5=2þ states into the 1P-wave bottom baryon states. Our
results are listed in Table XI. It is found that for jΞ0

b
2Dλλ

5
2
þi

the main radiative processes are jΞ00
b
2Dλλ

5
2
þi → jΞ0

b
2Pλ

3
2
−iγ

and jΞ0−
b

2Dλλ
5
2
þi → jΞ0−

b
2Pλ

3
2
−iγ; while for jΞ0

b
4Dλλ

5
2
þi, the

main radiative processes are jΞ00
b
4Dλλ

5
2
þi → jΞ0

b
2Pλ

3
2
−iγ and

jΞ0−
b

4Dλλ
5
2
þi → jΞ0−

b
4Pλ

3
2
−iγ, jΞ0−

b
4Pλ

5
2
−iγ. Their partial radi-

ative decay widths are estimated to be ∼10–20 keV, while
the branching fractions is no more than Oð10−4Þ.

4. JP = 7=2+ state

The JP ¼ 7=2þ state jΞ0
b
4Dλλ

7
2
þi might have a relatively

narrow width ofOð10Þ MeV. This state mainly decays into
Ξbπ, ΛbK, Λbð5912ÞK, jΞb

2Pλ
1
2
−iπ, and jΞb

2Pλ
3
2
−iπ

channels. If one adopts the predicted mass in Ref. [21],
the sum of the partial widths of the pionic and
kaonic decays is estimated to be ΓSum ∼ 40 MeV (see
Table VIII), and the ratios between the partial widths for
the Ξbπ, ΛbK, Λbð5912ÞK decay modes and ΓSum are
predicted to be

Γ½Ξbπ;ΛbK;Λbð5912ÞK�
ΓSum

≃ 24%; 13%; 8%: ð42Þ

The Ξbπ, ΛbK, and Λbð5912ÞK decay modes may be ideal
modes for our search for jΞ0

b
4Dλλ

7
2
þi in future experiments.

We also estimate its radiative decays into the 1P-wave
bottom baryon states. Our results are listed in Table XI. It is
found that the decay rates for these radiative transitions are
small. Their branching fractions may be no more
than Oð10−4Þ.

FIG. 7. Strong decay partial widths of the main decay modes for the λ-mode 1D-wave excited Ωc and Ωb states as functions of their
mass. The bold solid curves stand for the total widths.
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E. Ωc

In the Ωc family, there are six λ-mode 1D-wave
excitations: jΩc

4Dλλ
1
2
þi, jΩc

4Dλλ
3
2
þi, jΩc

2Dλλ
3
2
þi,

jΩc
2Dλλ

5
2
þi, jΩc

4Dλλ
5
2
þi, and jΩc

4Dλλ
7
2
þi. However, no

D-wave states have been established. The typical masses
of the λ-mode 1D-wave Ωc excitations are ∼3.3 within
various quark model predictions (see Table II). In the
possible mass ranges, we study their strong decay tran-
sitions within the ChQM. Our results are shown in Fig. 7.
To be more specific, taking the masses of the 1D-wave
states obtained in the relativistic quark-diquark picture [21],
we give the predicted widths in Table XII.

1. JP = 1=2+ state

The JP ¼ 1=2þ state jΩc
4Dλλ

1
2
þi may be a narrow state

with a width of Γtotal ∼ 20 MeV. Its decays are dominated
by the Ξcð2470ÞK. The decay rates into Ξ0

cð2575ÞK and
Ξ0�
c ð2645ÞK are sizeable as well. The branching fractions

for the Ξcð2470ÞK, Ξ0
cð2575ÞK, and Ξ0�

c ð2645ÞK modes are
predicted to be

Γ½ΞcK;Ξ0
cK;Ξ0�

c K�
Γtotal

≃ 71%; 21%; 7%: ð43Þ

From Fig. 7, it is found that the strong decay properties of
jΩc

4Dλλ
1
2
þi are less sensitive to its mass. The Ξcð2470ÞK

and Ξ0
cð2575ÞK may be optimal channels for us to search

for this missing JP ¼ 1=2þ state jΩc
4Dλλ

1
2
þi.

We also estimate its radiative decays into the 1P-wave
charmed baryon states. Our results are listed in Table XII. It
is found that jΩ0

c
4Dλλ

1
2
þi might have relatively large decay

rates into jΩ0
c
4Pλ

1
2
−iγ and jΩ0

c
4Pλ

3
2
−iγ, and the partial

radiative decay width is estimated to be Oð10Þ keV. The
branching fractions for these main radiative decay proc-
esses may be Oð10−3Þ.

2. JP = 3=2+ states

For the JP ¼ 3=2þ state jΩc
2Dλλ

3
2
þi, the width is pre-

dicted to be Γtotal ∼ 18 MeV, which is less sensitive to the
phase space of strong decays (see Fig. 7). It is found that
Ξcð2470ÞK together with Ξ0

cð2575ÞK governs the decays of
jΩc

2Dλλ
3
2
þi. Their branching fractions are predicted to be

TABLE XII. Partial widths of strong and radiative decays for the λ-mode D-wave Ωc and Ωb baryons, the masses (MeV) of which are
taken from the quark model predictions of Ref. [21].Mf stands for the masses of P-wave heavy baryons (MeV) in the final states, which
are adopted from the RPP [24] and Refs. [1,21]. The units for the partial widths of radiative and strong decays are keV and MeV,
respectively. The superscript (subscript) stands for the uncertainty of a prediction with a þ10% (−10%) uncertainty of the oscillator
parameter αρ.

jΩc
2Dλλ

3
2
þið3282Þ jΩc

2Dλλ
5
2
þið3286Þ jΩc

4Dλλ
1
2
þið3287Þ jΩc

4Dλλ
3
2
þið3298Þ jΩc

4Dλλ
5
2
þið3297Þ jΩc

4Dλλ
7
2
þið3283Þ

Decay mode Mf Γi Bi (%) Γi Bi (%) Γi Bi (%) Γ Bi (%) Γi Bi (%) Γi Bi (%)

ΞcK 2470 7.97þ3.85
−3.61 44.7 5.16−1.13þ1.42 57.3 15.9þ7.8

−7.2 71.4 7.90þ4.08
−3.73 48.2 1.65−0.35þ0.44 19.8 6.43−1.43þ1.77 81.7

Ξ0
cK 2575 9.26þ2.34

−2.55 51.9 1.77−0.45þ0.64 19.7 4.71þ1.22
−1.34 20.8 2.44þ0.68

−0.73 14.8 0.15−0.04þ0.05 1.79 0.54−0.14þ0.20 6.73
Ξ0�

cK 2645 0.50−0.01þ0.02 2.8 2.05þ0.28
−0.32 22.8 1.65þ0.25

−0.31 7.4 5.97þ0.90
−1.03 36.4 6.61−0.60þ0.64 79.2 0.88þ0.11

−0.12 11.2

jΩc1
2Pλ

1
2
−iγ 3000 91.8−14.5þ18.8 0.51 9.79−1.60þ2.12 0.11 0.03 < 0.01 0.49−0.05þ0.06 < 0.01 0.19−0.02þ0.02 < 0.01 ≃0.0 < 0.01

jΩc1
2Pλ

3
2
−iγ 3066 18.4−3.1þ4.0 0.10 39.7−6.7þ8.9 0.44 0.04 < 0.01 0.02 < 0.01 0.17−0.02þ0.02 < 0.01 0.13−0.02þ0.02 < 0.01

jΩc1
4Pλ

1
2
−iγ 3050 0.13−0.02þ0.01 < 0.01 0.008 < 0.01 70.3−11.3þ14.8 0.32 34.7−5.6þ7.3 0.21 5.56−0.91þ1.20 0.07 1.07−0.21þ0.30 0.01

jΩc1
4Pλ

3
2
−iγ 3050 0.2−0.03þ0.03 < 0.01 0.09 < 0.01 27.5−4.5þ5.9 0.12 54.1−8.8þ11.4 0.33 39.8−6.6þ8.6 0.47 5.62−0.94þ1.23 0.07

jΩc1
4Pλ

5
2
−iγ 3090 0.03 < 0.01 0.14−0.02þ0.03 < 0.01 2.44−0.45þ0.62 < 0.10 7.95−1.36þ1.82 0.05 19.6−3.3þ4.3 0.24 23.1−3.9þ5.3 0.29

Sum 17.84þ6.16
−6.16 9.03−1.30þ1.73 22.33þ9.25

−8.83 16.21þ5.64
−5.47 8.34−0.98þ1.11 7.82−1.46þ1.85

jΩb
2Dλλ

3
2
þið6530Þ jΩb

2Dλλ
5
2
þið6520Þ jΩb

4Dλλ
1
2
þið6540Þ jΩb

4Dλλ
3
2
þið6549Þ jΩb

4Dλλ
5
2
þið6529Þ jΩb

4Dλλ
7
2
þið6517Þ

Decay mode Mf Γi Bi (%) Γi Bi (%) Γi Bi (%) Γ Bi (%) Γi Bi (%) Γi Bi (%)

ΞbK 5795 11.2þ5.5
−5.1 55.5 6.18−1.36þ1.71 75.83 22.1þ11.7

−10.5 76.98 10.9þ6.1
−5.4 53.48 2.07−0.49þ0.48 28.09 7.83−1.69þ2.13 90.84

Ξ0
bK 5935 8.43þ1.17

−1.38 41.8 0.30−0.09þ0.13 3.68 4.69þ0.73
−0.86 16.34 2.55þ0.44

−0.51 12.51 0.03 0.41 0.09 1.04
Ξ0�
b K 5955 0.51−0.09−0.10 2.52 1.65þ0.15

−0.16 20.25 1.86þ0.23
−0.27 6.48 6.87þ1.85

−1.01 33.71 5.24þ0.37
−0.43 71.10 0.68þ0.06

−0.07 7.89

jΩb1
2Pλ

1
2
−iγ 6301 33.2−5.1þ6.5 0.16 4.03−0.66þ0.86 0.05 0.55−0.08þ0.10 < 0.01 1.20−0.16þ0.19 < 0.01 0.32−0.05þ0.05 < 0.01 ≃0.0 < 0.01

jΩb1
2Pλ

3
2
−iγ 6304 17.9−2.9þ3.7 0.09 16.8−2.8þ3.6 0.21 0.26−0.04þ0.05 < 0.01 0.10−0.02þ0.02 < 0.01 0.73−0.10þ0.12 < 0.01 0.56−0.07þ0.09 < 0.01

jΩb1
4Pλ

1
2
−iγ 6312 0.47−0.06þ0.07 < 0.01 0.024 < 0.01 40.4−6.1þ7.5 0.14 18.8−2.9þ3.5 0.09 2.72−0.43þ0.57 0.04 0.50−0.11þ0.15 < 0.01

jΩb1
4Pλ

3
2
−iγ 6311 0.74−0.10þ0.13 < 0.01 0.27−0.04þ0.04 < 0.01 17.9−2.8þ3.5 0.06 31.0−4.7þ5.9 0.15 15.4−2.5þ3.2 0.21 2.70−0.44þ0.58 0.03

jΩb1
4Pλ

5
2
−iγ 6311 0.21−0.03þ0.04 < 0.01 0.91−0.13þ0.17 < 0.01 2.83−0.56þ0.81 0.01 8.98−1.50þ1.98 0.04 14.6−3.3þ2.0 0.20 12.1−2.0þ2.6 0.14

Sum 20.19þ6.57
−6.57 8.15−1.30þ1.68 28.71þ12.65

−11.61 20.38þ8.38
−6.91 7.37−0.11þ0.04 8.62−1.63þ2.06
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Γ½ΞcK;Ξ0
cK�

Γtotal
≃ 45%; 52%: ð44Þ

The Ξcð2470ÞK and Ξ0
cð2575ÞK may be ideal channels for

us to search for this missing JP ¼ 3=2þ state jΩc
2Dλλ

3
2
þi.

For the other JP ¼ 3=2þ state jΩc
4Dλλ

3
2
þi, if its mass is

below the threshold of Ξcð2790ÞK, the width is predicted to
be Γtotal ∼ 16 MeV, which is less sensitive to the phase
space of strong decays (see Fig. 7). In this case, both
Ξcð2470ÞK and Ξ0�

c ð2645ÞK are the dominant decay
channels of jΩc

2Dλλ
3
2
þi, while the decay rate into

Ξ0
cð2575ÞK is sizeable as well. Their branching fractions

are predicted to be

Γ½ΞcK;Ξ0�
c K;Ξ0

cK�
Γtotal

≃ 48%; 36%; 15%: ð45Þ

However, if the Ξcð2790ÞK decay channel is open, this
decay mode should be the dominant decay mode. The
decay width of jΩc

4Dλλ
3
2
þi can reach up to 30–40MeV. The

Ξcð2470ÞK and Ξ0
c
�ð2645ÞK may be ideal channels for us

to search for this missing JP ¼ 3=2þ state jΩc
4Dλλ

3
2
þi.

We also estimate the radiative decays of these JP ¼
3=2þ Ωc states into the 1P-wave charmed baryon states.
Our results are listed in Table XII. It is found that
jΩ0

c
2Dλλ

3
2
þi → jΩ0

c
2Pλ

1
2
−iγ and jΩ0

c
4Dλλ

3
2
þi → jΩ0

c
4Pλ

1
2
−iγ,

jΩ0
c
4Pλ

3
2
−iγ might have relatively large decay rates. The

partial radiative decay widths are estimated to be
Oð10Þ keV, while their branching fractions may reach
up to Oð10−3Þ.

3. JP = 5=2+ states

For the JP ¼ 5=2þ state jΩc
2Dλλ

5
2
þi, if we take its mass

as the prediction 3286 MeV in Ref. [21], the width is
predicted to be Γtotal ∼ 9 MeV, which is slightly dependent
on the phase space of strong decays (see Fig. 7). The decays
of jΩc

2Dλλ
3
2
þi are governed by the Ξcð2470ÞK channel,

while the decay rates into Ξ0
cð2575ÞK and Ξ0�

c ð2645ÞK
are sizeable as well. Their branching fractions are predicted
to be

Γ½ΞcK;Ξ0�
c K;Ξ0

cK�
Γtotal

≃ 57%; 23%; 20%: ð46Þ

The Ξcð2470ÞK, Ξ0
cð2575ÞK, and Ξ0�

c ð2645ÞK may be ideal
channels for us to search for this missing JP ¼ 5=2þ

state jΩc
2Dλλ

5
2
þi.

For the other JP ¼ 5=2þ state jΩc
4Dλλ

5
2
þi, if we take

its mass as the prediction 3297 MeV in Ref. [21], the
width is predicted to be Γtotal ∼ 8 MeV, which is slightly
dependent on the phase space of strong decays (see Fig. 7).
The Ξ0�

c ð2645ÞK are the dominant decay channels of
jΩc

2Dλλ
3
2
þi, while the decay rate into Ξcð2470ÞK is

sizeable as well. Their branching fractions are predicted
to be

Γ½Ξ0�
c K;ΞcK�
Γtotal

≃ 78%; 19%: ð47Þ

The Ξcð2470ÞK and Ξ0�
c ð2645ÞK may be ideal channels for

us to search for this missing JP ¼ 5=2þ state jΩc
4Dλλ

5
2
þi.

We also estimate the radiative decays of the JP ¼ 5=2þ
Ωc states into the 1P-wave charmed baryon states. Our
results are listed in Table XII. It is found that jΩ0

c
2Dλλ

5
2
þi →

jΩ0
c
2Pλ

3
2
−iγ and jΩ0

c
4Dλλ

5
2
þi → jΩ0

c
4Pλ

3
2
−iγ might have rel-

atively large decay rates. The partial radiative decay widths
are estimated to be Oð10Þ keV, while their branching
fractions may reach up to Oð10−3Þ.

4. JP = 7=2+ state

The JP ¼ 7=2þ state jΩc
4Dλλ

7
2
þi may be a narrow state

with a width of a few MeV. If its mass is taken to be
3283 MeV as predicted in Ref. [21], the width is predicted
to be Γtotal ∼ 8 MeV, which shows some sensitivities to the
phase space of strong decays (see Fig. 7). The decays of
jΩc

4Dλλ
7
2
þi are governed by the Ξcð2470ÞK channel. The

branching fraction is predicted to be

Γ½ΞcK�
Γtotal

≃ 80%: ð48Þ

The Ξcð2470ÞK may be an ideal channel for our search for
this missing JP ¼ 7=2þ state jΩc

4Dλλ
7
2
þi.

We also estimate its radiative decays into the 1P-wave
charmed baryon states. Our results are listed in Table XII. It
is found that jΩ0

c
4Dλλ

7
2
þimight have a relatively large decay

rate into jΩ0
c
4Pλ

5
2
−iγ, and the partial radiative decay width is

estimated to be Oð10Þ keV. The branching fraction for this
main radiative decay process may be Oð10−3Þ.

F. Ωb

In the Ωb family, according to the quark model clas-
sification, there are six λ-mode 1D-wave exci-
tations: jΩb

4Dλλ
1
2
þi, jΩb

4Dλλ
3
2
þi, jΩb

2Dλλ
3
2
þi, jΩb

2Dλλ
5
2
þi,

jΩb
4Dλλ

5
2
þi, and jΩb

4Dλλ
7
2
þi. However, no D-wave states

have been established. The typical masses of the λ-mode
1D-wave Ωb excitations are ∼6.6 GeV within various
quark model predictions (see Table II). In these possible
mass ranges, we study their strong decay transitions by
emitting one light pseudoscalar meson within the ChQM.
Our results are shown in Fig. 7. To be more specific, taking
the masses of the 1D-wave states obtained in the relativistic
quark-diquark picture [21], we give the predicted widths in
Table XII.
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1. JP = 1=2+ state

The JP ¼ 1=2þ state jΩb
4Dλλ

1
2
þi may be a narrow state

with a width of Γtotal ∼ 30 MeV. Its decays are dominated
by the Ξbð5795ÞK. The decay rates into Ξ0

bð5935ÞK and
Ξ0�
b ð5955ÞK are sizeable as well. The branching fractions

for the Ξbð5795ÞK, Ξ0
bð5935ÞK, and Ξ0�

b ð5955ÞK modes
are predicted to be

Γ½ΞbK;Ξ0
bK;Ξ0�

b K�
Γtotal

≃ 76%; 16%; 7%: ð49Þ

From Fig. 7, it is found that the strong decay properties of
jΩb

4Dλλ
1
2
þi are less sensitive to its mass. Ξbð5795ÞK and

Ξ0
bð5935ÞK may be ideal channels for us to search for this

missing JP ¼ 1=2þ state jΩb
4Dλλ

1
2
þi.

We also estimate its radiative decays into the 1P-wave
bottom baryon states. Our results are listed in Table XII. It
is found that jΩ−

b
4Dλλ

1
2
þi might have a relatively large

decay rate into jΩ−
b
4Pλ

1
2
−iγ. The partial radiative decay

width of this process is estimated to be Oð10Þ keV, while
the branching fraction may be Oð10−3Þ.

2. JP = 3=2+ states

For the JP ¼ 3=2þ state jΩb
2Dλλ

3
2
þi, the width is

predicted to be Γtotal ∼ 20� 5 MeV, which is slightly
dependent on the phase space of strong decays (see
Fig. 7). It is found that Ξbð5795ÞK together with
Ξ0
bð5935ÞK governs the decays of jΩb

2Dλλ
3
2
þi. If its mass

is taken to be 6530 MeV as predicted in Ref. [21], the
branching fractions for the Ξbð5795ÞK and Ξ0

bð5935ÞK
modes are predicted to be

Γ½ΞbK;Ξ0
bK�

Γtotal
≃ 55%; 42%; ð50Þ

The Ξbð5795ÞK and Ξ0
bð5935ÞK may be ideal channels for

us to search for this missing JP ¼ 3=2þ state jΩb
2Dλλ

3
2
þi.

For the other JP ¼ 3=2þ state jΩb
4Dλλ

3
2
þi, if its mass is

taken to be 6549 MeVas predicted in Ref. [21], the width is
predicted to be Γtotal ∼ 20 MeV. The decays are dominated
by the Ξbð5795ÞK and Ξ0�

b ð5955ÞK channels, while the
decay rate into Ξ0

bð5935ÞK is sizeable as well. Their
branching fractions are predicted to be

Γ½ΞbK;Ξ0�
b K;Ξ0

bK�
Γtotal

≃ 53%; 34%; 12%; ð51Þ

which is sensitive to the phase space of strong decays (see
Fig. 7). Ξbð5795ÞK and Ξ0�

b ð5955ÞK may be ideal channels
for our search for this missing JP ¼ 3=2þ state jΩb

4Dλλ
3
2
þi.

We also estimate the radiative decays of these JP ¼
3=2þ Ωb states into the 1P-wave bottom baryon states.
Our results are listed in Table XII. It is found that

jΩ−
b
2Dλλ

3
2
þi → jΩ−

b
2Pλ

1
2
−iγ and jΩ−

b
4Dλλ

3
2
þi → jΩ−

b
4Pλ

3
2
−iγ

might have relatively large decay rates. The partial radiative
decay widths are estimated to be Oð10Þ keV, while their
branching fractions may reach up to Oð10−3Þ.

3. JP = 5=2+ states

For the JP ¼ 5=2þ state jΩb
2Dλλ

5
2
þi, if we take its mass

as the prediction 6520 MeV in Ref. [21], the width is
predicted to be Γtotal ∼ 8 MeV. The decays of jΩb

2Dλλ
3
2
þi

are governed by the Ξbð5795ÞK channel, while the decay
rate into Ξ0�

b ð5955ÞK is sizeable as well. Their branching
fractions are predicted to be

Γ½ΞbK;Ξ0�
b K�

Γtotal
≃ 76%; 20%: ð52Þ

It should be pointed out that the decay properties of
jΩb

2Dλλ
5
2
þi show some sensitivities to its mass (see

Fig. 7). Ξbð5795ÞK and Ξ0�
b ð5955ÞK may be ideal channels

for us to search for this missing JP ¼ 5=2þ state
jΩb

2Dλλ
5
2
þi.

For the other JP ¼ 5=2þ state jΩb
4Dλλ

5
2
þi, if we take its

mass as the prediction 6549 MeV in Ref. [21], the width is
predicted to be Γtotal ∼ 8 MeV. Ξ0�

b ð5955ÞK is the dominant
decay channel of jΩb

4Dλλ
5
2
þi, while the decay rate into

Ξbð5790ÞK is sizeable as well. Their branching fractions
are predicted to be

Γ½Ξ0�
b K;ΞbK�
Γtotal

≃ 74%; 25%: ð53Þ

The decay properties of jΩb
4Dλλ

5
2
þi show some sensitivities

to its mass (see Fig. 7). The Ξbð5795ÞK and Ξ0�
b ð5955ÞK

may be ideal channels for us to search for this missing
JP ¼ 5=2þ state jΩb

4Dλλ
5
2
þi.

We also estimate the radiative decays of the JP ¼ 5=2þ
Ωb states into the 1P-wave bottom baryon states. Our
results are listed in Table XII. It is found that jΩ−

b
2Dλλ

5
2
þi →

jΩ−
b
2Pλ

3
2
−iγ and jΩ−

b
4Dλλ

5
2
þi → jΩ−

b
4Pλ

3
2
−iγ, jΩ−

b
4Pλ

5
2
−iγ

might have relatively large decay rates. The partial radiative
decay widths are estimated to be Oð10Þ keV, while their
branching fractions may reach up to Oð10−3Þ.

4. JP = 7=2+ state

The JP ¼ 7=2þ state jΩb
4Dλλ

7
2
þi may be a narrow state

with a width of a few MeVor a few tens of MeV. If its mass
is taken to be 6517 MeVas predicted in Ref. [21], the width
is predicted to be Γtotal ∼ 8 MeV, which shows some
sensitivities to the phase space of strong decays (see
Fig. 7). The decays of jΩb

4Dλλ
7
2
þi are governed by the

Ξbð5970ÞK channel. The branching fraction is predicted
to be
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Γ½ΞbK�
Γtotal

≃ 89%: ð54Þ

Ξbð5970ÞK may be an ideal channel for us to search for this
missing JP ¼ 7=2þ state jΩb

4Dλλ
7
2
þi.

We also estimate its radiative decays into the 1P-wave
bottom baryon states. Our results are listed in Table XII. It
is found that jΩ−

b
4Dλλ

7
2
þi might have a relatively large

decay rate into jΩ−
b
4Pλ

5
2
−iγ, and the partial radiative decay

width is estimated to be Oð10Þ keV. The branching
fraction for this main radiative decay process may
be Oð10−3Þ.

V. SUMMARY

In this work, we carry out a systematic study of the
strong decays with emission of one light pseudoscalar
meson and the radiative decays with emission one photon
of the low-lying D-wave singly heavy baryons in a
constituent quark model. Our results may provide helpful
references to establish these missing D-wave singly heavy
baryons in future experiments. Several key results from this
study can be learned as follows.
The λ-mode 1D-wave JP ¼ 3=2þ and JP ¼ 5=2þ exci-

tations of 3̄F (i.e., j2Dλλ
3
2
þi and j2Dλλ

5
2
þi) in the Λc and Ξc

families might have been observed in experiments. Both
Λcð2860Þ and Ξcð3050Þ seem to favor the JP ¼ 3=2þ

excitation j2Dλλ
3
2
þi of 3̄F, while Λcð2880Þ and Ξcð3080Þ

seem to favor assigning the JP ¼ 5=2þ excitation j2Dλλ
5
2
þi.

The nature of Ξcð3050Þ and Ξcð3080Þ may be tested by the
radiative transitions Ξcð3055Þ0 → Ξcð2790Þ0γ and
Ξcð3080Þ0 → Ξcð2815Þ0γ, respectively.
The missing λ-mode 1D-wave JP ¼ 3=2þ and JP ¼

5=2þ excitations of 3̄F in the Λb and Ξb families have a
large potential to be found in forthcoming experiments.
They might be narrow states with a width of ∼10 MeV. In
the Λb family, the JP ¼ 3=2þ state might be established in
the Σbπ and Λbð5912Þγ final states, while the JP ¼ 5=2þ

state might be established in the Σ�
bπ and Λbð5920Þγ final

states. In the Ξb family, the JP ¼ 3=2þ state might be
established in the Ξ0

bπ, Ξ0�
b π and ΣbK final states, while the

JP ¼ 5=2þ state might be established in the Σ�
bK and Ξ0�

b π
final states.

The λ-mode 1D-wave excitations of 6F in the Ωc and Ωb

families have a large potential to be found in forthcoming
experiments as well. They are fairly narrow states with a
width of a fewMeVor a few tens of MeV. The kaonic decay
channels Ξcð2470ÞK, Ξ0

cð2575ÞK, and Ξ0�
c ð2645ÞK may be

ideal channels for us to search for these missing 1D-wave
excited Ωc states, while the kaonic decay channels ΞbK,
Ξ0
bK, and Ξ0�

b K may be ideal channels for us to search for
these missing 1D-wave excited Ωb states.
The λ-mode 1D-wave excitations in the ΣcðbÞ and Ξ0

cðbÞ
families appear to have relatively broad widths. The sum of
the partial widths with emission of a one-pion meson and
one-kaon meson is about 50–200 MeV. These 1D-wave
states might have large decay rates into the 1P-wave heavy
baryon states via the pionic and/or kaonic decays. The
Λcð2595Þπ and Λcð2625Þπ channels may be ideal channels
for looking for the missing 1D-wave excitations in the Σc

family. The Ξcð2790Þπ, Ξcð2815Þπ, Λcð2595ÞK, and
Λcð2625ÞK decay channels may be ideal channels for
looking for the missing 1D-wave excitations in the Ξ0

c

family. The Λbð5912Þπ, and Λbð5920Þπ decay channels
may be ideal channels for looking for the missing D-wave
excitations in the Σb family.
Finally, it should be pointed out that some of our

predictions bear a fairly large uncertainty from the non-
relativistic harmonic oscillator wave functions adopted in
the calculations. Considering a 10% uncertainty of the
oscillator parameter, one finds that the uncertainty of our
predictions can reach up to ∼30%. In some senses, our
results are only a semiquantitative estimation based on the
SU(3) symmetry. Fortunately, it is found that most of
the featured results of the singly heavy baryons predicted in
the present work and previous work [11] are consistent with
other model approaches and observations, which indicates
that the constituent quark model can still serve as a useful
tool for investigating the heavy baryon mesonic decays and
radiative transitions.
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