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The measured masses and strong decays of Λbð6146Þ0 and Λbð6152Þ0 required us to decode them as the
1D excited states with JP ¼ 3=2þ and JP ¼ 5=2þ, respectively. Under the suggested assignment, the
masses and total decay widths of Λbð6146Þ0 and Λbð6152Þ0 can be explained. As a JP ¼ 3=2þ state,
the Λbð6146Þ0 should mainly decay into Σbð5815Þπ. However, this theoretical result is in contradiction
to the measurement since no significant Λbð6146Þ0 → Σbð5815Þ�π∓ signals were observed by the LHCb.
The possible explanations for this difficulty are mentioned. For completeness, we present the prediction of
masses and decay widths of other unseen 1D bottom baryons in this work. Our results could provide some
important clues for the upcoming experiments.
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I. INTRODUCTION

Single heavy baryons occupy an important position in
the hadron’s jigsaw puzzle since chiral symmetry and
heavy quark symmetry (HQS) can provide some qualitative
insight into their dynamics. So the investigation of single
heavy baryons, including the charm and bottom baryons,
could be more helpful for improving our understanding of
the confinement mechanism. With the experimental and
theoretical efforts, the spectrum of both charm and bottom
baryon families is being established step by step [1]. Here,
we briefly review some important measurements of the
excited charm and bottom baryons by different experiments
in the past years.
In theΛþ

c sector, a new resonance, denoted asΛcð2860Þþ,
was discovered by the LHCb Collaboration [2]. The spin-
parity of Λcð2860Þþ was identified as 3=2þ. In the same
work, the LHCb also confirmed the spin of Λcð2880Þþ,

which was first measured by the Belle Collaboration [3].
Specifically, the preferred spin of the Λcð2880Þþ state was
found to be J ¼ 5=2. In addition, the first constraint on the
spin-parity of the Λcð2940Þþ state was performed in the
same analysis [2], where the Λcð2940Þþ was most likely a
JP ¼ 3=2− state. Belle recently determined the isospin of
Λcð2760Þþ=Σcð2760Þþ and disentangled the identity of this
puzzling state [4]. Since no evidence of Σcð2760Þþþ;0 was
observed in the Σcð2455Þþþ=0π0 channels, there is now no
doubt that the puzzling state around 2.76 GeV is a Λþ

c state.
Experiments have also made progress in the study of

excited Ξc and Ωc states. The Ξcð3055Þþ and Ξcð3080Þþ
were first observed in the decay channel of ΛDþ, and their
relevant ratios of branching fractions were also measured
[5]. Five narrowΩc states, denoted asΩcð3000Þ,Ωcð3050Þ,
Ωcð3065Þ, Ωcð3090Þ, and Ωcð3120Þ, were found by the
LHCb Collaboration [6] and were subsequently confirmed
by the Belle Collaboration [7].
For the excited bottom baryons, the 1P Λ0

b states, i.e.,
Λ0
bð5912Þ0 and Λ0

bð5920Þ0, were established by LHCb [8]
and CDF [9]. Last year, two bottom baryons, denoted as
Ξbð6227Þ− [10] and Σbð6097Þ� [11], were first observed by
the LHCb Collaboration. Very recently, the LHCb
Collaboration again announced their new discovery of
two bottom baryon states, the Λbð6146Þ0 and Λbð6152Þ0,
by analyzing the Λ0

bπ
þπ− invariant mass spectrum from pp

collisions [12]. The resonance parameters of these two states
are listed below,
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mΛbð6146Þ0 ¼ 6146.17� 0.33� 0.22� 0.16 MeV;

mΛbð6152Þ0 ¼ 6152.51� 0.26� 0.22� 0.16 MeV;

ΓΛbð6146Þ0 ¼ 2.9� 1.3� 0.3 MeV;

ΓΛbð6152Þ0 ¼ 2.1� 0.8� 0.3 MeV: ð1Þ

These newly observed single heavy baryons have moti-
vated a wide discussion and study of their inner structures
[13]. In recent years, our group has also carried a systematic
study of the low-lying charm and bottom baryons, mainly
including the 2S and 1P states in the single heavy baryon
family [14–19]. In this work, we will further investigate the
probable assignment of the new Λbð6146Þ0 and Λbð6152Þ0
and try to establish the 1D bottom baryons.
Heavy quark symmetry can provide us with some

qualitative insight of the Λbð6146Þ0 and Λbð6152Þ0 when
we compare them with the established Λþ

c baryon states. At
present, the 1S, 1P, and 1D Λþ

c baryons have been
established [1]. As shown later, the excited energies of
Λbð6146Þ0 and Λbð6152Þ0 indicate that the 1D assignment
is suitable for these two new bottom baryons. The predicted
masses and strong decays can further test this assignment.
With the coming LHCb Upgrade I in 2020 [20], more

and more excited bottom baryons are expected to be
discovered in the near future. So it is necessary for us
to systematically investigate the properties of the whole
D-wave bottom baryons by including their mass spectrum
and strong decay behaviors, which can provide some
valuable information for further experiments to explore
the excited bottom baryons.
The paper is organized as follows. In Sec. II, a brief

review of our theoretical methods will be presented, where
the parameters will also be given for the reader’s conven-
ience. We decode the newly reported Λbð6146Þ0 and
Λbð6152Þ0 as the D-wave states in Sec. III, where the
analysis of the mass spectrum and the investigation of
strong decays will be presented. For completeness, we will
also predict the mass spectra and strong decays of other
D-wave bottom baryons in Sec. IV. Finally, the paper ends
with a discussion and conclusions in Sec. V.

II. SCHEME OF THE QUARK POTENTIAL
MODEL AND THE QUARK PAIR

CREATION (QPC) MODEL

Heavy quark symmetry plays an important role in the
dynamics of a single heavy baryon system. In the heavy
quark limit, one heavy quark within the heavy baryon
system is decoupled from two light quarks. Although heavy
quark symmetry is broken due to the finite charm or bottom
quark mass, much evidence indicates that heavy quark
symmetry is a good approximation for the single heavy
baryons.
Under the scenario of heavy quark symmetry, the

dynamics of a heavy baryon state could be well separated

into two parts [21]. As illustrated in Fig. 1, the degree of
freedom between two light quarks (q1 and q2) is usually
called the “ρ-mode,” while the degree between the center of
mass of two light quarks and the heavy quark is called the
“λ-mode.” If adopting the ordinary confining potential like
the linear or harmonic form to depict the interaction of
quarks, the excited energy of the ρ-mode is higher than that
of the λ-mode excitations [21,22]. So it seems to be easier
for the experiments to detect the λ-mode excited heavy
baryons. The available theoretical investigations confirm
the point that almost all observed single heavy baryons
could be explained as the λ-mode excited states.
In Refs. [18,19], we assigned the Ξbð6227Þ− and

Σbð6097Þ� as the P-wave λ-mode excited bottom baryons.
In this work, we also examine the possibility of Λbð6146Þ0
and Λbð6152Þ0 as the λ-mode excitations. Since two light
quarks in a bottom baryon are always in the ground state
with the antitriplet color structure, the λ-mode bottom
heavy baryon can be simplified as a quasi-two-body
system, which means that the diquark could be an effective
degree of freedom in these λ-mode excited bottom baryons.
To depict the interaction between the light diquark and the
bottom quark, the following Schrödinger equation can be
constructed,

�
−

∇2

2mμ
−
4α

3r
þbrþCþ 32ασ3

9
ffiffiffi
π

p
mdimb

s⃗di · s⃗b

�
ψnL¼EψnL:

ð2Þ

Here, ⃗sdi and ⃗sb denote the spin of the light diquark and
the b quark, respectively. The reduced mass is defined as
mμ ≡mdimb=ðmdi þmbÞ. The parameters α, b, andC stand
for the strength of the color Coulomb potential, the strength
of linear confinement, and a mass-renormalized constant,
respectively. The parameter σ comes from a Gaussian-
smeared contact hyperfine interaction between the light
diquark and the bottom quark. Since the spin of the light
diquark in the Λb and Ξb baryons is zero, the spin-spin
contact hyperfine interaction in Eq. (2) is only important to
calculate the radially excited Σb, Ξ0

b, and Ωb states. The
values of the parameters which have been given in Ref. [18]
are also listed in Table I for the reader’s convenience.

FIG. 1. The so-called “ρ-mode” and “λ-mode” excitations in a
single heavy baryon system. The quarks q1 and q2 represent the
light u, d, and s quarks, while the Q3 quark refers to a heavy
charm or bottom quark.
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By solving the Schrödinger equation, the spin-averaged
masses of these excited bottom baryons can be obtained.
When the spin-orbit and tensor interactions are incorpo-
rated, all masses ofD-wave λ-mode excited bottom baryons
can be calculated. Furthermore, the simple harmonic oscil-
lator (SHO) wave function ψm

nL ¼ RnLðβ;KÞYm
nLðKÞ is

usually adopted to construct the spatial wave function of
the bottom baryon states and other hadron states when one
uses the QPCmodel to calculate the strong decays of excited
bottom baryons. The SHO wave-function scale β is also
fixed by solving the above Schrödinger equation. In other
word, the parameters in the potential model and in the QPC
decay model have the same values except for the unique
parameter γ of the QPC model.
As mentioned above, we will use the QPC model to

study the strong decays ofD-wave excited bottom baryons.
For an OZI-allowed decay process of a hadron state, the
QPC model assumes that a qq̄ pair is created from the
vacuum and then regroups into two outgoing hadrons by a
quark rearrangement process [23–25]. For a process
“A → Bþ C,” the transition matrix element in the QPC
model iswritten as hBCjT̂ jAi ¼ δ3ðKB þKCÞMjA;jB;jCðpÞ
where the transition operator T̂ reads as

T̂ ¼ −3γ
X
m

h1; m; 1;−mj0; 0i
ZZ

d3kμd3kνδ
3ðkμ þ kνÞ

× Ym
1

�
kμ − kν

2

�
ωðμ;νÞ
0 φðμ;νÞ

0 χðμ;νÞ1;−md
†
μðkμÞd†νðkνÞ; ð3Þ

in a nonrelativistic limit. Here, the dimensionless parameter
γ describes the strength of the quark-antiquark pair created

from the vacuum. The ωðμ;νÞ
0 and φðμ;νÞ

0 are the color and
flavor wave functions of the qμq̄ν pair created from the

vacuum. Therefore, ωðμ;νÞ
0 ¼ ðRR̄þ GḠþ BB̄Þ= ffiffiffi

3
p

and

φðμ;νÞ
0 ¼ ðuūþ dd̄þ ss̄Þ= ffiffiffi

3
p

are color and flavor singlets.

The χðμ;νÞ1;−m represents the pair production in a spin-triplet
state. When the mock state [26] is adopted to describe the
wave function of a hadron state, the partial wave amplitudes
MLSðpÞ can be obtained by the following formula,

MA→BþC
LS ðpÞ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2Lþ1

p

2JAþ1

X
jB;jC

hL0SjAjJAjAi

× hJBjB;JCjCjSjAiMjA;jB;jCðpÞ: ð4Þ

Here, p represents the momentum of an outgoing meson in
the rest frame of a meson A. The Ji and ji (i ¼ A, B, and C)
denote the total angular momentum and the projection of
initial and final hadron states, respectively, andL denotes the
orbital angular momenta between the final state B and C.
Finally, the partial width of A → BC can be obtained in
terms of the partial wave amplitudes

ΓðA → BCÞ ¼ 2π
EBEC

MA
p
X
L;S

jMA→BþC
LS ðpÞj2; ð5Þ

in the A rest frame. Interested readers can consult
Refs. [15,16] for more details of our method.

III. DECODING Λb(6146)0 AND Λb(6152)0 AS
THE D-WAVE EXCITED STATES

Themasses of 1DΛ0
b baryons have been calculated in our

previous works [14,19] and in Refs. [27–29]. The results in
Refs. [14,19] are in good agreement with the measured
masses of Λbð6146Þ0 and Λbð6152Þ0, while the predicted
masses fromRefs. [27–29] are about 30–40MeV larger than
the corresponding experimental results.1 Here, we should
point out that the authors in Refs. [27–29] adopted the same
parameters to predict the masses of whole heavy baryon
states, including the bottom and charm baryons. In fact, the
input parameters of the quark potential model could be
slightly different for the charm and bottom baryons. And,
when considering the uncertainties of the quark potential
model, the results presented in Refs. [27–29] do not contra-
dict the 1D assignment to Λbð6146Þ0 and Λbð6152Þ0.
In this work, we also give a semiquantitative analysis to

illustrate the possibility of Λbð6146Þ0 and Λbð6152Þ0 as
the 1D Λþ

c states. With the observations of Λcð2286Þþ,
Λcð2595Þþ, Λcð2625Þþ, Λcð2860Þþ, and Λcð2880Þþ
states, the 1S, 1P, and 1D Λþ

c baryons have been
established by experiments [1]. In the Λ0

b sector, the 1S
and 1P states have also been established [1]. By comparing
with the excited energies of Λcð2860Þþ and Λcð2880Þþ, it
is possible to further decode the Λbð6146Þ0 and Λbð6152Þ0
as the 1D excited states.
The mass gaps between the 1P=1S and 1D=1P states are

illustrated in Fig. 2 for the Λþ
c and Λ0

b baryons. The mass
gap between the 1P and 1S Λþ

c states, which we denote as

TABLE I. Values of the parameters for the bottom baryons in
the nonrelativistic quark potential model where the mass of the
b quark is taken as 4.96 GeV. Here, mdi refers to the mass of
different diquarks.

Parameters mdi (GeV) α b (GeV2) σ (GeV) C (GeV)

Λb 0.45 0.20 0.112 − 0.265
Ξb 0.63 0.26 0.118 − 0.176
Σb 0.66 0.22 0.116 1.20 0.185
Ξ0
b 0.78 0.22 0.116 1.20 0.152

Ωb 0.91 0.26 0.120 1.07 0.120

1The mass of the ground Λ0
b state was given as 5585 MeV in

Ref. [27], which is about 35 MeV below the Λbð5620Þ0 state. If
one shifts up the predicted mass to match the measured mass of
Λbð5620Þ0, then the predicted masses of 1P and 1D Λ0

b states in
Ref. [27] are also about 30–45MeV larger than the measurements
[8,9,12].
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Δ1P−1SðΛþ
c Þ, is about 330 MeV. The gap between the 1D

and 1P Λþ
c states is about 256 MeV, i.e., Δ1D−1PðΛþ

c Þ≈
256 MeV. Then, the ratio

εðΛþ
c Þ ¼

Δ1D−1PðΛþ
c Þ

Δ1P−1SðΛþ
c Þ

¼ 256 MeV
330 MeV

¼ 0.776 ð6Þ

is obtained. Similarly, the ratio of Λ0
b states is given as

εðΛ0
bÞ ¼

Δ1D−1PðΛ0
bÞ

Δ1P−1SðΛ0
bÞ

¼ 232 MeV
297 MeV

¼ 0.781: ð7Þ

Obviously, the ratios of Δ1D−1P=Δ1P−1S, which are nearly
equal for the Λþ

c and Λ0
b baryons, imply the similarity of

dynamics between the charm and bottom baryons. The
result of εðΛþ

c Þ ≈ εðΛ0
bÞ can be partly explained by the

potential model. For simplicity, we replace the Cornell
potential in Eq. (2) by the following confining potential,

VðrÞ ¼ κrν; ð8Þ

to depict the interaction between the light diquark and
heavy quark (c or b quark) in the single heavy baryon
system. In this way, the orbitally excited energy can be
obtained analytically as

EL ¼ κ
2

νþ2

�
1

2mμ

� ν
νþ2

� ffiffiffi
π

p
ν

�
Lþ 3

2

�
Γð1ν þ 3

2
Þ

Γð1νÞ
� 2ν

νþ2

; ð9Þ

by the Wentzel-Kramers-Brillouin (WKB) approach. Then
the ratio defined by Eqs. (6) and (7) can be given by

ε ¼ 5
2ν
νþ2 − 7

2ν
νþ2

3
2ν
νþ2 − 5

2ν
νþ2

; ð10Þ

which is independent of the parameter κ and the reduced
mass mμ. When the parameter ν is taken as 0.8� 0.2, the ε
is predicted as 0.835� 0.035.
According to the above analysis, the new Λbð6146Þ0 and

Λbð6152Þ0 states could be treated as the partners of the

Λcð2860Þþ and Λcð2880Þþ in the bottom baryon family.
Furthermore, the mass splitting of Λbð6146Þ0 and
Λbð6152Þ0, which was measured as Δm ¼ 6.34� 0.32�
0.02 MeV, is also consistent with the expectations of 1DΛ0

b
states [14,29–31]. So according to the measured masses, the
Λbð6146Þ0 and Λbð6152Þ0 states could be good candidates
for D-wave bottom baryons.
Thus, it is desirable to further test the D-wave assign-

ment of Λbð6146Þ0 and Λbð6152Þ0 by exploring their
strong decays. A method based on the QPC model
(see Sec. II) has successfully explained the strong
decays of known bottom baryons [18,19] including the
new Ξbð6227Þ− and Σbð6097Þ� states. With the same
method and parameters, we calculate the strong decays
of the Λbð6146Þ0 and Λbð6152Þ0 and list the results in
Table II.
The total widths of Λbð6146Þ0 and Λbð6152Þ0 are

obtained as 4.18 MeV and 4.39 MeV when they are
assigned as the D-wave states with JP ¼ 3=2þ and
JP ¼ 5=2þ, respectively. The predicted total widths of
Λbð6146Þ0 and Λbð6152Þ0 are comparable with the
experimental measurements [12]. However, the LHCb
announced that they did not observe significant
Λbð6146Þ0 → Σbð5815Þ�π∓ signals in their measurements
[12]. This experimental result seems to contradict the
theoretical results in Table II. The plausible explanations
of this contradiction are given as follows.
As almost degenerate states, the Λbð6146Þ0 and

Λbð6152Þ0 have the same decay channels (see Table II).
Then, the possible interference effects, which were ignored
in the LHCb analysis [12], might be important to pin down
the decay behaviors of Λbð6146Þ0 and Λbð6152Þ0. Another
possible explanation is that the mass inversion may
occur for the 1D Λ0

b states [32,33]. That is to say, the
Λbð6146Þ0 with smaller mass should be the JP ¼ 5=2þ

state, while the Λbð6152Þ0 should be a JP ¼ 3=2þ state.
However, this assignment of Λbð6146Þ0 and Λbð6152Þ0
disagrees with the expectations given by the quark potential
models [27–29]. So more experimental and theoretical
efforts are required for the Λbð6146Þ0 and Λbð6152Þ0 states
in the future.

c 2286

c 2765

256 MeV

330 MeV

c 2595

c 2625

c 2860

c 2880

1S

2S

1P

1D

5.4

5.6

5.8

6.0

6.2

b 5620 0

232 MeV

297 MeV

b 5912 0

b 5920 0

b 6146 0

b 6152 0

1S

1P

1D

c b
02.2

2.4

2.6

2.8

3.0
M

as
s

in
G

eV

FIG. 2. The established Λþ
c and Λ0

b states and the newly
observed Λbð6146Þ0 and Λbð6152Þ0.

TABLE II. Partial widths of strong decays of Λbð6146Þ0 and
Λbð6152Þ0 as the D-wave excited states (in MeV). The super-
script letters p and f mean that the corresponding decays occur
via the p-wave and f-wave, respectively.

Decay mode Λbð6146Þ0 ½3=2þð1DÞ� Λbð6152Þ0 ½5=2þð1DÞ�
Σbð5815Þπ 3.25p 0.22f

Σ�
bð5835Þπ 0.65p, 0.28f 4.03p, 0.14f

Total width 4.18 4.39

Expt. [12] 2.9� 1.3� 0.3 2.1� 0.8� 0.3
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IV. OTHER PREDICTED 1D BOTTOM BARYONS

The basis jsdi; Lλ; jdi; sb; Ji including heavy quark
symmetry will be used in our scheme. Here, sdi and sb
denote the spins of the light diquark and bottom quark,
respectively; Lλ denotes the orbital quantum number
between the light diquark and the bottom quark. Then,
we define j⃗di ¼ s⃗di þ L⃗λ and J⃗ ¼ s⃗b þ j⃗di. For theD-wave
Λ0
b and Ξ0;−

b baryons, jdi ¼ Lλ ¼ 2 since sdi ¼ 0. For the
D-wave Σ0;�

b , Ξ00;−
b , and Ω−

b baryons, jdi ¼ 1 ⊗ 2 ¼ 1, 2,
and 3 with sdi ¼ 1. For simplicity, we denote these bottom
baryons as jJP; 1Dijdi . Finally, we list the abbreviated basis
in Table III.
In practice, the mass of the b quark is not infinite.

Then, two physical baryons with the same spin-parity
should be the mixing states of jJP; 1DiJ−1=2 and
jJP; 1DiJþ1=2. We take the D-wave Σb baryons with JP ¼
3=2þ as an example. In principle, two physical 3=2þ Σb
baryons should be the mixing states of j3=2þ; 1Di1 and
j3=2þ; 1Di2,
�j3=2þ;1DiH
j3=2þ;1DiL

�
¼
�
cosθ −sinθ
sinθ cosθ

��j3=2þ;1Di1
j3=2þ;1Di2

�
: ð11Þ

Here, the physical JP ¼ 3=2þ states are distinguished by
their different masses. Specifically, the states with the lower
and higher masses are denoted by the subscripts “L” and
“H,” respectively. Our practical calculations indicate that
the mixing effect is quite small for these D-wave bottom
states with the same JP. For simplicity, we could ignore
these small mixing effects and denote the physical states by
the jJP; 1Dijdi basis directly.

A. 1D Ξb baryons

Due to the approximate SUð3Þ flavor symmetry, the Λb
and Ξb states may have similar properties. With the
observation of Λbð6146Þ0 and Λbð6152Þ0, the 1S, 1P,
and 1D Λb states may have been established by experi-
ments. Differently from Λb, only the ground states,
Ξbð5792Þ0=Ξbð5797Þ−, have been observed in the Ξb
sector [1]. With the running of LHCb, we may expect
the excited Ξb baryons to be observed in the near future.
The masses and decay properties of the 1P and 2S Ξb states
have been investigated in our previous work [18]. In the
following, we give the predicted properties, especially the
strong decay behaviors of the D-wave Ξb baryons.

The masses of two D-wave Ξb baryons with JP ¼ 3=2þ

and JP ¼ 5=2þ were predicted as 6327 MeV and
6330 MeV, respectively (see Fig. 2 in Ref. [18]). With
the predicted masses, the partial and total decay widths
obtained by the QPC model are listed in Table IV.
According to the results, theD-wave Ξb baryons seem to

be the narrow resonances. It is possible to find the
3=2þð1DÞΞb baryon in the Ξ0

bð5935Þπ and Σbð5815ÞK
channels, while the 5=2þð1DÞΞb baryon might be found in
the decay channel of Ξ�

bð5955Þπ. A similar conclusion was
also obtained by the chiral quark model [34].

B. 1D Σb baryons

The masses of 1D Σb baryons have been predicted in our
previous works [18,19] (see Fig. 1 in Ref. [19]). For clarity,
we list the predicted masses of 1D Σb and all other bottom
baryons together in Table V. According to the predictions,
six D-wave Σb baryons may exist in the region 6.29–
6.40 GeV. Then many decay channels are open for these
high excited Σb baryons.
The predicted partial and total widths of the D-wave Σb

baryons are presented in Table VI. In our calculation of
strong decays, if the final states have been found, we take
the measured masses as inputs. Otherwise, we take the
predicted masses of the unknown final states as inputs. As
shown in Table VI, the j1=2þi1, j3=2þi1, j3=2þi2, and
j5=2þi2 Σb states might be broad since their decay widths
are predicted around 100MeV. So it is a challenge to search
for them in experiments. Differently from these states, the
j5=2þi3 and j7=2þi3 Σb states are much narrower.

TABLE III. The abbreviated basis of D-wave bottom baryons.

Bottom baryons Basis

Λ0
b, Ξ

0;−
b

j3=2þ; 1Di2 j5=2þ; 1Di2
Σ0;�
b , Ξ00;−

b , Ω−
b

j1=2þ; 1Di1 j3=2þ; 1Di1 j3=2þ; 1Di2
j5=2þ; 1Di2 j5=2þ; 1Di3 j7=2þ; 1Di3

TABLE IV. Partial widths of strong decays of the D-wave Ξb
baryon states (in MeV). The superscript letters p and f represent
the corresponding decays occuring via the p-wave and the
f-wave, respectively.

Decay mode Ξbð6327Þ ½3=2þð1DÞ� Ξbð6330Þ0 ½5=2þð1DÞ�
Ξ0
bð5935Þπ 0.39p 0.09f

Σbð5815ÞK 1.73p 0.00f

Ξ�
bð5955Þπ 0.09p, 0.15f 0.51p, 0.07f

Σ�
bð5835ÞK 0.02p, 0.00f 0.09p, 0.00f

Total width 2.38 0.76

TABLE V. Predicted masses of 1D Λb, Ξb, Σb, Ξ0
b, and Ωb

baryons (in MeV).

States j1=2þi1 j3=2þi1 j3=2þi2 j5=2þi2 j5=2þi3 j7=2þi3
Λb 6149 6153
Ξb 6327 6330
Σb 6400 6402 6358 6359 6291 6292
Ξ0
b 6486 6488 6456 6457 6407 6408

Ωb 6599 6602 6578 6580 6542 6543
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Experimentalists may search these two states in the
Λbð5620Þπ, Λbð5912Þπ, and Λbð5920Þπ channels.
Here we would like to stress the particularity of

Λbð5912Þπ and Λbð5920Þπ channels to search the D-wave
j5=2þi3 and j7=2þi3 Σb states. Since the Λbð5912Þ and
Λbð5920Þ are below the threshold of Σbð5815Þπ, they can
only decay through the three-body decay channel, i.e.,
Λbππ. As illustrated in Fig. 3, the Λbð5912Þ and Λbð5920Þ
states with long lifetimes can fly far away from the decay
vertex of the D-wave j5=2þi3 and j7=2þi3 Σb states. This
kind of process is very helpful for the LHCb detector to
distinguish two pions which are produced from the P-wave
Λ0
b state and the third pion from the initialD-wave Σb state.

C. 1D Ξ0
b baryons

Up to now, only the 1S Ξ0
b baryons, Ξ0

bð5935Þ and
Ξ�
bð5955Þ, have been established by experiments [1]. The

masses and decay widths of 1P and 2S Ξ0
b baryons were

given in Ref. [18].
As shown in Table V, the six 1D Ξ0

b baryons are expected
to appear in the region 6.40–6.50 GeV. Many decay
channels are allowed for these excited Ξ0

b baryons (see
Table VII). The j5=2þi3 and j7=2þi3 states among the six
D-wave Ξ0

b baryons may have narrower decay widths,
while the other four states seem to be broad. This prediction
is similar to the D-wave Σb baryons.
According to the results in Table VII, it is promising for

experimentalists to find the j5=2þi3 and j7=2þi3 Ξ0
b states

in the Λbð5620ÞK channel. We also notice that the decay
modes of BΛ and B�Λ may make a significant contribution
to the decays of j1=2þi1, j3=2þi1, j3=2þi2, and j5=2þi2 Ξ0

b
states. Experimentalists could try to search for these four
broad Ξ0

b states in the BΛ and B�Λ channels.

D. 1D Ωb baryons

So far, only the Ωbð6046Þ− state in the bss baryon sector
has been established [1]. However, there are reasons to
believe that the situation could be changed in the near
future. The widths of the 2S and 1P Ωb states which were
predicted in Ref. [19] imply that these excited Ωb states are
usually narrow. This feature can help experimentalists
distinguish the signals of these low-lying bss baryons
from the background.
With the same method and parameters as before, we also

calculate the masses and decays of six D-wave Ωb states.
The results are presented in Tables Vand VIII, respectively.
It is interesting to note that the D-wave excited Ωb baryons

TABLE VI. The predicted partial and total widths ofD-wave Σb baryons (in MeV). The superscript letters s; p;…, and hmean that the
corresponding decays occur via s−; p−;…, and h-waves, respectively. If the partial width is predicted to be smaller than 0.01 MeV, it is
denoted as “0.00.” If a decay channel is forbidden, it is denoted by “×.” If the mass of an initial state is below the threshold of a decay
channel, the partial width is denoted by “−.” The masses of 1P and 2S Σb baryons are borrowed from our previous work [19].

Final states Σbð6400Þ Σbð6402Þ Σbð6358Þ Σbð6359Þ Σbð6291Þ Σbð6292Þ
Λbð5620Þπ 1.89p 1.88p × × 7.14f 7.13f

Ξbð5795ÞK 2.16p 2.16p × × 0.00f 0.00f

Σbð5815Þπ 0.27p 0.06p 1.47p 2.05f 1.64f 0.93f

Σ�
bð5835Þπ 0.17p 0.41p 0.37p, 3.96f 2.17p, 1.77f 2.08f 2.83f

Λbð5912Þπ 12.35s 1.49d 10.63d 4.73d 8.72d 3.17g

Λbð5920Þπ 2.18d 12.58s, 1.17d 10.53d 16.41d 2.51d, 4.62g 11.27d, 1.95g

Σbð6150Þπ × × 0.39d 0.40d × ×
Σbð6134Þπ 13.91s 1.62d 1.74d 0.79d 0.01d 0.00g

Σbð6139Þπ 2.74d 14.93s, 1.43d 1.50d 2.39d 0.00d;g 0.01d, 0.00g

Σbð6094Þπ 8.45d 4.30d 26.41s, 1.16d 0.34d, 0.15g 1.18d, 0.00g 0.15d, 0.00g

Σbð6098Þπ 5.36d 9.67d 0.47d, 0.18g 27.80s, 1.26d, 0.06g 0.24d, 0.00g 1.15d, 0.00g

Λbð6086Þπ 13.05p 13.30p × × 0.06f 0.07f

Λbð6146Þπ 15.88p 1.57p, 0.04f 11.00p, 0.14f 0.83p, 0.14f 0.00p;f 0.00p;f

Λbð6152Þπ 0.06f 14.49p, 0.03f 1.08p, 0.14f 1.10p, 0.15f − 0.00p;f;h

BN 2.13p 0.12p, 8.09p 11.63f 0.20f 7.50f

B�N 7.76p 20.81p 13.74p, 14.54f 36.11p, 8.66f 1.12f 0.73f

Total width 88.36 102.06 107.54 118.94 29.52 36.89

FIG. 3. The diagram to illustrate the D-wave Σb baryon
decaying into a P-wave Λb baryon and a π meson. Subsequently,
the P-wave Λb baryon decays into the ground Λb baryon and two
π mesons.
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are also expected to be narrow. Experimentalists may try to
search for the j1=2þi1, j3=2þi1, j3=2þi2, and j5=2þi2 Ωb
baryons in the Ξ0

bð5935ÞK and Ξ�
bð5955ÞK channels. For

the j5=2þi3 and j7=2þi3 Ωb states, experiments may detect
them around 6.54 GeV in the Ξbð5795ÞK channel.

V. DISCUSSIONS AND CONCLUSIONS

There is not doubt that the LHCb Collaboration
has played an important role in the research of the
excited bottom baryons over the past years. Last year,
two candidates for the P-wave bottom baryons, i.e.,
Ξbð6227Þ− [10] and Σbð6097Þ� [11], were discovered by
the LHCb. In particular, the Ξbð6227Þ− was the first excited

bottom baryon which was identified by the OZI-allowed
decay modes. So the observation of Ξbð6227Þ− could be
treated as a starting point for constructing the highly excited
bottom baryon spectroscopy [18].
Just as expected, the LHCb Collaboration recently

made a breakthrough in the research of the higher excited
Λ0
b states [12]. Two almost degenerate narrow states, the

Λbð6146Þ0 and Λbð6152Þ0, were observed in the Λ0
bπ

þπ−

spectrum. By comparing the excited energies of Λbð6146Þ0
and Λbð6152Þ0 to the corresponding Λþ

c states, we have
found that they could be assigned as the 1D Λ0

b states with
JP ¼ 3=2þ and JP ¼ 5=2þ, respectively.
The masses of the 1D Λ0

b states predicted in
Refs. [14,19,27] and the further investigation of the total
decay widths also support the 1D assignment of Λbð6146Þ0
and Λbð6152Þ0. However, the Σbð5815Þπ is a main decay
mode for theΛbð6146Þ0 state if it is a JP ¼ 3=2þ state. This
theoretical result is in disagreement with the measurement
since no significant Λbð6146Þ0 → Σ�

b π
∓ signals were

observed at LHCb. Obviously, more experimental and
theoretical efforts are desirable for the Λbð6146Þ0 and
Λbð6152Þ0 in the future.
With the upcoming LHCb Upgrade I [20], more excited

bottom baryons will be discovered. In this work, we have

TABLE VII. The predicted partial and total widths of D-wave Ξ0
b baryons (in MeV). The superscript letters s; p;…, and h mean that

the corresponding decays occur via s−; p−;…, and h-waves, respectively. If the partial width is predicted to be smaller than 0.01MeV, it
is denoted as “0.00.” If a decay channel is forbidden, it is denoted by “×.” If the mass of an initial state is below the threshold of a decay

channel, the partial width is denoted by “−.” The masses of 1P, 2S, and 1D Ξð0Þ
b baryons are borrowed from our previous work [18].

Final states Ξ0
bð6486Þ Ξ0

bð6488Þ Ξ0
bð6456Þ Ξ0

bð6457Þ Ξ0
bð6407Þ Ξ0

bð6408Þ
Λbð5620ÞK 1.21p 1.23p × × 8.47f 8.47f

Σbð5815ÞK 4.87p 1.18p 15.01p 2.38f 0.93f 0.54f

Σ�
bð5835ÞK 3.06p 7.48p 3.54p, 3.39f 21.17p, 1.52f 0.70f 0.96f

Ξbð5795Þπ 0.32p 0.32p × × 1.67f 1.67f

Ξ0
bð5935Þπ 0.03p 0.01p 0.14p 0.26f 0.23f 0.13f

Ξ�
bð5955Þπ 0.02p 0.05p 0.04p, 0.52f 0.21p, 0.23f 0.31f 0.42f

Λbð5912ÞK 0.79s 1.11d 1.94d 0.87d − 0.00g

Λbð5920ÞK 2.24d 1.75s, 1.13d 1.38d 1.39d − −
Ξbð6096Þπ 5.23s 0.10d 3.59d 1.61d 5.53d 0.22g

Ξbð6102Þπ 0.27d 4.88s, 0.13d 3.39d 5.32d 1.49d, 0.31g 6.76d, 0.13g

Ξ0
bð6150Þπ × × 0.19d 0.20d × ×

Ξ0
bð6134Þπ 3.10s 0.32d 0.36d 0.17d 0.02d 0.00g

Ξ0
bð6139Þπ 0.53d 3.31s, 0.28d 0.31d 0.50d 0.00d;g 0.02d, 0.00g

Ξ0
bð6094Þπ 1.09d 0.56d 6.04s, 0.10d 0.03d, 0.01g 0.33d, 0.00g 0.04d, 0.00g

Ξ0
bð6098Þπ 0.69d 1.24d 0.04d, 0.01g 6.41s, 0.10d, 0.00g 0.07d, 0.00g 0.32d, 0.00g

Ξbð6225Þπ 0.88p 0.94p × × 0.00f 0.00f

Ξbð6327Þπ 2.24p 0.26p, 0.00f − − − −
Ξbð6330Þπ 0.00f 1.88p, 0.00f − − − −

BΛ 20.46p 1.24p, 17.16p 1.49f 0.00f 0.03f

B�Λ 17.13p 49.43p 5.51p, 0.07f 15.60p, 0.05f − −

Total width 64.16 78.83 62.73 59.52 20.06 19.71

TABLE VIII. The predicted widths of 1DΩb baryons (inMeV).

1D Ωb states Ξbð5795ÞK Ξ0
bð5935ÞK Ξ�

bð5955ÞK Total

Ωbð6599Þ 0.10p 0.65p 0.41p 1.16
Ωbð6602Þ 0.11p 0.15p 0.99p 1.25
Ωbð6578Þ × 1.90p 0.45p, 0.53f 2.88
Ωbð6580Þ × 0.41f 2.68p, 0.24f 3.33
Ωbð6542Þ 3.32f 0.24f 0.19f 3.75
Ωbð6543Þ 3.33f 0.14f 0.26f 3.73
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also predicted the mass spectra and strong decay widths of
other unseen 1D excited bottom baryons. The following
clues are suggested for searching for these unknown bottom
baryons.
(1) We suggest to search for the j5=2þi3 and j7=2þi3 Σb

baryons in theΛbð5620Þπ,Λbð5912Þπ, andΛbð5920Þπ
channels.

(2) We suggest to search for the j5=2þi3 and j7=2þi3 Ξ0
b

baryons in the Λbð5620ÞK channel.
(3) Due to the very narrow decay widths and the simple

decay modes, theD-wave Ξb andΩb baryons are the
potential states which could be found by experi-
ments in the future.

Obviously, the heavy baryon family including the charm
and bottom baryons is being established step by step. This
interesting area of research deserves more attention from
theorists and experimentalists.
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