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Two bottom Σbð6097Þ� baryons were observed in the final states Λ0
bπ

− and Λ0
bπ

þ in pp collision by
LHCb collaboration, whose masses and widths were measured. In a 3P0 model, the strong decay widths of
two ground S-wave and seven excited P-wave Σb baryons have been systematically computed. Numerical
results indicate that the newly observed Σbð6097Þ� are very possibly Σ1

b2ð32−Þ with JP ¼ 3
2
− or Σ1

b2ð52−Þ with
JP ¼ 5

2
−. In particular, the ratios ΓðΣbð6097Þ� → Σ�

b π
0Þ=ΓðΣbð6097Þ� → Σ��

b π0Þ are different in these

two assignments. The ratios can be measured as an evidence of the two different assignments of Σbð6097Þ�
in the future. In the meantime, our results support the assignments that Σ�

b and Σ��
b are the ground S-wave

Σb baryons with JP ¼ 1
2
þ and JP ¼ 3

2
þ, respectively.

DOI: 10.1103/PhysRevD.99.034018

I. INTRODUCTION

There are two light u, d quarks and one heavy b quark in
Σb baryons, and the two light quarks couple with isospin 1
inside. Four Σ�

b and Σ��
b have been observed by the CDF

collaboration [1,2]. Their spins or parities have not been
measured by experiment, they are assigned as the ground S-
wave Σb with JP ¼ 1

2
þ and JP ¼ 3

2
þ, respectively, in quark

models. The assignments need confirmation in more ways.
The widths of these baryons from Particle Data Group [3]
are given in Table I. Recently, the data has been precisely
improved by LHCb experiment [4].
In the same LHCb experiment, two bottom Σbð6097Þ�

baryons were first observed in final states Λ0
bπ

− and Λ0
bπ

þ

in pp collision. The masses and widths of the Σbð6097Þ�
are measured

mðΣbð6097Þ−Þ ¼ 6098.0� 1.7� 0.5 MeV;

ΓðΣbð6097Þ−Þ ¼ 28.9� 4.2� 0.4 MeV;

mðΣbð6097ÞþÞ ¼ 6095.8� 1.7� 0.4 MeV;

ΓðΣbð6097ÞþÞ ¼ 31.0� 5.5� 0.7 MeV:

The identification of heavy baryons provides an excel-
lent way to explore the structure and dynamics in baryons

[5–9]. Therefore, the identification of Σbð6097Þ� is impor-
tant in the quark model. In Ref. [10], Σbð6097Þ� were
explained as P-wave baryons with JP ¼ 3

2
− or JP ¼ 5

2
−

based on a mass spectra analysis and a calculation of the
strong decay widths in a 3P0 model with a diquark picture.
In Ref. [11], Σbð6097Þ� were also explained as P-wave
baryons with JP ¼ 3

2
− or JP ¼ 5

2
− based on their strong

decay analysis in a chiral quark model.
As a phenomenological method, 3P0 model has been

employed to compute the Okubo-Zweig-Iizuka–allowed
hadronic decay widths of hadrons after its appearance
[12–15]. Though the bridge between the phenomenological
3P0 model and QCD has not been established, some
attempts have been made [16–18]. The 3P0 model is also
capable of exploring the dynamics and structure of baryons
or multiquark systems. Recently, the approach has been
employed to study of the structure of charmed baryons
through their strong decays [19–23].
So far, whether there is a diquark cluster in baryons is

still unknown. It is necessary to study the strong decay of
Σbð6097Þ� in the 3P0 model with three-body picture in
detail. In this paper, we will study the P-wave possibility of
Σbð6097Þ� and find out any signal in different assignments.

TABLE I. Widths of the ground Σb (in MeV).

State JP Width [3] Width [4] Decay modes

Σþ
b

1
2
þ 9.7þ4.0

−3.0 4.83� 0.31� 0.37 Λ0
bπ

Σ−
b

1
2
þ 4.9þ3.3

−2.4 5.33� 0.42� 0.37 Λ0
bπ

Σ�þ
b

3
2
þ 11.5� 2.8 9.34� 0.47� 0.26 Λ0

bπ
Σ�−
b

3
2
þ 7.5� 2.3 10.68� 0.60� 0.33 Λ0

bπ
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Furthermore, we will explore whether there is any possible
diquark evidence in P-wave Σb. By the way, the ground
S-wave Σb possibility of Σb and Σ�

b will be examined.
The work is organized as follows. In Sec. II, the 3P0

model is briefly introduced, some notations of heavy
baryons and related parameters are indicated. We present
our numerical results and analyses in Sec. III. In the last
section, we give our conclusions and discussions.

II. 3P0 MODEL, SOME NOTATIONS AND
PARAMETERS

3P0 model is also called a quark pair creation (QPC)
model. It was first proposed by Micu [12] and further
developed by Yaouanc et al. [13–15]. The basic idea of this
model assumes that a pair of quark qq̄ is created from the
QCD vacuum with vacuum quantum numbers JPC ¼ 0þþ,
and then the quark and the antiquark regroup with the
quarks from the initial hadron A to form two daughter
hadrons B and C [12]. For a bottom baryon, there are three
ways of regrouping shown in the following equations
[19,23]:

Aðu1;u2;b3ÞþPðu4; ū5Þ→Bðu1;u2;u4Þþ Cðb3; ū5Þ; ð1Þ

Aðu1;u2;b3ÞþPðu4; ū5Þ→Bðu1;b3;u4Þþ Cðu2; ū5Þ; ð2Þ

Aðu1;u2;b3ÞþPðu4; ū5Þ→Bðu2;b3;u4Þþ Cðu1; ū5Þ; ð3Þ

where uub (the constituent quark of initial baryon A) could
be replaced by ddb, and the created quark pair uū could be
replaced by dd̄.

In the 3P0 model, the strong decay width Γ of a process
A → Bþ C follows [15]

Γ ¼ π2
jp⃗j
m2

A

X
JL

jMJLj2; ð4Þ

where the partial wave amplitude MJL is related to the
helicity amplitude MMJA

MJB
MJC via the Jacob-Wick for-

mula [24]

MJL ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Lþ 1

p

2JA þ 1

X
MJB

MJC

hL0JMJA jJAMJAi

×hJBMJBJCMJC jJMJAiMMJA
MJB

MJC ð5Þ

with J ¼ JB þ JC, JA ¼ JB þ JC þ L and MJA ¼ MJBþ
MJC . In Eq. (5), the conservation of the total angular
momentum and the angular momentum of light quark
freedom is indicated explicitly in the process, which is a
natural result of the heavy quark effective theory.
In Eq. (4), p⃗ is the momentum of the daughter baryon in

A’s center of mass frame,

jp⃗j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½m2

A − ðmB −mCÞ2�½m2
A − ðmB þmCÞ2�

p
2mA

: ð6Þ

mA and JA are the mass and the total angular momentum of
the initial baryon A, respectively.mB andmC are the masses
of the final hadrons.MMJA

MJB
MJC is the helicity amplitude,

which reads [19–21,23]

δ3ðp⃗B þ p⃗C − p⃗AÞMMJA
MJB

MJC

¼ −2γ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8EAEBEC

p X
MLρA

X
MLA

X
MLρB

X
MLB

X
MS1

;MS3
;MS4

;m

hJlAMJlA
S3MS3 jJAMJAihLρAMLρA

LλAMLλA
jLAMLA

i

× hLAMLA
S12MS12 jJlAMJlA

ihS1MS1S2MS2 jS12MS12ihJlBMJlB
S3MS3 jJBMJBihLρBMLρB

LλBMLλB
jLBMLB

i
× hLBMLB

S14MS14 jJlBMJlB
ihS1MS1S4MS4 jS14MS14ih1m; 1 −mj00ihS4MS4S5MS5 j1 −mi

× hLCMLC
SCMSC jJCMJCihS2MS2S5MS5 jSCMSCihφ1;4;3

B φ2;5
C jφ1;2;3

A φ4;5
0 iIMLA

;m
MLB

;MLC
ðp⃗Þ: ð7Þ

The factor 2 in front of γ results from the fact that Eqs. (2)
and (3) give the same final states.
In the equation above, the matrix hφ1;4;3

B φ2;5
C jφ1;2;3

A φ4;5
0 i

of the flavor wave functions φi ði ¼ A;B;C; 0Þ can also be
computed in terms of a matrix of the isospins as follows
[15,20]

hφ1;4;3
B φ2;5

C jφ1;2;3
A φ4;5

0 i ¼ F ðIA;IBICÞhIBI3BICI3CjIAI3Ai ð8Þ

with

F ðIA;IBICÞ ¼ f · ð−1ÞI13þICþIAþI2

×

�
1

2
ð2IC þ 1Þð2IB þ 1Þ

�
1=2

×

�
I13 IB I4
IC I2 IA

�
ð9Þ

where f takes a value ð2
3
Þ1=2 or −ð1

3
Þ1=2 due to the isospin 1

2

or 0 of the created quarks, respectively. IA, IB and IC
represent the isospins of the initial baryon, the final baryon
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and the final meson. I12, I3 and I4 denote the isospins of
relevant quarks, respectively.
The space integral follows as,

I
MLA

;m
MLB

;MLC
ðp⃗Þ ¼

Z
dp⃗1dp⃗2dp⃗3dp⃗4dp⃗5

× δ3ðp⃗1 þ p⃗2 þ p⃗3 − p⃗AÞδ3ðp⃗4 þ p⃗5Þ
× δ3ðp⃗1 þ p⃗4 þ p⃗3 − p⃗BÞδ3ðp⃗2 þ p⃗5 − p⃗CÞ
×Ψ�

Bðp⃗1; p⃗4; p⃗3ÞΨ�
Cðp⃗2; p⃗5Þ

×ΨAðp⃗1; p⃗2; p⃗3Þy1m
�
p⃗4 − p⃗5

2

�
ð10Þ

with a simple harmonic oscillator (SHO) wave functions
for the baryons [20,25,26]

Ψðp⃗Þ ¼ NΨnρLρMLρ
ðp⃗ρÞΨnλLλMLλ

ðp⃗λÞ; ð11Þ

where N ¼ 3
3
4 represents a normalization coefficient of the

total wave function. Explicitly,

ΨnLML
ðp⃗Þ¼ð−1Þnð−iÞL

β3=2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2n!

ΓðnþLþ 3
2
Þ

s �
p⃗
β

�
L
exp

�
−
p⃗2

2β2

�

×LLþ1=2
n

�
p⃗2

β2

�
YLML

ðΩpÞ ð12Þ

where LLþ1=2
n ðp⃗2

β2
Þ denotes the Laguerre polynomial func-

tion, and YLML
ðΩpÞ is a spherical harmonic function. The

relation between the solid harmonica polynomial y1mðp⃗Þ
and YLML

ðΩp⃗Þ is y1mðp⃗Þ ¼ jp⃗jLYLML
ðΩpÞ. In the above

equations, Jacobi coordinates ρ⃗ and λ⃗ [27] were employed.
Notations and internal structures of the heavy baryons in

quark model are explained in Refs. [19,22,23,28,29]. In this
model, there are two S-wave and seven P-wave Σb baryons
through a symmetry analysis with color, flavor (or isospin),
spin and space. In other quark model, the structure and
dynamics in baryons may be different. In fact, the differ-
ence is an indication of the complexity of baryon.
Accordingly, the numbers of P-wave Σb may be different
in other models. For example, there are five P-wave Σb
baryons in Refs. [10,11,30–32]. For a practical calcula-
tion’s purpose, the quantum numbers of two 1S-wave and
seven 1P-wave Σb baryons are presented in Table II.
In this table, Lρ denotes an orbital angular momentum

between the two light quarks, Lλ denotes the orbital angular
momentum between the bottom quark and the two light
quark system, and L is the total orbital angular momentum
of Lρ and Lλ (L ¼ Lρ þ Lλ). Sρ denotes the total spin of the
two light quarks, Jl is the total angular momentum of L and
Sρ (Jl ¼ Lþ Sρ), and J is the total angular momentum of
the baryons (J ¼ Jl þ 1

2
). For Σ̃L

bJl
, a superscript L is

specialized to denote different total angular momentum.
The tilde indicates Lρ ¼ 1, and the blank indicates Lρ ¼ 0.
Masses of relevant mesons and baryons involved in our

calculation are presented in Table III [3,4].
Some parameters are chosen as follows. The dimension-

less pair-creation strength γ ¼ 13.4. The βλ;ρ ¼ 600 MeV
in the S-wave baryon wave functions are fixed through the
measured data of the ground Σb and Σ�

b. The βλ;ρ ¼
400 MeV in the P-wave baryon wave functions are chosen
as those in Refs. [19,20,33–35]. The R ¼ 2.5 GeV−1 in π
wave functions. To account for the uncertainties from β, the
results from βλ;ρ ¼ 400� 100 MeV in the P-wave baryon
wave functions are also calculated and presented.

III. NUMERICAL RESULTS

A. Decays of Σb and Σ�
b

Σ�
b and Σ��

b were first observed in the final states Λ0
bπ

�

in pp̄ collision by the CDF collaboration [1], and were
interpreted as the lowest-lying Σ�

b and Σ��
b baryons with

JP ¼ 1
2
þ and 3

2
þ, respectively, according to their decay

widths and masses. Λ0
bπ

þ is the only decay mode of Σþ
b and

Σ�þ
b , andΛ0

bπ
− is the only decay mode of Σ−

b and Σ�−
b . In the

3P0 model, the hadronic decay widths of these four
observed Σ�

b into Λ0
bπ

� in two S-wave and seven P-wave
assignments are computed and presented in Table IV, where

TABLE II. Quantum numbers of 1S-wave and 1P-wave ex-
citations of Σb baryons.

N Assignments J Jl Lρ Lλ L Sρ

1 Σ0
b1ð12þÞ 1

2
1 0 0 0 1

2 Σ0
b1ð32þÞ 3

2
1 0 0 0 1

3 Σ1
b0ð12−Þ 1

2
0 0 1 1 1

4 Σ1
b1ð12−Þ 1

2
1 0 1 1 1

5 Σ1
b1ð32−Þ 3

2
1 0 1 1 1

6 Σ1
b2ð32−Þ 3

2
2 0 1 1 1

7 Σ1
b2ð52−Þ 5

2
2 0 1 1 1

8 Σ̃1
b1ð12−Þ 1

2
1 1 0 1 0

9 Σ̃1
b1ð32−Þ 3

2
1 1 0 1 0

TABLE III. Masses of mesons and baryons involved in the
decays [3].

State Mass (MeV) State Mass (MeV)

π� 139.570 Σ−
b 5815.64

π0 134.977 Σþ
b 5810.55

Λ0
b 5619.58 Σ�−

b 5834.73
Λ0
bð5912Þ 5912.2 Σ�þ

b 5830.28
Λ0
bð5920Þ 5919.92 Σþ

b ð6097Þ 6095.8
- - Σ−

b ð6097Þ 6098.0
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a “0” indicates a vanish decay channel. In comparison with
experimental results (see Table I), our numerical results
support the assignments that Σ�

b and Σ�
b are Σ0

b1ð12þÞ and
Σ0
b1ð32þÞ, respectively. Σb and Σ�

b are very possibly the
ground S-wave Σb, where there is no λ or ρ excitation
inside.

B. Decays of Σbð6097Þ
As pointed out in the second section, there are seven

P-wave Σb baryons. The masses of low-lying bottom
baryons have been systemically predicted in many refer-
ences such as [29–32]. If Σbð6097Þ� are P-wave Σb
baryons, there exist five possible Okubo-Zweig-Iizuka–
allowed hadronic decay modes. The five channels are :
Λ0
bπ

�, Σ�
b π

0, Σ��
b π0, Λ0

bð5912Þπ�, and Λ0
bð5920Þπ�. The

strong decay widths of Σbð6097Þ− into these five channels
are calculated in seven different P-wave assignments, and
presented in Table V. The results of Σbð6097Þþ are similar
to those for Σbð6097Þ−. In the table, the decay widths from
βλ;ρ ¼ 300 MeV to βλ;ρ ¼ 500 MeV are given, while the
ratios in the final volume are given at a centered
βλ;ρ ¼ 400 MeV.
In the calculation, Σb and Σ�

b are set to the ground S-wave
Σ0
b1ð12þÞ and Σ0

b1ð32þÞ as indicated in previous subsection.
Λ0
bð5912Þ and Λ0

bð5920Þ were observed in Λ0
bπ

þπ− in pp

collision by LHCb [36], and interpreted as the orbitally
excited Λ�0

b ð5912Þ and Λ�0
b ð5920Þ though their exact

assignment as the P-wave Λb has not been made. For
simplicity, Λ0

bð5912Þ and Λ0
bð5920Þ are set to Λbð12−Þ and

Λbð32−Þ, respectively.
Based on numerical results, Σbð6097Þ� are very possibly

Σ1
b2ð32−Þ or Σ1

b2ð52−Þ where there is no ρ-mode excitation
inside. Under theoretical uncertainties, the total decay
widths (Γ ≈ 17–21 MeV) are consistent with the exper-
imentally measured ones by LHCb. In both assignments,
Λ0
bπ

� are their dominant decay channels with branching
fraction ratios ≈48–76%.
The decay widths into Σ�

b π
0 or Σ��

b π0 are small in
Σ1
b2ð32−Þ or Σ1

b2ð52−Þ assignment. However, the branching

fraction ratios R ¼ ΓðΣbð6097Þ�→Σ�
b π

0Þ
ΓðΣbð6097Þ�→Σ��

b π0Þ are largely different in

these two different assignments. If Σbð6097Þ� are Σ1
b2ð32−Þ,

the branching fraction ratios R ¼ ΓðΣbð6097Þ�→Σ�
b π

0Þ
ΓðΣbð6097Þ�→Σ��

b π0Þ ≈ 1.7; If

Σbð6097Þ� are Σ1
b2ð52−Þ, the branching fraction ratios

R ¼
ΓΣbð6097Þ�→Σ�

b
π0

ΓΣbð6097Þ�→Σ��
b

π0
≈ 0.5. In particular, these ratios depend

weakly on the parameters in the 3P0 model and can be
employed by experiment to distinguish Σ1

b2ð32−Þ
from Σ1

b2ð52−Þ.
Through Tables II and V, only Σ̃1

b1ð12−Þ or Σ̃1
b1ð32−Þ has

vanish Λbπ mode. Obviously, the observation of Λbπ mode
is an indication that the two light quarks in the Σbð6097Þ�
state may couple with spin Sρ ¼ 1. That is to say, a bad
diquark is possibly located in Σb baryons.

IV. CONCLUSIONS AND DISCUSSIONS

There are two ground S-wave and seven excited P-wave
Σb baryons. The Okubo-Zweig-Iizuka–allowed strong
decay channels of these Σb baryons have been given,
and their widths have been systematically computed in the
3P0 model.
Λ0
bπ

� is the only strong decay channel of Σ�
b and Σ��

b . In
comparison with experimental data, our theoretical results
support the assignments that Σ�

b and Σ��
b are the ground

S-wave Σb baryons with JP ¼ 1
2
þ and JP ¼ 3

2
þ, respectively.

TABLE IV. Decay widths (MeV) of Σ�
b and Σ��

b into Λ0
bπ

� as
1S-wave states or 1P-wave excitations.

N ΣbJlðJPÞ Σþ
b Σ−

b Σ�þ
b Σ�−

b

1 Σ0
b1ð12þÞ 4.54 5.29 8.95 9.74

2 Σ0
b1ð32þÞ 4.54 5.29 8.95 9.74

3 Σ1
b0ð12−Þ 81.99 88.00 105.09 110.23

4 Σ1
b1ð12−Þ 0 0 0 0

5 Σ1
b1ð32−Þ 0 0 0 0

6 Σ1
b2ð32−Þ 0.02 0.02 0.03 0.03

7 Σ1
b2ð52−Þ 0.02 0.02 0.03 0.03

8 Σ̃1
b1ð12−Þ 0 0 0 0

9 Σ̃1
b1ð32−Þ 0 0 0 0

Expt [3] 9.7þ3.8þ1.2
−2.8−1.1 4.9þ3.1

−2.1 � 1.1 11.5þ2.7þ1.0
−2.2−1.5 7.5þ2.2þ0.9

−1.8−1.4

TABLE V. Decay widths (MeV) of Σ−
b ð6097Þ as 1P-wave excitations. B ¼ ΓðΣ−

b ð6097Þ → Λ0
bπ

−Þ=Γtotal.

ΣbJlðJPÞ Λ0
bπ

− Σ−
bπ

0 Σ�−
b π0 Λ0

bð5912Þπ− Λ0
bð5920Þπ− Γtotal B

Σ1
b0ð12−Þ 132–317 0 0 2.02–5.48 2.92–7.98 145–321.93 97.0%þ1%

−6%
Σ1
b1ð12−Þ 0 67–129 0.20–0.30 3.98–9.96 1.43–3.61 81–135 0

Σ1
b1ð32−Þ 0 0.16–0.4 61–115 0.99–2.49 3.58–9.02 72–119 0

Σ1
b2ð32−Þ 9.43–14.60 0.30–0.50 0.18–0.30 3.11–7.49 0.45–1.09 17.28–20.95 69%þ7%

−19%
Σ1
b2ð52−Þ 9.43–14.60 0.15–0.2 0.28–0.40 1.70–3.08 2.69–6.53 18.02–19.5 75%þ0%

−27%
Σ̃1
b1ð12−Þ 0 101–193 1.20–1.70 0 0 191–235 0

Σ̃1
b1ð32−Þ 0 0.99–1.6 91–173 0 0 168–213 0
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Channels Λ0
bπ

�, Σ�
b π

0, Σ��
b π0, Λ0

bð5912Þπ�, and
Λ0
bð5920Þπ� are five possible strong decays for

Σbð6097Þ�. The observation of Λbπ mode is an obvious
indication that the two light quarks in P-wave bottom
baryons couple with spin Sρ ¼ 1. Numerical results indi-
cate that Σbð6097Þ� are very possibly Σ1

b2ð32−Þ or Σ1
b2ð52−Þ.

In these assignments, the decay widths Γ ≈ 17–21 MeV,
which are consistent with experimental measurements
under theoretical uncertainties. Λ0

bπ
� are their dominant

decay channels with branching fraction ratios ≈48–76%.

The ratios R ¼ ΓðΣbð6097Þ�→Σ�
b π

0Þ
ΓðΣbð6097Þ�→Σ��

b π0Þ are different in Σ1
b2ð32−Þ

or Σ1
b2ð52−Þ assignment. The measurement of these ratios by

experiments is possible to distinguish Σ1
b2ð32−Þ from Σ1

b2ð52−Þ
in the future.

There are some uncertainties in the 3P0 model. In
addition to the masses of the hadrons involved in the
decays, the strong decay widths depend on some param-
eters such as γ and β. These uncertainties may result
in some large uncertainties of the predicted decay widths.
However, these uncertainties can be reduced largely
through the prediction of some branching fraction
ratios.
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