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and Dual CP Institute of High Energy Physics, C.P. 28045, Colima, México
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We calculate the 1D, 2P, and 2S mass spectra of the singly bottom baryons and their strong decay
widths. The calculations are performed within a harmonic oscillator quark model that incorporates the spin,
spin-orbit, isospin, and flavor interactions. To obtain the model parameters, we conducted a fit using only
13 of the 22 experimentally observed states. Our predictions align well with the observed states, showing a
root-mean-square deviation of 9.6 MeV. We calculate the three-quark strong decay widths within the 3P0

model, which has only one free parameter, the pair creation strength γ0; this is the first time that the Λbη,
Σbρ, Σ�

bρ, Λbη
0, Λbω, ΞbK, Ξ0

bK, Ξ�
bK, ΞbK�, Ξ0

bK
�, and Ξ�

bK
� channels have been considered in the

calculation of the strong decay widths of the excited Λb states; the Σbη, ΞbK, Σbρ, Σ�
bρ, Λbρ, Σ�

bη, Σbη
0,

Σ�
bη

0, Ξ0
bK,Ξ�

bK, ΞbK�, Ξ0
bK

�, Ξ�
bK

�, Σbω, Σ�
bω, Σ8Bs, ΔB, Nð1520ÞB, Nð1535ÞB, Nð1680ÞB, and

Nð1720ÞB channels in the calculation of the strong decay widths of the excited Σb states; the ΛbK�, Ξbρ,
Ξ0
bρ, Ξ�

bρ, ΣbK�, Σ�
bK

�, Ξbη
0, Ξ0

bη
0, Ξ�

bη
0, Ξbω, Ξ0

bω, Ξ�
bω, Ξbϕ, Ξ0

bϕ, Ξ�
bϕ, Ξ8Bs, Σ8B�, and Σ10B channels

in the calculation of the strong decay widths of the excited Ξb and Ξ0
b states; the ΞbK�, Ξ0

bK
�, Ξ�

bK
�, Ωbη,

Ω�
bη,Ωbϕ,Ω�

bϕ,Ωbη
0,Ω�

bη
0, Ξ8B, and Ξ10B channels in the calculation of the strong decay widths of theΩb

states. Moreover, in Appendix D, we give the flavor couplings that can be useful for other articles. In
Appendix E, our partial decay widths are reported for each open flavor channel; these may be useful to the
LHCb, ATLAS, and CMS experimentalists in order to plan in which particular channels to look for missing
bottom baryons. The experimental masses and widths of the discovered Λbð6146Þ0 and Λbð6152Þ0 states
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are consistent with our mass and width predictions for the Dλ excitations with quantum numbers JP ¼ 3
2
þ

and JP ¼ 5
2
þ, respectively. Moreover, the masses and widths of the new Ξbð6327Þ0 and Ξbð6333Þ0 states

agree with our calculations for the Dλ excitations with quantum numbers JP ¼ 3
2
þ and JP ¼ 5

2
þ,

respectively. Finally, we calculate the electromagnetic decay widths from P-wave states to ground states.
We give the exact analytical expressions of the spin-flip and orbit-flip transition amplitudes, both of which
are functions of the photon-transferred momentum. The electromagnetic decays are dominant when the
strong decays are suppressed. A relevant case is the Ω−

b missing spin excitation, with JP ¼ 3
2
þ, which

cannot decay strongly, but has a nonvanishing predicted electromagnetic decay width in the Ω−
b γ channel.

Therefore, we suggest the Ω−
b γ electromagnetic decay channel as a golden channel in which to search for

this state. In all of our calculations, we report the uncertainties related to the experimental and model errors
by means of the Monte Carlo bootstrap method.

DOI: 10.1103/PhysRevD.110.114005

I. INTRODUCTION

To date, only a few singly bottom baryons have been
discovered, even though if further discoveries are expected
in the coming years. Currently, the Particle Data Group [1]
lists 21 singly bottom baryons (25 if one considers the
different charge states). None of their quantum numbers
have been measured yet, so the isospin I, parity P, and
angular momentum J reported by the PDG are based on
quark model expectations. Most importantly, since we do
not know the quantum numbers of those states, it is not yet
possible to distinguish between three-quark and quark-
diquark structures.
As there are many missing states, this sector is interesting.

Therefore, the main aim of this study was to give predictions
for the 1D, 2P, and 2S singly bottom baryons that are still
waiting to be discovered, and in particular, to provide their
partial strong decay widths by considering new decay
channels (as will be explained later).
In 1981, the production of the Λ0

b baryon was first
observed by the CERN-ISR experiment (R415) [2] (with a
6σ statistical significance). In 1991, this result was con-
firmed by the experiment R422 [3] and the UA1
Collaboration [4], which observed this state with a stat-
istical significance of about 4σ and 5σ, respectively. In
2007, a bottom baryon with quark content dsb, namely a
Ξ−
b , was observed by the D0 [5] and CDF [6] Collaborations

with 5.5σ and 7.7σ statistical significance, respectively. In
the same year, the Σ�

b and Σ��
b were discovered by the CDF

Collaboration [7] (with a statistical significance greater than
5.2σ) and confirmed in [8]. In 2008, theD0Collaboration [9]
discovered the ground state Ω−

b (ssb) (5.4σ), which was
confirmedbyCDF [10]. In 2011, theCDFCollaboration [11]
observed the Ξ0

b ground state baryon (usb) (6.8σ). In 2012,
CMS [12] discovered an excited state, most likely corre-
sponding to theJP ¼ 3=2þ partner ofΞb, denoted asΞ�

b, with
a statistical significance exceeding 5σ. In the same year, two
narrow P-wave Λ0

b baryons, denoted as Λbð5912Þ0 and
Λbð5920Þ0, were discovered by the LHCb Collaboration
[13], with 5.2σ and 10.2σ, respectively, and confirmed by the

CDF Collaboration [14] one year later. In 2015, the Ξ0−
b was

discovered and the Ξ�−
b was confirmed by the LHCb

Collaboration [15] with a statistical significance greater than
10σ. In 2018 the LHCbCollaboration reported the discovery
of one excited Ξb state, Ξbð6227Þ− [16] (7.9σ), and two
excited Σb states, Σbð6097Þ� [17] (12.6σ). In 2020, two
D-wave Λ0

b candidates, Λbð6146Þ0 and Λbð6152Þ0, were
discovered by LHCb in the Λ0

bπ
þπ− spectrum [18]; both

states were discoveredwith statistical significance exceeding
six standard deviations. In the same year, the LHCb col-
laboration [19] reported the observation of four narrow peaks
in the Ξ0

bK
− invariant mass spectrum,Ωbð6316Þ,Ωbð6330Þ,

Ωbð6340Þ, and Ωbð6350Þ, with 2.1σ, 2.6σ, 6.7σ, and 6.2σ
statistical significance, respectively, and the CMS collabo-
ration [20] reported evidence of a broad excess of events
in the Λ0

bπ
þπ− channel in the region of 6040–6100 MeV

with 4σ; this was confirmed by LHCb [21] exceeding 7σ in
the same decay channel and was called Λbð6070Þ. In 2021
the CMS collaboration discovered the Ξbð6100Þ− in the
Ξ−
bπ

þπ− invariant mass spectrum [22]. More recently, in
2021, the LHCb collaboration reported the discovery of two
new Ξb states, namely Ξbð6327Þ0 and Ξbð6333Þ0, in the
Λ0
bK

−πþ channel, with a statistical significance larger than
nine standard deviations [23]. In 2023, the LHCb [24]
discovered the Ξbð6087Þ0 and Ξbð6095Þ0 states, which are
not yet on the PDG. As will be discussed in Sec. V,Ξbð6087Þ
[24], will be associated by us with the 1P 1=2− state, while
Ξbð6095Þ0will be consideredbyus to be theneutral partner of
Ξbð6100Þ− reported by the PDG; thus, according to our
assignments, there are in total 22 discovered states.
The first theoretical predictions of the Λb and Σb baryon

mass spectra within the quark model were published by
Capstick and Isgur in their pioneering work in 1986
[25,26], using a three-quark string-like confinement plus
an OGE-inspired potential. The first QCD spectral sum rule
calculation for Σb and Λb baryons was performed by Bagan
et al. [27] in 1992. Later in 1995, Roncaglia et al. used the
Feynman-Hellmann theorem to estimate the ground state
singly bottom baryon masses [28]. In 1996, Silvestre-Brac
published the mass spectra for Λb, Σb, Ξb, Ξ0

b, and Ωb [29]
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using a nonrelativistic model. The Λb, Σb, Ξb, Ξ0
b, and Ωb

ground and excited states (up to 1 GeV excitation energy)
were displayed in the figures with a large energy scale, but
only the numerical values for the ground state were
provided in a table, making it difficult to extract from
the figures the precise numerical values for the excited state
masses. In 1996, Bowler et al., in the first exploratory
lattice study [30], estimated the ground state singly bottom
baryon masses by extrapolating the lattice data, first in the
light quark masses and then in the heavy quark mass.
Jenkins studied the ground state bottom baryon masses by
using a combined expansion in 1=mQ, 1=Nc and SUð3Þ
flavor symmetry breaking of the heavy hadron masses in
the heavy quark effective theory [31]. In the 2000s, Mathur
et al. calculated the ground state singly bottom baryon
masses by using quenched lattice nonrelativistic QCD [32].
In 2004, Albertus et al. used a variational method for the
solution of the non-relativistic three-body problem for the
ground state of the singly heavy baryons, considering
the one-gluon exchange plus the pion and the σ meson
exchange potential [33]. Later, in Refs. [34–36], this model
was extended to include some exchange ofK and ηmesons,
and was applied to the study of excited singly heavy baryon
states. Ebert et al. developed a relativistic quark-diquark
description [37,38]. Some examples of the recent wide
literature on theoretical investigations of heavy baryon
spectroscopy are: the non-relativistic quark model
(NRQM) [39–41], the Regge phenomenology [42], the
hypercentral constituent quark model [43–46], which has
been used to study the excited Ωb states [47], the QCD sum
rules (QCDSR) [48–52], and the symmetry-preserving
Schwinger-Dyson equation approach [53]. Further discus-
sions involving other models can be found in Refs. [54–59].
For more references, see the review articles [60–65].
None of the previous three-quark theoretical articles

calculated the possible states up to all the 1D, 2P, and 2S,
but only a subset of them (as will be more evident in
Tables VII–XI in which our three-quark model results are
compared with those of the other three-quark models). We
also observe that none of the previous theoretical articles
discussed the constructions of the states up to the 1D, 2P,
and 2S.
In addition to the mass spectrum, the decay properties are

one of the main features in assigning consistent quantum
numbers to hadrons. Matching experimental data with the
predicted mass spectra and decay widths is a reliable
method for identifying these states.
Only a few studies have addressed the strong decays of

singly bottom baryons [66–82] and most have used the
constituent quark model [66–78].
All the constituent quark model calculations of singly

bottom baryon strong decays [66–78] use harmonic oscil-
lator wave functions. This choice is not only because,
otherwise, the calculations would be too difficult but also
because, as observed by Kokoski and Isgur in 1985 [83],
the excited hadrons are well described by harmonic

oscillator wave functions. For these reasons, the use of
harmonic oscillator wave functions is now a standard in
hadron decay calculations. In 2010, the authors of Ref. [66]
calculated the decay widths of the Ξb ground and P-wave
excited states by using the masses from Karliner [40] and
PDG, within the 3P0 strong decay model with h.o. wave
functions. In Refs. [67,68,70,77] the authors calculated the
strong decay by using the nonrelativistic quark pseudoscalar
meson coupling, also known as chiral strong decay model
(χQM) or elementary emission model (EEM). In
Refs. [67,68,70,77] the authors used the masses from the
relativistic quark-diquarkmodel byEbert et al. [38], and they
used three-quark baryon harmonic oscillator wave functions.
Specifically, the authors of Refs. [67,68] studied the strong
decays of the S- P- and D-wave singly heavy baryons with
emission of π and K meson only. In Ref. [69], the two
previous studieswere extended to the Pρ-mode excitations by
using the masses from the three-quark model by Yoshida
et al. [41]. In 2020, following the discovery of Σbð6097Þ by
LHCb [17], the strong decay widths of the P-wave Σb states
were calculated in Ref. [70] within χQM, but the authors
considered the pion emission only. In Refs. [71–76] the
authors calculated the strong decaywidths by using the Ebert
et al. quark-diquarkmasses [38] within the 3P0 model for the
strong decays and the h.o. wave functions.
In particular, in Ref. [71] the authors calculated the

P-wave Ωb strong decay widths only. Later on, the same
authors used the 3P0 model to study the Λbð6072Þ0 baryon
decays [72]. In a subsequent study, [73], this analysis

was further extended to the Ξð0Þ
b strong decays up to the

D-wave, but only the emission of pions or K mesons was
considered. In Refs. [75,76], the authors calculated the
Ξbð6227Þ and Σbð6097Þ decays with pion emission only.
References [71–76] examined the λ-mode excitations only.

The Σð�Þ
b → Λbπ strong decay widths were also calcu-

lated in Ref. [79] within the MIT model. The study of Σb →
Λbπ and Σb → Λbπ decays also has been conducted using
the partial conservation of the axial current in Ref. [80].
The P-wave Ωb states were studied using light-cone sum
rules within HQET in Ref. [81]. The strong decay widths of
the Σb, Σ�

b, Ξ0
b, and Ξ�

b ground states were studied within
chiral effective theory in Ref. [82].
However, all these studies [66–82] did not include the

decays into the bottom baryon-vector meson channels or
the bottom meson-octet/decuplet baryon channels, which
are the main focus of this article. Furthermore, a compre-
hensive investigation of the mass spectra that includes the
strong decay width calculations for both ground and
excited states up to the second shell within the same model
has never been performed.
The main aim of this article is to study the strong decay

channels that have never been investigated. Indeed, this is
the first time that the Λbη, Σbρ, Σ�

bρ, Λbη
0, Λbω, ΞbK, Ξ0

bK,
Ξ�
bK, ΞbK�, Ξ0

bK
� and Ξ�

bK
� channels have been consid-

ered in the calculation of the strong decay widths of the
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excited Λb states; the Σbη, ΞbK, Σbρ, Σ�
bρ, Λbρ, Σ�

bη, Σbη
0,

Σ�
bη

0, Ξ0
bK, Ξ�

bK, ΞbK�, Ξ0
bK

�, Ξ�
bK

�, Σbω, Σ�
bω, Σ8Bs, ΔB,

Nð1520ÞB, Nð1535ÞB, Nð1680ÞB, and Nð1720ÞB chan-
nels in the calculation of the strong decay widths of the
excited Σb states; the ΛbK�, Ξbρ, Ξ0

bρ, Ξ�
bρ, ΣbK�, Σ�

bK
�,

Ξbη
0, Ξ0

bη
0, Ξ�

bη
0, Ξbω, Ξ0

bω, Ξ�
bω, Ξbϕ, Ξ0

bϕ, Ξ�
bϕ, Ξ8Bs,

Σ8B�, and Σ10B channels in the calculation of the strong
decay widths of the excited Ξb and Ξ0

b states; and the ΞbK�,
Ξ0
bK

�, Ξ�
bK

�, Ωbη, Ω�
bη, Ωbϕ, Ω�

bϕ, Ωbη
0, Ω�

bη
0, Ξ8B, and

Ξ10B channels in the calculation of the strong decay widths
of the Ωb states.
For the radiative transitions, a few articles have been

dedicated to the radiative decays of singly heavy baryons, as
evidenced by references using χQM[67,68], light-coneQCD
[84–90], and chiral perturbation theory (χPT) [91–93].
Further results yielded by other models can be found in
Refs. [94–97]. However, there are no available experimental
data for the electromagnetic decays of singly bottom baryons
to compare with the theoretical predictions.
In a previous study [98], prompted by the discovery of

the five Ωc baryons by LHCb [99], a harmonic oscillator
three-quark model was developed (a mass formula), which
will be used in the present article. This model in Ref. [98],
was applied to the 1P Ωc and Ωb mass spectra, and to the
Ωc=b strong decay widths into the Ξþ

c=bK
− and Ξ0þ

c=bK
−

channels, using the 3P0 strong decay model. It is note-
worthy that the predictions for the masses and widths of
1PΩb states were subsequently confirmed by the LHCb
experiment [19], which cited the paper [98].
Subsequently, the model of Ref. [98] was also applied

to the Ξc, Ξ0
c, Ξb, and Ξ0

b 1P mass spectra and strong decay
widths in Ref. [100], without changing the previous
parameters, and provided an accurate description of the
LHCb data concerning Ξcð2923Þ0, Ξcð2939Þ0, and
Ξcð2965Þ0 for both masses and widths, as reported in
Ref. [101]. In particular, in Ref. [100] the 1P Ξ0

c=b strong
partial decay widths into 2Σc=bK̄, 2Ξ0

c=bπ,
4Σc=bK̄, 4Ξ0

c=bπ,
Λc=bK̄, Ξc=bπ, and Ξc=bη were calculated, by using both the
EEM and the 3P0 model, and also the electromagnetic
decay widths. In Ref. [102], a more systematic investiga-
tion was made, which involved a further application of the
model of Ref. [98] to the cqq; cqs, and css singly charm
baryon up to 1D, 2P, and 2S. That study calculated the
three-quark and quark-diquark mass spectra of the singly
charm baryons and the decay widths of the ground and
excited singly charm baryon states (ρ- and λ-mode exci-
tations) into singly charm baryon-(vector/pseudoscalar)
meson pairs and (octet/decuplet) light baryon-(pseudosca-
lar/vector) charmed meson pairs. It is worth noting that the
experimental mass and decay widths of Ωcð3327Þ states,
which LHCb has recently observed [103], agree with the 1
D3=2 predicted mass and decay widths of Ref. [102]. The
reproduction of the masses and widths of the Ξcð2923Þ0,
Ξcð2939Þ0, Ξcð2965Þ0, Ωcð3000Þ, Ωcð3050Þ, Ωcð3066Þ,
Ωcð3090Þ, Ωcð3119Þ, Ωcð3327Þ, Ωbð6316Þ, Ωbð6330Þ,

Ωbð6340Þ, and Ωbð6350Þ states is an indication of the
predictive power of this model.
In Ref. [104], the mass formula of Ref. [98] was applied

to the singly, doubly, and triply charm and bottom baryons
up to the P-wave and only the electromagnetic decays were
calculated.
In that study [104] the authors did not evaluate the exact

expression of the orbit-flip operator, since they replaced pλ

with imλk0λ and pρ with imρk0ρ. Similarly to the approach
taken in Ref. [102] for the charm sector, the aim of this
article was to expand the application of the model presented
in Ref. [98], in the bottom sector, to the 1D, 2P, and 2S
states, in both the three-quark and quark-diquark schemes,
and to study the strong decay widths within the 3P0 model.
This is the first time that the Λbη, Σbρ, Σ�

bρ, Λbη
0, Λbω,

ΞbK, Ξ0
bK, Ξ�

bK, ΞbK�, Ξ0
bK

�, and Ξ�
bK

� channels have
been considered in the calculation of the strong decay
widths of the excited Λb states; the Σbη, ΞbK, Σbρ, Σ�

bρ,
Λbρ, Σ�

bη, Σbη
0, Σ�

bη
0, Ξ0

bK, Ξ�
bK, ΞbK�, Ξ0

bK
�, Ξ�

bK
�, Σbω,

Σ�
bω, Σ8Bs, ΔB, Nð1520ÞB, Nð1535ÞB, Nð1680ÞB, and

Nð1720ÞB channels in the calculation of the strong decay
widths of the excited Σb states; the ΛbK�, Ξbρ, Ξ0

bρ, Ξ�
bρ,

ΣbK�, Σ�
bK

�, Ξbη
0, Ξ0

bη
0, Ξ�

bη
0, Ξbω, Ξ0

bω, Ξ�
bω, Ξbϕ, Ξ0

bϕ,
Ξ�
bϕ, Ξ8Bs, Σ8B�, and Σ10B channels in the calculation of

the strong decay widths of the excited Ξb and Ξ0
b states; the

ΞbK�, Ξ0
bK

�, Ξ�
bK

�,Ωbη,Ω�
bη,Ωbϕ,Ω�

bϕ,Ωbη
0,Ω�

bη
0, Ξ8B,

and Ξ10B channels in the calculation of the strong decay
widths of the Ωb states. Moreover, in Appendix G, we
calculate the electromagnetic decay widths of the S- and
P-wave singly bottom baryons, and report the analytical
expressions of the relevant matrix elements for the electro-
magnetic couplings. Finally, the uncertainties are propa-
gated with the Monte Carlo bootstrap method [105], which
is based on the estimation of the probability density
functions of the fitted parameters.

II. MASS SPECTRA

The masses of the bottom baryon states are calculated as
the eigenvalues of the Hamiltonian introduced in Ref. [98],
which we report below for convenience

H ¼ Hh:o: þ aSS2
tot þ aSLStot ·Ltot þ aII2 þ aFĈ2; ð1Þ

where Hh:o: corresponds to the sum of the constituent
masses and the harmonic oscillator Hamiltonian. In Eq. (1)
the symbols Stot;Ltot; I and Ĉ2 denote the spin, orbital
angular momentum, isospin, and the SUfð3Þ Casimir
operators, respectively, and they are weighted with the
model parameters aS; aSL; aI, and aF.

A. Mass spectra of the bottom baryons
within three quark model

In the case where baryons are modeled as three-quark
systems, the Hh:o: term of Eq. (1) can be expressed using
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the Jacobi coordinates ρ ¼ ðr1 − r2Þ=
ffiffiffi
2

p
and λ ¼ ðr1 þ

r2 − 2r3Þ=
ffiffiffi
6

p
and their conjugate momenta pρ and pλ as

H3q
h:o: ¼

X3
i¼1

mi þ
p2
ρ

2mρ
þ p2

λ

2mλ
þ 1

2
mρω

2
ρρ2 þ

1

2
mλω

2
λλ

2;

ð2Þ

where mi with i ¼ 1, 2 are the light quark masses, m3 is
the bottom quark mass; mρ ¼ ðm1 þm2Þ=2, and mλ ¼
3mρm3=ð2mρ þm3Þ. The ρ- and λ-oscillator frequencies

are ωρðλÞ ¼
ffiffiffiffiffiffiffi
3Kb
mρðλÞ

q
, where Kb is the harmonic oscillator

constant. Here the ρ coordinate describes the excitations
within the light quark pair while the λ coordinate describes
the excitations between the light quark pair and the bottom
quark b, as depicted in Fig. 1.
The H3q

h:o: Hamiltonian described in Eq. (2) has the
eigenstates given in Appendix A 1, see Eq. (A5), and its
eigenvalues are

E3q
h:o: ¼

X3
i¼1

mi þ ωρnρ þ ωλnλ: ð3Þ

We use the usual definitions for nρðλÞ ¼ 2kρðλÞ þ lρðλÞ,
kρðλÞ ¼ 0; 1;…, and lρðλÞ ¼ 0; 1;…; where, lρðλÞ is the
orbital angular momentum of the ρðλ) oscillator, and
kρðλÞ is the number of nodes (radial excitations) in the
ρðλ) oscillators.
In the three-quark model, the eigenvalues of the

Hamiltonian 1, proposed in Ref. [98], are given by the
following mass formula,

E3q ¼
X3
i¼1

mi þ ωρnρ þ ωλnλ þ aS½StotðStot þ 1Þ�

þ aSL
1

2
½JðJ þ 1Þ − LtotðLtot þ 1Þ

− StotðStot þ 1Þ� þ aI½IðI þ 1Þ�

þ aF
1

3
½pðpþ 3Þ þ qðqþ 3Þ þ pq�: ð4Þ

We observe that the model is completely analytical, i.e., it
is an algebraic model, or in other words, the Hamiltonian of
Eq. (1) in combination with Eq. (2) is completely diagonal in
the harmonic oscillator, spin, flavor, and color basis. The
eigenvalues are given in Eq. (4) and the eigenstates are those
given in Appendix A 1. Even though the confinement
potential is expected to have a linear behavior, we opted
for a harmonic oscillator confinement in order to achieve a
fully analytical model. However, in Ref. [26], Capstick and
Isgur emphasized that the effective parameters of the quark
model can compensate for model limitations.
It is worth mentioning that the model of Ref. [98] has

successfully described both the singly charm and singly
bottom sectors. In the charm sector, it was applied to the Ξc
states and the authors provided an accurate description of
the LHCb data concerning Ξcð2923Þ0, Ξcð2939Þ0, and
Ξcð2965Þ0 for both masses and widths [100], as reported
in Ref. [101]. In the bottom sector, its predictions for the
masses and widths of Ωb states were subsequently con-
firmed by the LHCb experiment [19], which cited Ref. [98].
In Eq. (4), the spin-dependent term splits the states with

different Stot. The contribution of this term is smaller than
in the charm baryons sector, in agreement with the heavy
quark spin symmetry (see Sec. II F). The spin-orbit
interaction, which is small in light baryons [25,37], turns
out to be fundamental to describe the heavy-light baryon
mass patterns [98]. The effect of the spin-orbit term is to split
the states with different J. Finally, the flavor-dependent term
splits the baryons belonging to the flavor sextet, 6F with
ðp; qÞ ¼ ð2; 0Þ, from the baryons of the antitriplet, 3̄F
with ðp; qÞ ¼ ð0; 1Þ.

B. Applications of the equal-spacing mass formulas

The mass formula presented in Eq. (4), which was
introduced in [98], can be used to calculate the mass
splitting between states of the same multiplet

mðAÞ −mðA0Þ ¼ m1 þm2 −m0
1 −m0

2 þ ωρnρ þ ωλnλ − ðω0
ρn0ρ þ ω0

λn
0
λÞ þ aS½StotðStot þ 1Þ − S0totðS0tot þ 1Þ�

þ aSL
1

2
½JðJ þ 1Þ − LtotðLtot þ 1Þ − StotðStot þ 1Þ − J0ðJ0 þ 1Þ þ L0

totðL0
tot þ 1Þ þ S0totðS0tot þ 1Þ�

þ aI½IðI þ 1Þ − I0ðI0 þ 1Þ�: ð5Þ

FIG. 1. The ρ coordinate describes the excitations within the
light quark pair while the λ coordinate describes the excitations
between the light quark pair and the bottom quark b.
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For example, in the charm sector, the experimental mass
splitting, as from LHCb [101]

mðΩcð3050ÞÞ −mðΞ0
cð2923ÞÞ

≃mðΩcð3065ÞÞ −mðΞ0
cð2939ÞÞ

≃mðΩcð3090ÞÞ −mðΞ0
cð2965ÞÞ

≃ 125 MeV

can be immediately explained by using Eq. (5) and the
parameters from Ref. [102]

mð2Sþ1ðΩcÞJÞ −mð2Sþ1ðΞ0
cÞJÞ ¼ 115� 30 MeV;

which is in agreement with the experimental data [101].
It is natural to expect a similar pattern in the bottom

sector; therefore, the equal-spacing rules can guide future
experimental searches in the bottom sector. For example,
the Dλ-wave excited states obey the following spacing
rules:

mð2Sþ1ðΩbÞJÞ−mð2Sþ1ðΞ0
bÞJÞ ¼ ms −mn þ 2ðωΩb

λ −ωΞb
λ Þ

−
3

4
aI ≃ 95� 36 MeV

ð6Þ
mð2Sþ1ðΞ0

bÞJÞ −mð2Sþ1ðΣbÞJÞ ¼ ms −mn þ 2ðωΞb
λ − ωΣb

λ Þ

−
5

4
aI ≃ 58� 41 MeV

ð7Þ
mð2Sþ1ðΞbÞJÞ −mð2Sþ1ðΛbÞJÞ ¼ ms −mn þ 2ðωΞb

λ − ωΣb
λ Þ

þ 3

4
aI ≃ 129� 26 MeV:

ð8Þ
For the Dρ-wave excited states we have

mð2Sþ1ðΩbÞJÞ−mð2Sþ1ðΞ0
bÞJÞ ¼ ms −mn þ 2ðωΩb

ρ −ωΞb
ρ Þ

−
3

4
aI ≃ 56� 48 MeV

ð9Þ

mð2Sþ1ðΞ0
bÞJÞ −mð2Sþ1ðΣbÞJÞ ¼ ms −mn þ 2ðωΞb

ρ − ωΣb
ρ Þ

−
5

4
aI ≃ 4� 40 MeV

ð10Þ

mð2Sþ1ðΞbÞJÞ −mð2Sþ1ðΛbÞJÞ ¼ ms −mn þ 2ðωΞb
ρ − ωΣb

ρ Þ

þ 3

4
aI ≃ 75� 40 MeV:

ð11Þ

These calculations are based on the parameters reported in
Table I, and the ωBb

λ;ρ values are computed for each bottom

baryon by using Eq. (3). It should be noted that ωΞb ¼ ωΞ0
b

and ωΣb ¼ ωΛb , due to their identical quark content.
Therefore, we only use three different labels: Ωb, Ξb,
and Σb.
The values obtained from these equal-spacing rules can

provide additional guidance for experimentalists searching
for bottom baryons.

C. Mass spectra of the bottom baryons
within the quark-diquark model

If baryons are modeled as quark-diquark systems,
the Hh:o: term of Eq. (1) can be expressed by using only
one relative coordinate r ¼ r1 − r2 and momentum
pr ¼ ðmbpD −mDpbÞ=ðmb þmDÞ, namely, the quark-
diquark model [106]. In this picture, the two light quarks
are regarded as a single diquark object interacting with a
heavy quark. Thus, the Hh:o: term of Eq. (1) can be
expressed by using the relative coordinate r and its
conjugate momentum pr as

HqD
h:o: ¼ mD þmb þ

p2
r

2μ
þ 1

2
μω2

rr2; ð12Þ

where mD and mb are the diquark and bottom quark
masses, respectively, μ ¼ mbmD=ðmb þmDÞ is the reduced
mass of the system. The HqD

h:o: Hamiltonian described in
Eq. (12) has the eigenstates given in Appendix A 2, see
Eq. (A13), and its eigenvalues are

EqD
h:o: ¼ mD þmb þ ωrnr; with ωr ¼

ffiffiffiffiffiffiffiffiffi
3Kb

μ

s
; ð13Þ

nr ¼ 2kr þ lr where kr ¼ 0; 1;… is the number of nodes,
lr ¼ 0; 1;… is the orbital angular momentum of the r
oscillator, and Kb is the harmonic oscillator constant.

TABLE I. Fitted parameters for the three-quark model (second
column) and the quark-diquark model (third column). The
symbol “...” indicates that the parameter is absent in that model.

Parameter Three-quark value Diquark value

mb 4930þ12
−12 MeV 4677þ100

−64 MeV
ms 464þ6

−6 MeV � � �
mn 299þ10

−10 MeV � � �
mDΩ

� � � 1331þ59
−92 MeV

mDΞ
� � � 1185þ61

−92 MeV
mDΣ;Λ

� � � 1045þ55
−94 MeV

Kb 0.0254þ0.0012
−0.0012 GeV3 0.0245þ0.0023

−0.0023 GeV3

aS 10þ2
−3 MeV 8þ2

−3 MeV
aSL 4þ2

−2 MeV 6þ3
−1 MeV

aI 36þ7
−7 MeV 19þ3

−2 MeV
aF 60þ6

−5 MeV 13þ6
−3 MeV
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In the quark-diquark scheme, the eigenvalues of the
Hamiltonian 1, proposed in Ref. [98], are given by the
following mass formula,

EqD ¼ mD þmb þ ωrnr þ aS½StotðStot þ 1Þ�

þ aSL
1

2
½JðJ þ 1Þ − LtotðLtot þ 1Þ

− StotðStot þ 1Þ� þ aI½IðI þ 1Þ�

þ aF
1

3
½pðpþ 3Þ þ qðqþ 3Þ þ pq�: ð14Þ

D. Singly bottom baryon states
within three-quark model

We first construct the singly bottom baryon states in both
the three-quark and the quark-diquark models.
In the three-quark model, the bottom baryons are

described as three quark states made up of one b quark
and two light quarks (u, d, or s). In this model, the spatial
degrees of freedom of the bottom states are expressed by
the ρ coordinate, which describes the excitations within the
light quark pair, and the λ coordinate, which describes the
excitations between the light quark pair and the bottom
quark b (see Fig. 1).
The total angular momentum, J ¼ Ltot þ Stot, is the sum

of the orbital angular momentum, Ltot ¼ lρ þ lλ, and the
internal spin, Stot ¼ S12 þ 1=2, which is the sum of the
light quark spin, S12 ¼ S1 þ S2, and the b quark spin, 1=2.
It is important to note that the color part of a baryon wave

function is fully antisymmetric, representing an SUcð3Þ
singlet of the three colors. In our model the light quarks are
considered to be identical particles; hence, their wave
function should be antisymmetric in order to satisfy the
Pauli principle. Since the two light quarks are in the
antisymmetric 3̄c color state, the product of their spin-,
flavor-, and orbital-wave functions has to be symmetric. Let
us apply this principle to construct the singly bottom
baryon ground and excited states up to the second energy
band, N ¼ nρ þ nλ (N ¼ nr in the case of the quark-
diquark system), of the harmonic oscillator.
In the energy band N ¼ 0, in which lρ ¼ lλ ¼ 0, the

spatial wave function of the two light quarks is symmetric
implying that their spin-flavor wave function is symmetric.
Therefore, we can only combine the antisymmetric 3̄F-plet
with antisymmetric-spin configuration S12 ¼ 0 and the
symmetric 6F-plet with spin symmetric configuration
S12 ¼ 1. This means that the ground state baryons made
up of a light quark pair with antisymmetric-spin configu-
ration S12 ¼ 0 fill an antisymmetric 3̄F-plet with total spin
J ¼ Stot ¼ 1

2 (displayed on the left-hand side of Fig. 2),
while the ones made up of a light quark pair with spin
symmetric configuration S12 ¼ 1, fill one 6F-plet with
total spin J ¼ Stot ¼ 1

2, and one 6F-plet with total spin

J ¼ Stot ¼ 3
2 (displayed on the center and on the right-hand

side of Fig. 2).
The 3̄F-plet and the 6F-plet with spin-parity JP ¼ 1

2
þ lie

on the first floor of the SUfð4Þ 20F-plet with the light octet
baryons at the ground level, while the 6F-plet with spin-
parity JP ¼ 3

2
þ lies on the first floor of the SUfð4Þ 20F-plet

with the light decuplet baryons at the ground level. The
3̄F-plet with spin-parity JP ¼ 1

2
þ contains one isosinglet

state, Λb, and two isospin 1
2 states, Ξ

−
b and Ξ0

b.
The 6F-plet with spin-parity JP ¼ 1

2
þ contains one

isosinglet, Ω−
b , two isospin 1

2 states, Ξ
0−
b and Ξ00

b , and three
states with total isospin I ¼ 1, Σþ

b ;Σ0
b and Σ−

b . The 6F-plet
with spin-parity JP ¼ 3

2
þ contains the one isosinglet, Ω�−

b ,
two isospin 1

2 states, Ξ
0�−
b and Ξ0�0

b , and three states with total
isospin I ¼ 1, Σ�þ

b ;Σ�0
b and Σ�−

b , where the upper symbol �
denotes that the total spin of these states is 3

2. The total spin
and the SUfð3Þ flavor multiplets of ground state singly
bottom baryons are reported in Fig. 2.
For the energy band N ¼ 1, there are two different

possibilities. If lρ ¼ 0 and lλ ¼ 1, the spatial wave function
is symmetric under the interchange of light quarks, imply-
ing that their spin-flavor wave function is also symmetric.
Thus, in the case of the 3̄F-plet baryons, the angular
momentum Ltot ¼ 1 is coupled with one only spin con-
figuration, Stot ¼ 1

2 that comes from the light quark spin
configuration S12 ¼ 0, yielding two Pλ-wave excitations,
while, in the case of the 6F-plet baryons, Ltot ¼ 1 is
coupled with two possible spin configurations, Stot ¼ 1

2 ;
3
2

that come from the light quark spin configuration S12 ¼ 1,
yielding five Pλ-wave excitations.
When lρ ¼ 1 and lλ ¼ 0, the spatial wave function is

antisymmetric under the interchange of light quarks,
implying that the two light quark spin-flavor wave function
are also antisymmetric, hence the situation is reversed: in
the case of the 3̄F-plet baryons, Ltot ¼ 1 is coupled with
Stot ¼ 1

2 ;
3
2 yielding to fivePρ-wave states, while, in the case

of the 6F-plet baryons, Ltot ¼ 1 is coupled with Stot ¼ 1
2,

yielding to two Pρ-wave states.

FIG. 2. The SUfð3Þ flavor multiplets of the ground-state singly
bottom baryons: the flavor antitriplet 3̄F with spin-parity JP ¼ 1

2
þ

(left side), the flavor sextet 6F with JP ¼ 1
2
þ (center), and the

flavor sextet 6F with JP ¼ 3
2
þ (right side).
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In the energy band N ¼ 2, there are three possibilities:
the pure λ-excitations, lρ ¼ 0, lλ ¼ 2, the pure ρ-excitations,
lρ ¼ 2, lλ ¼ 0, and themixed case lρ ¼ 1, lλ ¼ 1. In both the
lρ ¼ 0, lλ ¼ 2 and lρ ¼ 2, lλ ¼ 0 cases the total spatial wave
function is symmetric under the interchange of light quarks
implying that their spin-flavor wave function is also
symmetric.
If lρ ¼ 0 and lλ ¼ 2, in the case of the 3̄F-plet baryons,

Ltot ¼ 2 is coupled with Stot ¼ 1
2, giving two Dλ-wave

excitations, while, in the case of the 6F-plet baryons,Ltot ¼
2 is coupled with two possible spin configurations,
Stot ¼ 1

2 ;
3
2, giving six Dλ-wave excitations. If lρ ¼ 2 and

lλ ¼ 0, in a similar way we have two Dρ-wave excitations
for the 3̄F-plet and six Dρ-wave excitations for the 6F-plet.
When lρ ¼ 1 and lλ ¼ 1 there are three possible values of

the angular momentum Ltot ¼ 0; 1; 2. In the case of the 3̄F-
plet baryons, they are combined with Stot ¼ 1

2 ;
3
2, which

come from the light quark spin configuration S12 ¼ 1,
producing thirteen mixed excited states: six D-wave states,
five P-wave states, and two S- wave states. In the case
of the 6F-plet baryons, they are combined with Stot ¼ 1

2,
which come from the light quark spin configuration
S12 ¼ 0, thus producing five possible states: two D-wave
states, two P-wave states, and one S-wave state.
Additionally, there are two possible radial excitation

modes in this energy band, kρ ¼ 0, kλ ¼ 1, and kρ ¼ 1,
kλ ¼ 0, both corresponding to a symmetric light quark
wave function since Ltot ¼ lρ þ lλ ¼ 0. If kρ ¼ 0 and
kλ ¼ 1, in the case of the 3̄F-plet baryons, Ltot ¼ 0 is
combined with Stot ¼ 1

2, producing one λ-radial excitation,
while in the case of the 6F-plet baryons, Ltot ¼ 0 is
combined with J ¼ Stot ¼ 1

2 ;
3
2, producing two λ-radial

excitations. In a similar way, if kρ ¼ 1 and kλ ¼ 1, in
the case of the 3̄F-plet baryons, we have one ρ-radial
excitation, while in the case of the 6F-plet baryons, we have
two ρ-radial excitations.

E. Singly bottom baryon states
within the quark-diquark model

Finally, when the bottom baryons are seen as quark-
diquark systems, the two constituent light quarks of the
diquark are considered to be correlated, with no internal
spatial excitations (lρ ¼ 0); i.e., it is hypothesized that
we are within the limit where the diquark internal spatial
excitations are higher in energy than the scale of the
resonances studied. As a result, the quark-diquark states
are a subset of the previously discussed three-quark
states and can be obtained by freezing the ρ coordinate.
The validity of this scheme for singly bottom systems
will ultimately be determined by experimental data.
Further investigations and analysis are necessary in
order to confirm its applicability. With the completion
of the construction of states in both the three-quark and

quark-diquark models, we have established a framework
for understanding the properties of singly bottom baryons.
We make one last remark on the notation used throughout

the paper. The three-quark quantum state is written as
jlλ; lρ; kλ; kρi, with total angular momentum J¼LtotþStot,
where Ltot ¼ lρ þ lλ and Stot ¼ S12 þ 1

2, S12 is the coupled
spin of the light quarks. The number of nodes is kλ;ρ. The
quark-diquark quantum state is written as jlr; kri where
Ltot ¼ lr and Stot ¼ S12 þ 1

2, and the number of nodes is kr.
For each state, we also report the information on the
total spin, orbital angular momentum, and total angular
momentum using the compact spectroscopic notation
2Sþ1LJ ≡ 2Stotþ 1Ltot J.

F. Parameter determination and uncertainties

We perform a fit to describe the observed masses of singly
bottom baryons, namely Λb, Σb, Ξb, Σb, and Ωb, with the
masses predicted by Eqs. (4) and (14). This fitting procedure
enables us to determine the masses of the constituent quarks
and diquarks (mb, ms, mu;d, mDΩ

, mDΞ
, and mDΣ;Λ

), and the
model parameters (aS; aSL; aI; aF, and Kb). The goal is to
confirm that the parameters minimize the sum of the squared
differences between the theory-predicted baryon masses and
their corresponding experimental values (least-squares
method).
Experimental measurements of baryon masses are asso-

ciated with both statistical and systematic uncertainties.
Moreover, the models presented in Eqs. (4) and (14)
provide approximate descriptions of bottom baryons. To
account for possible deviations between these models and
experimental data, we assign a model uncertainty to each
model. The calculation of the model uncertainty, denoted as
σmod, follows the procedure outlined in Ref. [1], ensuring
that the χ2=NDF value approaches 1. The computation of
χ2 involves the equation

χ2 ¼
X
i

ðMmod;i −Mexp;iÞ2
σ2mod þ σ2exp;i

; ð15Þ

where Mmod;i represents the predicted masses of the singly
bottom baryons, Mexp;i denotes the experimental masses of
the singly bottom baryons included in the fitting process,
along with their uncertainties σexp;i, and NDF refers to the
number of degrees of freedom. For the three-quark model,
we obtain a value of σmod ¼ 12 MeV, while for the quark-
diquark model σmod ¼ 20 MeV. To obtain the model
parameters, we conducted a fit using only 13 of the 22
experimentally observed states. The fitted parameters for
the bottom baryon masses are shown in Table I. Our
predictions align well with the observed states, showing a
root-mean-square deviation of 9.6 MeV.
If we compare the parameters aS; aSL; aI, and aS of

Table I with the results of Ref. [102] in the charm sector, we
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can see that aI and aF are quite similar, while aS and aSL are
significantly smaller in the bottom sector than in the charm
sector. In the case of the spin-spin interaction, aSSðSþ 1Þ,
we get from the fit a value of aS ¼ 10þ2

−3 MeV for the
bottom sector, which is smaller than the value obtained
for the charm sector, aS ¼ 23� 3 MeV in Ref. [102].
The decrease of aS from the charm to the bottom sector is

an effective way to take into account that the spin-spin
interaction is inversely proportional to the masses of the
interacting quarks, in agreement with the heavy quark
spin symmetry. In the case of the spin-orbit interac-
tion, aSL Stot ·Ltot, we get from the fit a value of
aS L ¼ 4þ2

−2 MeV, about four times smaller than the value
obtained for the charm sector, aSL ¼ 18� 5 MeV [102].

TABLE II. Predicted ΛbðnnbÞ masses and strong decay widths (in MeV). The flavor multiplet is indicated by the symbol F . The first
column contains the h.o. three-quark model states, jlλ; lρ; kλ; kρi, where lλ and lρ are the orbital angular momenta and kλ, kρ the number
of nodes of the λ and ρ oscillators, with N ¼ nρ þ nλ. The second column displays the spectroscopic notation 2Sþ1LJ for each state. The
third column contains the total angular momentum and parity JP. In the fourth and eighth columns, the three-quark predicted masses
[Eq. (4)] and their total strong decay widths are shown, respectively. The fifth column contains the h.o. quark-diquark model state,
jlr; kri, where lr is the orbital angular momentum and kr denotes the number of nodes, and N ¼ nr. The sixth column contains the
quark-diquark predicted masses [Eq. (14)]. Our theoretical results are compared with the experimental masses and the decay widths
from PDG [1] in the seventh and ninth columns, respectively. The “†” indicates that no experimental mass or decay width for that state
has yet been reported. The symbol “...” indicates that there is no quark-diquark prediction for that state.

F ¼ 3̄F
ΛbðnnbÞ
jlλ; lρ; kλ; kρi

Three-quark Quark-diquark Three-quark

2Sþ1LJ JP
Predicted

mass (MeV) jlr; kri
Predicted

mass (MeV)
Experimental
mass (MeV)

Predicted
ΓStrong ðMeVÞ

Experimental
Γ ðMeVÞ

N ¼ 0
j0; 0; 0; 0i 2S1=2 1

2
þ 5613þ9

−9 j0; 0i 5611þ15
−16 5619.60� 0.17a 0 ≈0

N ¼ 1
j1; 0; 0; 0i 2P1=2

1
2
− 5918þ8

−8 j1; 0i 5916þ11
−12 5912.19� 0.17a 0 <0.25

j1; 0; 0; 0i 2P3=2
3
2
− 5924þ8

−8 j1; 0i 5925þ12
−12 5920.09� 0.17a 0 <0.19

j0; 1; 0; 0i 2P1=2
1
2
− 6114þ10

−10 � � � � � � 6072.3� 2.9 67þ16
−16 72� 11

j0; 1; 0; 0i 4P1=2
1
2
− 6137þ14

−14 � � � � � � † 36þ8
−8 †

j0; 1; 0; 0i 2P3=2
3
2
− 6121þ10

−10 � � � � � � † 85þ21
−21 †

j0; 1; 0; 0i 4P3=2
3
2
− 6143þ12

−12 � � � � � � † 128þ31
−31 †

j0; 1; 0; 0i 4P5=2
5
2
− 6153þ14

−14 � � � � � � † 74þ19
−19 †

N ¼ 2
j2; 0; 0; 0i 2D3=2

3
2
þ 6225þ13

−13 j2; 0i 6224þ20
−20 6146.2� 0.4 13þ5

−5 2.9� 1.3
j2; 0; 0; 0i 2D5=2

5
2
þ 6235þ13

−13 j2; 0i 6239þ20
−20 6152.5� 0.4 18þ12

−13 2.1� 0.9
j0; 0; 1; 0i 2S1=2 1

2
þ 6231þ12

−12 j0; 1i 6233þ20
−20 † 29þ14

−14 †
j0; 0; 0; 1i 2S1=2 1

2
þ 6624þ21

−21 � � � � � � † 130þ32
−32 †

j1; 1; 0; 0i 2D3=2
3
2
þ 6421þ16

−16 � � � � � � † 67þ17
−17 †

j1; 1; 0; 0i 2D5=2
5
2
þ 6431þ17

−17 � � � � � � † 108þ28
−28 †

j1; 1; 0; 0i 4D1=2
1
2
þ 6438þ22

−22 � � � � � � † 34þ9
−9 †

j1; 1; 0; 0i 4D3=2
3
2
þ 6444þ19

−19 � � � � � � † 95þ25
−25 †

j1; 1; 0; 0i 4D5=2
5
2
þ 6454þ17

−17 � � � � � � † 128þ34
−33 †

j1; 1; 0; 0i 4D7=2
7
2
þ 6468þ23

−22 � � � � � � † 122þ34
−34 †

j1; 1; 0; 0i 2P1=2
1
2
− 6423þ16

−16 � � � � � � † 0.5þ0.1
−0.1 †

j1; 1; 0; 0i 2P3=2
3
2
− 6429þ17

−17 � � � � � � † 1.7þ0.5
−0.5 †

j1; 1; 0; 0i 4P1=2
1
2
− 6446þ19

−18 � � � � � � † 0.3þ0.1
−0.1 †

j1; 1; 0; 0i 4P3=2
3
2
− 6452þ17

−17 � � � � � � † 1.2þ0.3
−0.3 †

j1; 1; 0; 0i 4P5=2
5
2
− 6462þ19

−19 � � � � � � † 2þ1
−1 †

j1; 1; 0; 0i 4S3=2 3
2
þ 6456þ17

−18 � � � � � � † 32þ8
−8 †

j1; 1; 0; 0i 2S1=2 1
2
þ 6427þ16

−16 � � � � � � † 29þ7
−7 †

j0; 2; 0; 0i 2D3=2
3
2
þ 6618þ20

−20 � � � � � � † 131þ33
−32 †

j0; 2; 0; 0i 2D5=2
5
2
þ 6628þ21

−22 � � � � � � † 185þ49
−49 †

aIt indicates the experimental mass and decay width values included in the fits.
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Since the spin-orbit interaction, aSL Stot ·Ltot, is a relativ-
istic interaction, the decrease of aSL from the charm to the
bottom sector agrees with the fact that the b quark is heavier
than the charm quark.
To incorporate both experimental and model uncertainties

into the fitting process, we perform a statistical simulation
using error propagation. This involves a random sampling
of the experimental singly bottom baryon masses from
Gaussian distributions with means equal to the central
mass values and widths equal to the squared sum of the

uncertainties. The fitting procedure was repeated 104 times,
and in each iteration we used a sampled mass corresponding
to an experimentally observed state included in the fit. The
model parameters obtained from these 104 fits follow
Gaussian distributions, where the parameter values are the
means of these distributions and the parameter uncertainties
are defined as the difference from the distribution quantiles at
the 68% confidence level to obtain its confidence interval
(CI). This methodology is known as Monte Carlo bootstrap
uncertainty propagation [105,107]. The fitting and error

TABLE III. Same as Table II, but for ΞbðsnbÞ states. The recently discovered Ξbð6087Þ [24], which is not yet on the PDG has been
associated with the 1P 1=2− state; it is reported in the table with the mass and width, as from Ref. [24]. The recently discovered
Ξbð6095Þ0 [24] has been considered by us as the neutral partner of Ξbð6100Þ− reported by the PDG, and in this table we reported its
width as from LHCb [24]. The “†” indicates that no experimental mass or decay width for that state has yet been reported. The symbol
“...” indicates that there is no quark-diquark prediction for that state.

F ¼ 3̄F
Three-quark Quark-diquark Three-quark

ΞbðsnbÞ
jlλ; lρ; kλ; kρi 2Sþ1LJ JP

Predicted
mass (MeV) jlr; kri

Predicted
mass (MeV)

Experimental
mass (MeV)

Predicted
ΓStrong ðMeVÞ

Experimental
Γ ðMeVÞ

N ¼ 0
j0; 0; 0; 0i 2S1=2 1

2
þ 5806þ9

−9 j0; 0i 5801þ16
−16 5794.5� 0.6a 0 ≈0

N ¼ 1
j1; 0; 0; 0i 2P1=2

1
2
− 6079þ9

−9 j1; 0i 6082þ15
−16 6087.2� 0.8 0.2þ0.1

−0.2 2.4� 0.6
j1; 0; 0; 0i 2P3=2

3
2
− 6085þ9

−9 j1; 0i 6092þ15
−15 6100.3� 0.6a 1.1þ0.6

−0.6 0.9� 0.4
j0; 1; 0; 0i 2P1=2

1
2
− 6248þ11

−11 � � � � � � † 9þ2
−2 †

j0; 1; 0; 0i 4P1=2
1
2
− 6271þ15

−15 � � � � � � † 6þ1
−2 †

j0; 1; 0; 0i 2P3=2
3
2
− 6255þ11

−11 � � � � � � † 66þ16
−16 †

j0; 1; 0; 0i 4P3=2
3
2
− 6277þ14

−14 � � � � � � † 26þ7
−7 †

j0; 1; 0; 0i 4P5=2
5
2
− 6287þ15

−15 � � � � � � † 68þ16
−16 †

N ¼ 2
j2; 0; 0; 0i 2D3=2

3
2
þ 6354þ13

−13 j2; 0i 6368þ24
−21 6327.3� 2.5 1.9þ0.8

−0.8 <2.2
j2; 0; 0; 0i 2D5=2

5
2
þ 6364þ13

−13 j2; 0i 6383þ23
−21 6332.7� 2.5 1.5þ0.5

−0.5 <1.6
j0; 0; 1; 0i 2S1=2 1

2
þ 6360þ12

−13 j0; 1i 6377þ23
−21 † 5þ2

−2 †
j0; 0; 0; 1i 2S1=2 1

2
þ 6699þ19

−19 � � � � � � † 179þ28
−28 †

j1; 1; 0; 0i 2D3=2
3
2
þ 6524þ16

−16 � � � � � � † 46þ12
−12 †

j1; 1; 0; 0i 2D5=2
5
2
þ 6534þ17

−17 � � � � � � † 108þ27
−27 †

j1; 1; 0; 0i 4D1=2
1
2
þ 6540þ22

−22 � � � � � � † 20þ5
−5 †

j1; 1; 0; 0i 4D3=2
3
2
þ 6546þ19

−19 � � � � � � † 67þ18
−18 †

j1; 1; 0; 0i 4D5=2
5
2
þ 6556þ17

−18 � � � � � � † 100þ26
−26 †

j1; 1; 0; 0i 4D7=2
7
2
þ 6570þ22

−22 � � � � � � † 114þ30
−30 †

j1; 1; 0; 0i 2P1=2
1
2
− 6526þ16

−16 � � � � � � † 0.3þ0.1
−0.1 †

j1; 1; 0; 0i 2P3=2
3
2
− 6532þ16

−16 � � � � � � † 2þ1
−1 †

j1; 1; 0; 0i 4P1=2
1
2
− 6548þ19

−19 � � � � � � † 0.2þ0.1
−0.1 †

j1; 1; 0; 0i 4P3=2
3
2
− 6554þ18

−17 � � � � � � † 0.9þ0.3
−0.3 †

j1; 1; 0; 0i 4P5=2
5
2
− 6564þ19

−19 � � � � � � † 3þ1
−1 †

j1; 1; 0; 0i 4S3=2 3
2
þ 6558þ18

−18 � � � � � � † 33þ8
−8 †

j1; 1; 0; 0i 2S1=2 1
2
þ 6530þ16

−16 � � � � � � † 31þ7
−8 †

j0; 2; 0; 0i 2D3=2
3
2
þ 6693þ20

−19 � � � � � � † 127þ31
−31 †

j0; 2; 0; 0i 2D5=2
5
2
þ 6703þ20

−20 � � � � � � † 98þ25
−25 †

aIt indicates the experimental mass and decay width values included in the fits.
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propagation procedures are conducted by means of MINUIT

[108] and NumPy [109].
The thirteen masses and their uncertainties used in the

fit are from PDG [1] and they are marked with “a” in
Tables II–VI.

G. Bottom baryon mass spectrum results

In this section, we present our results for the masses of
bottom baryons. We study the Λb, Ξb, Σb, Ξ0

b, andΩb states
simultaneously.

Our predictions for the Λb, Ξb, Σb, Ξ0
b, and Ωb states are

reported in Tables II–VI, respectively. In the fourth column
of Tables II–VI, we provide the theoretical masses calcu-
lated using the three-quark model Hamiltonian given by
Eq. (4), along with their errors calculated by means of the
Monte Carlo bootstrap method. In the sixth column, we
present our theoretical results for the quark-diquark model
description calculated by using the Hamiltonian given by
Eq. (14). In the seventh column, we report the experimental
masses, as from PDG [1].

TABLE IV. Same as Table II, but for ΣbðnnbÞ states. The “†” indicates that no experimental mass or decay width for that state has yet
been reported. The symbol “...” indicates that there is no quark-diquark prediction for that state.

F ¼ 6F
Three-quark Quark-diquark Three-quark

ΣbðnnbÞ
jlλ; lρ; kλ; kρi 2Sþ1LJ JP

Predicted
mass (MeV) jlr; kri

Predicted
mass (MeV)

Experimental
mass (MeV)

Predicted
ΓStrong ðMeVÞ

Experimental
Γ ðMeVÞ

N ¼ 0
j0; 0; 0; 0i 2S1=2 1

2
þ 5804þ8

−8 j0; 0i 5811þ13
−14 5813.1� 0.3a 4þ2

−2 5.0� 0.5
j0; 0; 0; 0i 4S3=2 3

2
þ 5832þ8

−8 j0; 0i 5835þ14
−13 5832.5� 0.5a 10þ3

−3 9.9� 0.9a

N ¼ 1
j1; 0; 0; 0i 2P1=2

1
2
− 6108þ10

−10 j1; 0i 6098þ14
−13 6096.9� 1.8a 24þ6

−6 30� 7

j1; 0; 0; 0i 4P1=2
1
2
− 6131þ12

−13 j1; 0i 6113þ15
−14 † 13þ3

−3 †
j1; 0; 0; 0i 2P3=2

3
2
− 6114þ10

−10 j1; 0i 6107þ14
−14 † 84þ20

−20 †
j1; 0; 0; 0i 4P3=2

3
2
− 6137þ10

−10 j1; 0i 6122þ14
−13 † 57þ14

−14 †
j1; 0; 0; 0i 4P5=2

5
2
− 6147þ12

−12 j1; 0i 6137þ15
−14 † 96þ23

−23 †
j0; 1; 0; 0i 2P1=2

1
2
− 6304þ13

−13 � � � � � � † 134þ31
−32 †

j0; 1; 0; 0i 2P3=2
3
2
− 6311þ13

−13 � � � � � � † 129þ32
−32 †

N ¼ 2
j2; 0; 0; 0i 2D3=2

3
2
þ 6415þ15

−15 j2; 0i 6388þ22
−22 † 58þ15

−15 †
j2; 0; 0; 0i 2D5=2

5
2
þ 6425þ16

−16 j2; 0i 6404þ22
−22 † 130þ33

−33 †
j2; 0; 0; 0i 4D1=2

1
2
þ 6431þ21

−21 j2; 0i 6393þ22
−22 † 78þ19

−20 †
j2; 0; 0; 0i 4D3=2

3
2
þ 6437þ17

−17 j2; 0i 6403þ21
−21 † 106þ27

−27 †
j2; 0; 0; 0i 4D5=2

5
2
þ 6448þ15

−15 j2; 0i 6418þ20
−21 † 133þ33

−33 †
j2; 0; 0; 0i 4D7=2

7
2
þ 6462þ20

−20 j2; 0i 6440þ23
−22 † 145þ38

−39 †
j0; 0; 1; 0i 2S1=2 1

2
þ 6421þ15

−15 j0; 1i 6397þ22
−21 † 119þ29

−29 †
j0; 0; 1; 0i 4S3=2 3

2
þ 6450þ15

−15 j0; 1i 6421þ20
−21 † 121þ30

−30 †
j0; 0; 0; 1i 2S1=2 1

2
þ 6813þ24

−24 � � � � � � † 710þ156
−184 †

j0; 0; 0; 1i 4S3=2 3
2
þ 6842þ24

−23 � � � � � � † 973þ243
−243 †

j1; 1; 0; 0i 2D3=2
3
2
þ 6611þ19

−19 � � � � � � † 376þ93
−95 †

j1; 1; 0; 0i 2D5=2
5
2
þ 6621þ20

−20 � � � � � � † 252þ67
−66 †

j1; 1; 0; 0i 2P1=2
1
2
− 6613þ19

−19 � � � � � � † 4þ1
−1 †

j1; 1; 0; 0i 2P3=2
3
2
− 6619þ20

−20 � � � � � � † 5þ1
−1 †

j1; 1; 0; 0i 2S1=2 1
2
þ 6617þ19

−19 � � � � � � † 58þ15
−16 †

j0; 2; 0; 0i 2D3=2
3
2
þ 6807þ23

−23 � � � � � � † 549þ130
−130 †

j0; 2; 0; 0i 2D5=2
5
2
þ 6817þ24

−25 � � � � � � † 616þ172
−170 †

j0; 2; 0; 0i 4D1=2
1
2
þ 6824þ27

−27 � � � � � � † 1349þ320
−321 †

j0; 2; 0; 0i 4D3=2
3
2
þ 6830þ24

−24 � � � � � � † 741þ176
−175 †

j0; 2; 0; 0i 4D5=2
5
2
þ 6840þ23

−23 � � � � � � † 376þ90
−89 †

j0; 2; 0; 0i 4D7=2
7
2
þ 6854þ28

−28 � � � � � � † 1178þ331
−334 †

aIt indicates the experimental mass and decay width values included in the fits.
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Furthermore, we compare our theoretical results with
the experimental data [1] in Figs. 3–7 for the three-
quark model, and in Figs. 8–12 for the quark-diquark
model.
As one can observe, our theoretical mass predictions are

in good agreement with the available experimental data. It
is noteworthy that the model of Ref. [98] has relatively
few parameters, specifically, eleven. We use data from 13
well-established singly bottom baryons out of 22 states;
hence, the remaining states are predictions.

In addition, in Tables VII–XI we compare our mass
spectra with the previous three-quark studies such as
NRQM [33,39,41], QCDSR [48,50,51], χQM [56], and
LQCD [59]. However the previous articles did not give
explicit internal construction, but only the flavor and total J
of the states; thus, we made a tentative assignment using the
values of the masses and the total spin J.
In Tables VII–XI, we do report the following results: a

variational approach of the non-relativistic three-body
problem in singly bottom baryons was done but only

TABLE V. Same as Table II, but for Ξ0
bðsnbÞ states. The “†” indicates that no experimental mass or decay width for that state has yet

been reported. The symbol “...” indicates that there is no quark-diquark prediction for that state.

F ¼ 6F
Three-quark Quark-diquark Three-quark

Ξ0
bðsnbÞ

jlλ; lρ; kλ; kρi 2Sþ1LJ JP
Predicted

Mass (MeV) jlr; kri
Predicted

Mass (MeV)
Experimental
Mass (MeV)

Predicted
ΓStrong ðMeVÞ

Experimental
Γ ðMeVÞ

N ¼ 0
j0; 0; 0; 0i 2S1=2 1

2
þ 5925þ6

−6 j0; 0i 5927þ13
−13 5935.02� 0.05a 0 <0.08

j0; 0; 0; 0i 4S3=2 3
2
þ 5953þ7

−7 j0; 0i 5951þ13
−14 5953.8� 0.6a 0.2þ0.1

−0.1 0.90� 0.18

N ¼ 1
j1; 0; 0; 0i 2P1=2

1
2
− 6198þ7

−7 j1; 0i 6199þ14
−15 † 3þ1

−1 †
j1; 0; 0; 0i 4P1=2

1
2
− 6220þ10

−10 j1; 0i 6213þ14
−14 † 4þ1

−1 †
j1; 0; 0; 0i 2P3=2

3
2
− 6204þ7

−7 j1; 0i 6208þ14
−14 † 29þ7

−7 †
j1; 0; 0; 0i 4P3=2

3
2
− 6226þ7

−7 j1; 0i 6223þ14
−13 † 8þ2

−2 †
j1; 0; 0; 0i 4P5=2

5
2
− 6237þ10

−10 j1; 0i 6238þ14
−14 6227.9� 1.6 31þ8

−8 19.9� 2.6
j0; 1; 0; 0i 2P1=2

1
2
− 6367þ9

−9 � � � � � � † 197þ48
−49 †

j0; 1; 0; 0i 2P3=2
3
2
− 6374þ10

−10 � � � � � � † 97þ24
−24 †

N ¼ 2
j2; 0; 0; 0i 2D3=2

3
2
þ 6473þ12

−12 j2; 0i 6474þ20
−22 † 14þ5

−5 †
j2; 0; 0; 0i 2D5=2

5
2
þ 6483þ13

−13 j2; 0i 6489þ21
−22 † 30þ11

−11 †
j2; 0; 0; 0i 4D1=2

1
2
þ 6489þ18

−18 j2; 0i 6479þ22
−22 † 25þ10

−10 †
j2; 0; 0; 0i 4D3=2

3
2
þ 6495þ14

−14 j2; 0i 6488þ21
−21 † 35þ12

−12 †
j2; 0; 0; 0i 4D5=2

5
2
þ 6506þ11

−11 j2; 0i 6504þ20
−21 † 46þ13

−13 †
j2; 0; 0; 0i 4D7=2

7
2
þ 6520þ18

−18 j2; 0i 6526þ20
−22 † 47þ14

−14 †
j0; 0; 1; 0i 2S1=2 1

2
þ 6479þ11

−12 j0; 1i 6483þ21
−22 † 47þ14

−14 †
j0; 0; 1; 0i 4S3=2 3

2
þ 6508þ12

−12 j0; 1i 6507þ20
−21 † 79þ26

−26 †
j0; 0; 0; 1i 2S1=2 1

2
þ 6818þ19

−19 � � � � � � † 599þ149
−149 †

j0; 0; 0; 1i 4S3=2 3
2
þ 6847þ19

−19 � � � � � � † 630þ157
−157 †

j1; 1; 0; 0i 2D3=2
3
2
þ 6642þ15

−15 � � � � � � † 234þ59
−60 †

j1; 1; 0; 0i 2D5=2
5
2
þ 6653þ17

−17 � � � � � � † 116þ30
−29 †

j1; 1; 0; 0i 2P1=2
1
2
− 6644þ15

−15 � � � � � � † 3þ1
−1 †

j1; 1; 0; 0i 2P3=2
3
2
− 6651þ16

−16 � � � � � � † 3þ1
−1 †

j1; 1; 0; 0i 2S1=2 1
2
þ 6649þ15

−15 � � � � � � † 59þ14
−14 †

j0; 2; 0; 0i 2D3=2
3
2
þ 6812þ19

−19 � � � � � � † 315þ81
−85 †

j0; 2; 0; 0i 2D5=2
5
2
þ 6822þ20

−20 � � � � � � † 209þ54
−55 †

j0; 2; 0; 0i 4D1=2
1
2
þ 6828þ22

−22 � � � � � � † 529þ156
−151 †

j0; 2; 0; 0i 4D3=2
3
2
þ 6834þ20

−20 � � � � � � † 364þ94
−93 †

j0; 2; 0; 0i 4D5=2
5
2
þ 6845þ19

−19 � � � � � � † 194þ48
−47 †

j0; 2; 0; 0i 4D7=2
7
2
þ 6859þ24

−24 � � � � � � † 349þ98
−98 †

aIt indicates the experimental mass and decay width values included in the fits.
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for ground states [33]. The chiral quark model [36] was
applied only for S and P wave states. The Regge
phenomenology [42], was applied just for singly bottom
ground states. The QCD-inspired relativistic quark-
diquark picture [37,38]. We did not add the results of
[40] because only ground states and few exited states for
Λb, and Ξb were considered. In Ref. [47], the hypercentral
constituent quark model, was applied to study only P-
wave Ωb states. The QCD sum rules [27,49] only include
S- and P-wave states. Finally, we did not add the results

using Schwinger-Dyson equation approach from
Ref. [53], because only ground states were considered.
Silvestre-Brac made the calculation of the mass spectra
for Λb, Σb, Ξb, Ξ0

b, and Ωb using a non-relativistic quark
model within the Faddeev formalism [29]. The Λb, Σb, Ξb,
Ξ0
b, and Ωb ground and excited states (up to 1 GeV) were

displayed in the figures with a large energy scale, but
the numerical values for the excited states were not
provided in a table; thus, we could not add his results
to our tables.

TABLE VI. Same as Table II, but for ΩbðssbÞ states. The “†” indicates that no experimental mass or decay width for that state has yet
been reported. The symbol “...” indicates that there is no quark-diquark prediction for that state.

F ¼ 6F
Three-quark Quark-diquark Three-quark

ΩbðssbÞ
jlλ; lρ; kλ; kρi 2Sþ1LJ JP

Predicted
mass (MeV) jlr; kri

Predicted
mass (MeV)

Experimental
mass (MeV)

Predicted
ΓStrong ðMeVÞ

Experimental
Γ ðMeVÞ

N ¼ 0
j0; 0; 0; 0i 2S1=2 1

2
þ 6064þ8

−8 j0; 0i 6059þ13
−12 6045.2� 1.2a 0 ≈0

j0; 0; 0; 0i 4S3=2 3
2
þ 6093þ9

−8 j0; 0i 6083þ13
−14 † 0 †

N ¼ 1
j1; 0; 0; 0i 2P1=2

1
2
− 6315þ7

−7 j1; 0i 6318þ9
−10 6315.6� 0.6a 5þ1

−1 <4.2
j1; 0; 0; 0i 4P1=2

1
2
− 6337þ10

−10 j1; 0i 6333þ11
−11 6330.3� 0.6a 11þ3

−3 <4.7
j1; 0; 0; 0i 2P3=2

3
2
− 6321þ8

−8 j1; 0i 6328þ10
−10 6339.7� 0.6 24þ6

−6 <1.8
j1; 0; 0; 0i 4P3=2

3
2
− 6343þ7

−7 j1; 0i 6342þ10
−10 6349.8� 0.6 6þ2

−2 <3.2
j1; 0; 0; 0i 4P5=2

5
2
− 6353þ11

−11 j1; 0i 6358þ11
−10 † 40þ10

−10 †
j0; 1; 0; 0i 2P1=2

1
2
− 6465þ9

−8 � � � � � � † 10þ2
−2 †

j0; 1; 0; 0i 2P3=2
3
2
− 6471þ10

−10 � � � � � � † 54þ14
−14 †

N ¼ 2
j2; 0; 0; 0i 2D3=2

3
2
þ 6568þ11

−11 j2; 0i 6581þ14
−15 † 4þ1

−1 †
j2; 0; 0; 0i 2D5=2

5
2
þ 6578þ12

−12 j2; 0i 6596þ15
−15 † 10þ2

−2 †
j2; 0; 0; 0i 4D1=2

1
2
þ 6584þ17

−17 j2; 0i 6585þ17
−17 † 1.0þ0.3

−0.3 †
j2; 0; 0; 0i 4D3=2

3
2
þ 6590þ13

−13 j2; 0i 6595þ16
−16 † 3þ1

−1 †
j2; 0; 0; 0i 4D5=2

5
2
þ 6600þ10

−10 j2; 0i 6610þ15
−15 † 8þ2

−2 †
j2; 0; 0; 0i 4D7=2

7
2
þ 6614þ18

−18 j2; 0i 6632þ17
−16 † 18þ10

−9 †
j0; 0; 1; 0i 2S1=2 1

2
þ 6574þ11

−11 j0; 1i 6590þ15
−15 † 20þ6

−6 †
j0; 0; 1; 0i 4S3=2 3

2
þ 6602þ11

−11 j0; 1i 6614þ15
−15 † 17þ6

−6 †
j0; 0; 0; 1i 2S1=2 1

2
þ 6874þ17

−17 � � � � � � † 398þ119
−119 †

j0; 0; 0; 1i 4S3=2 3
2
þ 6902þ17

−17 � � � � � � † 257þ64
−64 †

j1; 1; 0; 0i 2D3=2
3
2
þ 6718þ14

−14 � � � � � � † 116þ39
−39 †

j1; 1; 0; 0i 2D5=2
5
2
þ 6728þ15

−15 � � � � � � † 82þ22
−23 †

j1; 1; 0; 0i 2P1=2
1
2
− 6720þ14

−14 � � � � � � † 1.1þ0.4
−0.4 †

j1; 1; 0; 0i 2P3=2
3
2
− 6726þ15

−15 � � � � � � † 2þ1
−1 †

j1; 1; 0; 0i 2S1=2 1
2
þ 6724þ14

−14 � � � � � � † 72þ21
−21 †

j0; 2; 0; 0i 2D3=2
3
2
þ 6868þ17

−17 � � � � � � † 180þ56
−54 †

j0; 2; 0; 0i 2D5=2
5
2
þ 6878þ19

−19 � � � � � � † 157þ39
−39 †

j0; 2; 0; 0i 4D1=2
1
2
þ 6884þ21

−21 � � � � � � † 126þ31
−32 †

j0; 2; 0; 0i 4D3=2
3
2
þ 6890þ18

−18 � � � � � � † 195þ47
−47 †

j0; 2; 0; 0i 4D5=2
5
2
þ 6900þ17

−17 � � � � � � † 172þ41
−41 †

j0; 2; 0; 0i 4D7=2
7
2
þ 6914þ23

−23 � � � � � � † 230þ62
−63 †

aIt indicates the experimental mass and decay width values included in the fits.
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FIG. 3. Λb mass spectra and tentative quantum number assign-
ments based on the three-quark model Hamiltonian of Eqs. (1)
and (2). The theoretical predictions and their uncertainties (blue
lines and bands) are compared with the experimental results (red
lines and bands) given in the PDG [1]. The experimental errors
are too small to be reported on this energy scale.

FIG. 4. Same as Fig. 3, but for Ξb states.

FIG. 5. Same as Fig. 3, but for Σb states.

FIG. 6. Same as Fig. 3, but for Ξ0
b states.

FIG. 7. Same as Fig. 3, but for Ωb states.

FIG. 8. Λb mass spectra and tentative quantum number assign-
ments based on the quark-diquark model Hamiltonian of Eqs. (1)
and (12). The theoretical predictions and their uncertainties (blue
lines and bands) are compared with the experimental results (red
lines and bands) given in the PDG [1]. The experimental errors
are too small to be reported on this energy scale.
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Only NRQM [39,41], RQM [26] and QCD sum rules
[48,50,51] made predictions for some D-wave states, see
Tables VII–XI. However, they did not provide predictions
for all possible mass states within the D-wave. Due to the
lack of data, we cannot reach any conclusion about the
differences between the predictions for each model. It is
crucial to emphasize that the validation of the model of
Ref. [98] requires the identification of the bottom baryon
multiplets through additional data. However, the difficulty
in identifying new bottom baryons within the data remains
a challenge.

III. STRONG DECAY WIDTHS

We investigate the open-flavor strong decay widths of
the Λb, Ξb, Σb, Ξ0

b, and Ωb states. We calculate the
three-quark strong-decay widths by using the 3P0 model.
In the 3P0 model the transition operator is given by
[102,110–114].

T† ¼ −3γ0
Z

dp4dp5δðp4 þ p5ÞC45F45

× ½χ45 × Y1ðp4 − p5Þ�ð0Þ0 b†4ðp4Þd†5ðp5Þ: ð16Þ

Here, γ0 is the pair-creation strength, and b†4ðp4Þ and
d†5ðp5Þ are the creation operators for a quark and an
antiquark with momenta p4 and p5, respectively.
The qq̄ pair is characterized by a color-singlet wave

function C45, a flavor-singlet wave function F45, a spin-
triplet wave function χ45 with spin S45 ¼ 1 and a solid
spherical harmonic Y1ðp4 − p5Þ, since the quark and
antiquark are in a relative P-wave.
According to the 3P0 model, the decay of the baryon A

proceeds via the creation from the vacuum of the qq̄ pair;
this pair recombines into an outgoing baryon B and a
meson C, as depicted in Fig. 13. The total strong decay
width ΓStrong is the sum of the partial decay width of the

FIG. 9. Same as Fig. 8, but for Ξb states.

FIG. 10. Same as Fig. 8, but for Σb states.

FIG. 12. Same as Fig. 8, but for Λb states.

FIG. 11. Same as Fig. 8, but for Ξ0
b states.
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singly bottom baryon A decaying to the open-flavor
channels BC. That is, ΓStrong ¼

P
BC ΓStrongðA → BCÞ,

where the strong partial decay widths ΓStrongðA → BCÞ
are calculated by using

ΓStrongðA → BCÞ ¼ 2πγ20
2JA þ 1

ΦA→BC

X
MJA

;MJB

jMMJA
;MJB j2;

ð17Þ
where ΦA→BC is the relativistic phase space factor
[110,114] and

MMJA
;MJB ¼ hΨBΨCjT†jΨAi ð18Þ

is the 3P0 transition amplitude calculated over the eigen-
states of the Hamiltonian operator of Eq. (2), ΨA, ΨB, and
ΨC, which are the harmonic oscillator wave functions. The
conventions used for the h.o. wave functions are given in
Ref. [102]. In Eq. (18), T† is the 3P0 transition operator
defined in Eq. (16), and the sum runs over the third
components MJA and MJB of the total angular momenta
JA and JB of A and B, respectively. Since we fitted all the
parameters of the model (see Table I) to the experimental
masses reported in the PDG [1], the harmonic oscillator

TABLE VII. Comparison of our predicted three-quark ΛbðnnbÞmasses with other three-quark model predictions (in MeV). The flavor
multiplet is indicated by the symbol F . The first column contains the three-quark model state, jlλ; lρ; kλ; kρi, where lλ;ρ are the orbital
angular momenta and kλ;ρ the number of nodes of the λ and ρ oscillators. The second column displays the spectroscopic notation 2Sþ1LJ

for each state. The third column reports our predicted masses, computed within the three-quark model. Our results are compared with
those of Refs. [41] (fourth column), [48,50,51] (fifth column), [39] (sixth column), [56] (seventh column), [59] (eighth column), [35]
(ninth column), [33] (tenth column), and [26] (eleventh column). Our theoretical results are also compared with the experimental masses
as from PDG [1] (twelfth column). The symbol “...” indicates that there is no prediction for that state. The “†” indicates that there is no
reported experimental mass for that state up to now.

ΛbðsnbÞ
jlλ; lρ; kλ; kρi

F ¼ 3̄F
2Sþ1LJ

This
work

NRQM
[41]

QCDSR
[48,50,51]

NRQM
[39]

χQM
[56]

LQCD
[59]

CQC
[35]

NRQM
[33]

RQM
[26] Experimental

N ¼ 0
j0; 0; 0; 0i 2S1=2 5613þ9

−9 5618 5637 5612 5620 5667 5624 5629 5585 5619.60� 0.17

N ¼ 1
j1; 0; 0; 0i 2P1=2 5918þ8

−8 5938 6010 5939 5914 � � � 5947 � � � 5912 5912.19� 0.17
j1; 0; 0; 0i 2P3=2 5924þ8

−8 5939 6010 5941 5927 � � � � � � � � � 5920 5920.09� 0.17
j0; 1; 0; 0i 2P1=2 6114þ10

−10 6236 � � � 6180 6207 � � � 6245 � � � 6100 †
j0; 1; 0; 0i 4P1=2 6137þ14

−14 6273 5870 � � � 6233 � � � � � � � � � 6165 †
j0; 1; 0; 0i 2P3=2 6121þ10

−10 6273 � � � 6191 � � � � � � � � � � � � 6185 †
j0; 1; 0; 0i 4P3=2 6143þ12

−12 6285 5880 � � � � � � � � � � � � � � � 6190 †
j0; 1; 0; 0i 4P5=2 6153þ14

−14 6289 � � � 6206 � � � � � � � � � � � � 6205 †

N ¼ 2
j2; 0; 0; 0i 2D3=2 6225þ13

−13 6211 6010 6181 6172 � � � 6388 � � � 6145 6146.2� 0.4
j2; 0; 0; 0i 2D5=2 6235þ13

−13 6212 6010 6183 6178 � � � � � � � � � 6165 6152.5� 0.4
j0; 0; 1; 0i 2S1=2 6231þ12

−12 6153 � � � 6107 6121 � � � 6106 � � � 6045 †
j0; 0; 0; 1i 2S1=2 6624þ21

−21 � � � � � � � � � � � � � � � � � � � � � � � � †
j1; 1; 0; 0i 2D3=2 6421þ16

−16 6488 � � � 6401 � � � � � � � � � � � � � � � †
j1; 1; 0; 0i 2D5=2 6431þ17

−17 6530 6560 6422 � � � � � � � � � � � � � � � †
j1; 1; 0; 0i 4D1=2 6438þ22

−22 6467 � � � � � � � � � � � � � � � � � � � � � †
j1; 1; 0; 0i 4D3=2 6444þ19

−19 6511 6360 � � � � � � � � � � � � � � � � � � †
j1; 1; 0; 0i 4D5=2 6454þ17

−17 6539 6360 � � � � � � � � � � � � � � � � � � †
j1; 1; 0; 0i 4D7=2 6468þ23

−22 � � � 6560 6433 � � � � � � � � � � � � � � � †
j1; 1; 0; 0i 2P1=2 6423þ16

−16 � � � � � � � � � � � � � � � � � � � � � 6260 †
j1; 1; 0; 0i 2P3=2 6429þ17

−17 � � � � � � � � � � � � � � � � � � � � � 6265 †
j1; 1; 0; 0i 4P1=2 6446þ19

−18 � � � 6220 � � � � � � � � � � � � � � � 6470 †
j1; 1; 0; 0i 4P3=2 6452þ17

−17 � � � 6230 � � � � � � � � � � � � � � � 6510 †
j1; 1; 0; 0i 4P5=2 6462þ19

−19 � � � � � � � � � � � � � � � � � � � � � 6360 †
j1; 1; 0; 0i 4S3=2 6456þ17

−18 � � � � � � � � � � � � � � � � � � � � � � � � †
j1; 1; 0; 0i 2S1=2 6427þ16

−16 � � � � � � � � � � � � � � � � � � � � � � � � †
j0; 2; 0; 0i 2D3=2 6618þ20

−20 � � � 6520 � � � � � � � � � 6637 � � � � � � †
j0; 2; 0; 0i 2D5=2 6628þ21

−22 � � � 6520 � � � � � � � � � � � � � � � � � � †
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wave functions do not depend on any free parameters. The
α2ρðλÞ are related to the harmonic oscillator frequencies,

ωρðλÞ, through mρ and mλ: α2ρðλÞ ¼ ωρðλÞmρðλÞ. Thus, αρðλÞ
depends on the harmonic oscillator constant Kb and the
quark masses, which are fitted to reproduce the bottom
baryon mass spectra (see Table I). In the Λb and Σb
sectors, αρ ¼ 381 MeV and αλ ¼ 487 MeV; in the Ξb

and Ξ0
b sectors αρ ¼ 403 MeV and αλ ¼ 512 MeV; and in

theΩb sector, αρ ¼ 425 MeV and αλ ¼ 536 MeV. The only
free parameter is the pair-creation strength of the strong
decays, γ0 ¼ 21� 3, which is fitted to reproduce the Σ�

b →
Λbπ experimental strong decay width [1], this means that the
other decay widths reported in the present manuscript are
predictions. The uncertainty in γ0 is computed as the sum in

quadrature of the model uncertainty σmod ¼ 2.4 and the
experimental uncertainty σexp ¼ 1.0. Moreover, when we
calculate the strong decay widths, we take into account the
uncertainties associated with the mass model parameters,
the decay product masses, and the pair-creation strength γ0.
The procedure of error propagation for the strong decay
widths of the three-quark systemwas carried out bymeans of
the bootstrap method (see Sec. II F).
The decay widths are calculated for the 1S, 1P, 1D, 2P,

and 2S singly bottom baryons; the available open-flavor
channels include the multiplets of the light pseudoscalar
and vector mesons and the heavy bottom mesons. In the
calculation of the strong-decay width, there is an extra para-
meter R related to the meson size: we use R ¼ 2.1 GeV−1

[102,115,116].

TABLE VIII. Same as Table VII, but for ΞbðsnbÞ states. The “†” indicates that there is no reported experimental mass for that state up
to now.

ΞbðsnbÞ
jlλ; lρ; kλ; kρi

F ¼ 3̄F
2Sþ1LJ

This
work

NRQM
[41]

QCDSR
[48,50,51]

NRQM
[39]

χQM
[56]

LQCD
[59]

CQC
[35]

NRQM
[33]

RQM
[26] Experimental

N ¼ 0
j0; 0; 0; 0i 2S1=2 5806þ9

−9 � � � 5780 5844 5796 5901 5801 5800 � � � 5794.5� 0.6

N ¼ 1
j1; 0; 0; 0i 2P1=2 6079þ9

−9 � � � 6270 6108 6069 � � � 6109 � � � � � � †
j1; 0; 0; 0i 2P3=2 6085þ9

−9 � � � 6280 6110 6080 � � � � � � � � � � � � 6100.3� 0.6
j0; 1; 0; 0i 2P1=2 6248þ11

−11 � � � � � � � � � 6084 � � � 6223 � � � � � � †
j0; 1; 0; 0i 4P1=2 6271þ15

−15 � � � 6060 � � � 6540 � � � � � � � � � � � � †
j0; 1; 0; 0i 2P3=2 6255þ11

−11 � � � � � � � � � � � � � � � � � � � � � � � � †
j0; 1; 0; 0i 4P3=2 6277þ14

−14 � � � 6070 � � � 6554 � � � � � � � � � � � � †
j0; 1; 0; 0i 4P5=2 6287þ15

−15 � � � � � � 6312 � � � � � � � � � � � � � � � †

N ¼ 2
j2; 0; 0; 0i 2D3=2 6354þ13

−13 � � � 6190 6294 6307 � � � � � � � � � � � � 6327.3� 2.5
j2; 0; 0; 0i 2D5=2 6364þ13

−13 � � � 6190 6333 6313 � � � � � � � � � � � � 6332.7� 2.5
j0; 0; 1; 0i 2S1=2 6360þ12

−13 � � � � � � � � � 6260 � � � 6258 � � � � � � †
j0; 0; 0; 1i 2S1=2 6699þ19

−19 � � � � � � � � � � � � � � � � � � � � � � � � †
j1; 1; 0; 0i 2D3=2 6524þ16

−16 � � � � � � � � � � � � � � � � � � � � � � � � †
j1; 1; 0; 0i 2D5=2 6534þ17

−17 � � � 6860 � � � � � � � � � � � � � � � � � � †
j1; 1; 0; 0i 4D1=2 6540þ22

−22 � � � � � � � � � � � � � � � � � � � � � � � � †
j1; 1; 0; 0i 4D3=2 6546þ19

−19 � � � 6840 � � � � � � � � � � � � � � � � � � †
j1; 1; 0; 0i 4D5=2 6556þ17

−18 � � � 6840 � � � � � � � � � � � � � � � � � � †
j1; 1; 0; 0i 4D7=2 6570þ22

−22 � � � 6860 6524 � � � � � � � � � � � � � � � †
j1; 1; 0; 0i 2P1=2 6526þ16

−16 � � � � � � � � � � � � � � � � � � � � � � � � †
j1; 1; 0; 0i 2P3=2 6532þ16

−16 � � � � � � � � � � � � � � � � � � � � � � � � †
j1; 1; 0; 0i 4P1=2 6548þ19

−19 � � � 6820 � � � � � � � � � � � � � � � � � � †
j1; 1; 0; 0i 4P3=2 6554þ18

−17 � � � 6820 � � � � � � � � � � � � � � � � � � †
j1; 1; 0; 0i 4P5=2 6564þ19

−19 � � � � � � � � � � � � � � � � � � � � � � � � †
j1; 1; 0; 0i 4S3=2 6558þ18

−18 � � � � � � � � � � � � � � � � � � � � � � � � †
j1; 1; 0; 0i 2S1=2 6530þ16

−16 � � � � � � � � � � � � � � � � � � � � � � � � †
j0; 2; 0; 0i 2D3=2 6693þ20

−19 � � � 6570 � � � � � � � � � � � � � � � � � � †
j0; 2; 0; 0i 2D5=2 6703þ20

−20 � � � 6570 � � � � � � � � � � � � � � � � � � †
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The baryon and meson flavor wave functions are given in
Appendixes B and C, respectively. The possible flavor
couplings, FA→BC ¼ hϕBϕCjϕ0ϕAi, which have been cal-
culated for the first time in this study, are given in
Appendix D. The masses of the decay products are listed
in Table XXVII in Appendix F.

A. Bottom baryon strong decay width results

Our theoretical strong-decay widths, calculated by using
the 3P0 model, by means of Eq. (17), are presented in the
eighth column of Tables II–VI. The results exhibit good
agreement with the experimental widths [1], which are
reported in the ninth columnof Tables II–VI. This agreement

isremarkablesincethe3P0modelhasonlyonefreeparameter,

the pair-creation strength, which is fitted to reproduce the
Σ�
b → Λbπ experimental strong decay width [1].
In addition, we compare our strong decay widths with

those of the previous studies such as NRQM [66],
χQM [67,68], and the 3P0 model [71–73,75,76,98,100],
as shown in Tables XII–XVI. We observe that in
Refs. [71–73,75,76] instead of using the eigenfunctions from
their particular quark model, the authors use harmonic
oscillator wave functions and fit the root mean square radii
(which depend on the αρðλÞ) to the reproduction of the strong
decay widths, since it is well known that the results do not
depend on the wave functions [83], they depend on the root

TABLE IX. Same as Table VII, but for ΣbðnnbÞ states. The “†” indicates that there is no reported experimental mass for that state up to
now.

ΣbðnnbÞ
jlλ; lρ; kλ; kρi

F ¼ 6F
2Sþ1LJ

This
work

NRQM
[41]

QCDSR
[48,50,51]

NRQM
[39]

χQM
[56]

LQCD
[59]

CQC
[35]

NRQM
[33]

RQM
[26] Experimental

N ¼ 0
j0; 0; 0; 0i 2S1=2 5804þ8

−8 5823 5809 5833 5810 5820 5807 5844 5795 5813.1� 0.3
j0; 0; 0; 0i 4S3=2 5832þ8

−8 5845 5835 5858 5829 5836 5829 5874 5805 5832.5� 0.5

N ¼ 1
j1; 0; 0; 0i 2P1=2 6108þ10

−10 6127 � � � 6099 6043 � � � 6103 � � � 6070 6096.9� 1.8
j1; 0; 0; 0i 4P1=2 6131þ12

−13 6135 6020 6106 6065 � � � � � � � � � 6070 †
j1; 0; 0; 0i 2P3=2 6114þ10

−10 6132 � � � 6101 6079 � � � � � � � � � 6070 †
j1; 0; 0; 0i 4P3=2 6137þ10

−10 6141 5960 6105 6117 � � � � � � � � � 6085 †
j1; 0; 0; 0i 4P5=2 6147þ12

−12 6144 5980 6172 6129 � � � � � � � � � 6090 †
j0; 1; 0; 0i 2P1=2 6304þ13

−13 6246 5910 � � � � � � � � � 6241 � � � 6170 †
j0; 1; 0; 0i 2P3=2 6311þ13

−13 6246 5920 � � � � � � � � � � � � � � � 6180 †

N ¼ 2
j2; 0; 0; 0i 2D3=2 6415þ15

−15 6356 � � � 6308 6316 � � � 6260 � � � 6250 †
j2; 0; 0; 0i 2D5=2 6425þ16

−16 6397 � � � 6325 6341 � � � � � � � � � 6325 †
j2; 0; 0; 0i 4D1=2 6431þ21

−21 6343 � � � � � � 6304 � � � � � � � � � 6300 †
j2; 0; 0; 0i 4D3=2 6437þ17

−17 6393 � � � � � � 6330 � � � � � � � � � 6320 †
j2; 0; 0; 0i 4D5=2 6448þ15

−15 6402 � � � 6328 6365 � � � � � � � � � 6335 †
j2; 0; 0; 0i 4D7=2 6462þ20

−20 � � � � � � 6333 6373 � � � � � � � � � 6340 †
j0; 0; 1; 0i 2S1=2 6421þ15

−15 6395 � � � 6294 6274 � � � 6247 � � � 6290 †
j0; 0; 1; 0i 4S3=2 6450þ15

−15 � � � � � � � � � 6286 � � � � � � � � � � � � †
j0; 0; 0; 1i 2S1=2 6813þ24

−24 � � � � � � � � � � � � � � � � � � � � � 6400 †
j0; 0; 0; 1i 4S3=2 6842þ24

−23 � � � � � � � � � � � � � � � � � � � � � � � � †
j1; 1; 0; 0i 2D3=2 6611þ19

−19 � � � � � � � � � � � � � � � � � � � � � � � � †
j1; 1; 0; 0i 2D5=2 6621þ20

−20 6505 � � � � � � � � � � � � � � � � � � � � � †
j1; 1; 0; 0i 2P1=2 6613þ19

−19 � � � � � � � � � � � � � � � � � � � � � 6440 †
j1; 1; 0; 0i 2P3=2 6619þ20

−20 � � � � � � � � � � � � � � � � � � � � � 6445 †
j1; 1; 0; 0i 2S1=2 6617þ19

−19 � � � � � � � � � � � � � � � � � � � � � � � � †
j0; 2; 0; 0i 2D3=2 6807þ23

−23 � � � � � � � � � � � � � � � � � � � � � � � � †
j0; 2; 0; 0i 2D5=2 6817þ24

−25 � � � � � � � � � � � � � � � � � � � � � � � � †
j0; 2; 0; 0i 4D1=2 6824þ27

−27 � � � � � � � � � � � � � � � � � � � � � � � � †
j0; 2; 0; 0i 4D3=2 6830þ24

−24 � � � � � � � � � � � � � � � � � � � � � � � � †
j0; 2; 0; 0i 4D5=2 6840þ23

−23 � � � � � � � � � � � � � � � � � � � � � � � � †
j0; 2; 0; 0i 4D7=2 6854þ28

−28 � � � � � � 6554 � � � � � � � � � � � � 6535 †
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mean square radii, on the quantum numbers, and on the con-
sidered channels [83]. We also use harmonic oscillator wave
functions. In our case, however, we observed that these
functions were the eigenstates of themodel of Ref. [98]. Thus
we did not have αρðλÞ as a free parameters (αρðλÞ was fixed by
the fit to the spectra).
From Tables XII–XVI one can see that these studies

included only a subset of the possible mesons in their
calculations.
It is worth noting that the experimental widths

encompass contributions from strong, electromagnetic,
and weak interactions. However, the dominant contribu-
tion is typically from the strong decay process. It is
important to note that this contribution is relatively small

compared with the uncertainties associated with the
strong decay width.
Additionally, the partial decay widths of each open-

flavor channel are given in Tables XVII–XXI. The partial
decay widths obtained in this study will provide valuable
information for experimentalists in their efforts to identify
bottom baryons. The knowledge of potential decay chan-
nels can greatly assist in the identification process by
guiding the analysis of experimental data.
Nevertheless, in the singly bottom baryon sector, there

are a few cases in which the strong decay is suppressed due
to the absence of phase space, leading to the dominance of
electromagnetic or even weak interactions. Specifically, the
ground states, Λb, Ξb, and Ωb, can only decay via weak

TABLE X. Same as Table VII, but for Ξ0
bðsnbÞ states. The “†” indicates that there is no reported experimental mass for that state

up to now.

Ξ0
bðsnbÞ

jlλ; lρ; kλ; kρi
F ¼ 6F
2Sþ1LJ

This
work

NRQM
[41]

QCDSR
[48,50,51]

NRQM
[39]

χQM
[56]

LQCD
[59]

CQC
[35]

NRQM
[33]

RQM
[26] Experimental

N ¼ 0
j0; 0; 0; 0i 2S1=2 5925þ6

−6 � � � 5903 5958 5934 5946 5939 5939 � � � 5935.02� 0.05
j0; 0; 0; 0i 4S3=2 5954þ7

−7 � � � � � � � � � 5952 � � � 5961 5970 � � � 5953.8� 0.6

N ¼ 1
j1; 0; 0; 0i 2P1=2 6198þ7

−7 � � � � � � 6192 6164 � � � � � � � � � � � � †
j1; 0; 0; 0i 4P1=2 6220þ10

−10 � � � 6240 � � � 6183 � � � � � � � � � � � � †
j1; 0; 0; 0i 2P3=2 6204þ7

−7 � � � � � � 6194 6195 � � � � � � � � � � � � †
j1; 0; 0; 0i 4P3=2 6227þ7

−7 � � � 6170 � � � 6227 � � � � � � � � � � � � †
j1; 0; 0; 0i 4P5=2 6237þ10

−10 � � � 6180 6204 6238 � � � � � � � � � � � � 6227.9� 1.6
j0; 1; 0; 0i 2P1=2 6367þ9

−9 � � � 6110 � � � � � � � � � � � � � � � � � � †
j0; 1; 0; 0i 2P3=2 6373þ10

−10 � � � 6110 � � � � � � � � � � � � � � � � � � †

N ¼ 2
j2; 0; 0; 0i 2D3=2 6473þ12

−12 � � � � � � 5982 6423 � � � � � � � � � � � � †
j2; 0; 0; 0i 2D5=2 6483þ13

−13 � � � � � � 6402 6444 � � � � � � � � � � � � †
j2; 0; 0; 0i 4D1=2 6489þ18

−18 � � � � � � � � � 6411 � � � � � � � � � � � � †
j2; 0; 0; 0i 4D3=2 6495þ14

−14 � � � � � � � � � 6434 � � � � � � � � � � � � †
j2; 0; 0; 0i 4D5=2 6506þ11

−11 � � � � � � � � � 6465 � � � � � � � � � � � � †
j2; 0; 0; 0i 4D7=2 6520þ18

−18 � � � � � � 6405 6472 � � � � � � � � � � � � †
j0; 0; 1; 0i 2S1=2 6479þ11

−12 � � � � � � � � � 6381 � � � 6360 � � � � � � †
j0; 0; 1; 0i 4S3=2 6508þ12

−11 � � � � � � � � � 6392 � � � � � � � � � � � � †
j0; 0; 0; 1i 2S1=2 6818þ19

−19 � � � � � � � � � � � � � � � � � � � � � � � � †
j0; 0; 0; 1i 4S3=2 6847þ19

−19 � � � � � � � � � � � � � � � � � � � � � � � � †
j1; 1; 0; 0i 2D3=2 6642þ15

−15 � � � � � � � � � � � � � � � � � � � � � � � � †
j1; 1; 0; 0i 2D5=2 6653þ16

−16 � � � � � � � � � � � � � � � � � � � � � � � � †
j1; 1; 0; 0i 2P1=2 6644þ15

−15 � � � � � � � � � � � � � � � � � � � � � � � � †
j1; 1; 0; 0i 2P3=2 6650þ16

−16 � � � � � � � � � � � � � � � � � � � � � � � � †
j1; 1; 0; 0i 2S1=2 6648þ15

−15 � � � � � � � � � � � � � � � � � � � � � � � � †
j0; 2; 0; 0i 2D3=2 6812þ19

−19 � � � � � � � � � � � � � � � � � � � � � � � � †
j0; 2; 0; 0i 2D5=2 6822þ20

−20 � � � � � � � � � � � � � � � � � � � � � � � � †
j0; 2; 0; 0i 4D1=2 6828þ22

−22 � � � � � � � � � � � � � � � � � � � � � � � � †
j0; 2; 0; 0i 4D3=2 6834þ20

−20 � � � � � � � � � � � � � � � � � � � � � � � � †
j0; 2; 0; 0i 4D5=2 6845þ19

−19 � � � � � � � � � � � � � � � � � � � � � � � � †
j0; 2; 0; 0i 4D7=2 6859þ24

−25 � � � � � � � � � � � � � � � � � � � � � � � � †
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interaction. In the case of Ξ0
b, and Ω�

b, all the strong decay
channels are closed due to the lack of phase space. In such
cases, the decay width is primarily dominated by electro-
magnetic interaction.

IV. ELECTROMAGNETIC DECAY WIDTHS

In this subsection, we compute the electromagnetic
decays of Λb, Ξb, Σb, Ξ0

b, and Ωb baryons from P-wave
excited states transitioning to ground states, as well as for
ground state to ground state transitions.
The calculation of the radiative-decay widths of bottom

baryons is done within the constituent quark model. The
transition operator describing the emission of a left-handed
photon from a singly bottom baryon A to another singly

bottom baryon A0, i.e., A → A0γ, in the nonrelativistic
approximation, is given by:

Hem ¼ 2

ffiffiffiffiffi
π

k0

r X3
j¼1

μj

×

�
ksj;−e−ik·rj −

1

2
ðpj;−e−ik·rj þ e−ik·rjpj;−Þ

�
; ð19Þ

where rj, pj, sj, and μj stand for the coordinate, momen-
tum, spin and magnetic moment of the jth quark, respec-
tively, k0 is the photon energy and k ¼ kẑ corresponds to
the momentum of a photon emitted in the ẑ direction.
Hence, the partial decay widths of the electromagnetic
transitions are given by

TABLE XI. Same as TableVII, but forΩbðssbÞ states. The “†” indicates that there is no reported experimentalmass for that state up to now.

ΩbðssbÞ
jlλ; lρ; kλ; kρi

F ¼ 6F
2Sþ1LJ

This
work

NRQM
[41]

QCDSR
[48,50,51]

NRQM
[39]

χQM
[56]

LQCD
[59]

CQC
[35]

NRQM
[33]

RQM
[26] Experimental

N ¼ 0
j0; 0; 0; 0i 2S1=2 6064þ8

−8 6076 6036 6081 6047 6014 6056 6030 � � � 6045.2� 1.2
j0; 0; 0; 0i 4S3=2 6093þ9

−8 6094 6063 6102 6064 6019 6079 6061 � � � †

N ¼ 1
j1; 0; 0; 0i 2P1=2 6315þ7

−7 6333 � � � 6301 6273 � � � 6340 � � � � � � 6315.6� 0.6
j1; 0; 0; 0i 4P1=2 6337þ10

−10 6340 6500 6312 6290 � � � � � � � � � � � � 6330.3� 0.6
j1; 0; 0; 0i 2P3=2 6321þ8

−8 6336 � � � 6304 6301 � � � � � � � � � � � � 6339.7� 0.6
j1; 0; 0; 0i 4P3=2 6343þ7

−7 6344 6430 6311 6329 � � � � � � � � � � � � 6349.8� 0.6
j1; 0; 0; 0i 4P5=2 6353þ11

−11 6345 6430 6311 6339 � � � � � � � � � � � � †
j0; 1; 0; 0i 2P1=2 6465þ9

−8 6437 6340 � � � � � � � � � 6458 � � � � � � †
j0; 1; 0; 0i 2P3=2 6471þ10

−10 6438 6340 � � � � � � � � � � � � � � � � � � †

N ¼ 2
j2; 0; 0; 0i 2D3=2 6568þ11

−11 6528 � � � 6478 6522 � � � 6493 � � � � � � †
j2; 0; 0; 0i 2D5=2 6578þ12

−12 6561 � � � 6492 6541 � � � � � � � � � � � � †
j2; 0; 0; 0i 4D1=2 6584þ17

−17 6517 � � � � � � 6511 � � � � � � � � � � � � †
j2; 0; 0; 0i 4D3=2 6590þ13

−13 6559 � � � � � � 6532 � � � � � � � � � � � � †
j2; 0; 0; 0i 4D5=2 6600þ10

−10 6566 � � � 6494 6559 � � � � � � � � � � � � †
j2; 0; 0; 0i 4D7=2 6614þ18

−18 � � � � � � 6497 6567 � � � � � � � � � � � � †
j0; 0; 1; 0i 2S1=2 6574þ11

−11 6561 � � � 6472 6480 � � � 6479 � � � � � � †
j0; 0; 1; 0i 4S3=2 6602þ11

−11 � � � � � � � � � 6491 � � � � � � � � � � � � †
j0; 0; 0; 1i 2S1=2 6874þ17

−17 � � � � � � � � � � � � � � � � � � � � � � � � †
j0; 0; 0; 1i 4S3=2 6902þ17

−17 � � � � � � � � � � � � � � � � � � � � � � � � †
j1; 1; 0; 0i 2D3=2 6718þ14

−14 � � � � � � � � � � � � � � � � � � � � � � � � †
j1; 1; 0; 0i 2D5=2 6728þ15

−15 6657 � � � � � � � � � � � � � � � � � � � � � †
j1; 1; 0; 0i 2P1=2 6720þ14

−14 � � � � � � � � � � � � � � � � � � � � � � � � †
j1; 1; 0; 0i 2P3=2 6726þ15

−15 � � � � � � � � � � � � � � � � � � � � � � � � †
j1; 1; 0; 0i 2S1=2 6724þ14

−14 � � � � � � � � � � � � � � � � � � � � � � � � †
j0; 2; 0; 0i 2D3=2 6868þ17

−17 � � � � � � � � � � � � � � � � � � � � � � � � †
j0; 2; 0; 0i 2D5=2 6878þ19

−19 � � � � � � � � � � � � � � � � � � � � � � � � †
j0; 2; 0; 0i 4D1=2 6884þ21

−21 � � � � � � � � � � � � � � � � � � � � � � � � †
j0; 2; 0; 0i 4D3=2 6890þ18

−18 � � � � � � � � � � � � � � � � � � � � � � � � †
j0; 2; 0; 0i 4D5=2 6900þ17

−17 � � � � � � � � � � � � � � � � � � � � � � � � †
j0; 2; 0; 0i 4D7=2 6914þ23

−23 � � � � � � 6667 � � � � � � � � � � � � � � � †
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ΓemðA→ A0γÞ ¼ΦA→A0γ
1

ð2πÞ2
2

2JA þ 1

X
MJA

>0

jAMJA
j2; ð20Þ

where JA is the initial state total angular momentum, AMJA

is the transition amplitude for a given helicity MJA,

AMJA
¼ hJA0 ;MJA − 1jHemjJA;MJAi; ð21Þ

and ΦA→A0γ is the phase space factor, which in the rest
frame of the initial baryon is given by

ΦA→A0γ ¼ 4π
EA0

mA
k2; ð22Þ

where EA0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

A0 þ k2
q

is the energy of the final state,mA

and mA0 are the masses of the initial and final baryon,
respectively, and

k ¼ m2
A −m2

A0

2mA
ð23Þ

is the final state of photon energy.
The Hamiltonian in Eq. (19). consists of two parts. The

first part is proportional to the spin-flip operator

ksj;− exp
h
−ik · rj

i
≡ ksj;−Ûj: ð24Þ

This part can be evaluated straightforwardly by observing
that the Ûj operators can be written as

Û1 ¼ exp½−ik · r1� ¼ exp

2
64−i 1ffiffiffi

2
p k · ρ− i

ffiffi
3
2

q
mb

2mρ þmb
k · λ

3
75;

ð25Þ

Û2 ¼ exp½−ik · r2� ¼ exp

2
64i 1ffiffiffi

2
p k · ρ − i

ffiffi
3
2

q
mb

2mρ þmb
k · λ

3
75;

ð26Þ

Û3 ¼ exp½−ik · r3� ¼ exp

�
i

ffiffiffi
6

p
m

2mρ þmb
k · λ

�
: ð27Þ

The second part of the Hamiltonian in Eq. (19) is
proportional to the orbit-flip operator

pj;−Ûj þ Ûjpj;− ≡ T̂j;−: ð28Þ

Here pj;− denotes the momentum ladder operator,

pj;− ¼ pj;x − ipj;y; ð29Þ
whose components are given by

p1;− ¼ 1ffiffiffi
2

p pρ;− þ 1ffiffiffi
6

p pλ;−;

p2;− ¼ −
1ffiffiffi
2

p pρ;− þ 1ffiffiffi
6

p pλ;−;

p3;− ¼ −
ffiffiffi
2

3

r
pλ;−; ð30Þ

for j ¼ 1, 2 and 3, respectively. Using the previous
equations, we express the orbit flip operators T̂j;− ¼
pj;−Ûj þ Ûjpj;− as follows

T̂1;− ¼
�

1ffiffiffi
2

p pρ;− þ 1ffiffiffi
6

p pλ;−

�
Û1

þ Û1

�
1ffiffiffi
2

p pρ;− þ 1ffiffiffi
6

p pλ;−

�
; ð31Þ

T̂2;− ¼
�
−

1ffiffiffi
2

p pρ;− þ 1ffiffiffi
6

p pλ;−

�
Û2

þ Û2

�
−

1ffiffiffi
2

p pρ;− þ 1ffiffiffi
6

p pλ;−

�
; ð32Þ

T̂3;− ¼ −
ffiffiffi
2

3

r
pλ;−Û3 − Û3

ffiffiffi
2

3

r
pλ;−: ð33Þ

Thus the Hamiltonian of Eq. (19) can be rewritten in
terms of the Ûj and T̂j;− operators in the following compact
form:

Hem ¼ 2

ffiffiffi
π

k

r X3
j¼1

μj

�
ksj;−Ûj −

1

2
T̂j;−

�
: ð34Þ

FIG. 13. The 3P0 pair-creation model. The violet line 3 denotes
a bottom quark, while the remaining black lines denote light
quarks. In diagram (a) the bottom baryon A decays to a bottom
baryon B and a light meson C. In diagram (b) the bottom baryon
A decays to a light baryon B and a bottom meson C.
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In Appendix G we show the procedure of evaluating
the matrix elements for the T̂j;− operators in the
electromagnetic transitions from P-wave states to ground
states. This is accomplished by expressing the matrix
elements of the T̂j;− operators as a sum of matrix
elements involving the Ûj operators. We achieve this

by evaluating the action of the ladder operators pλ=ρ;− on
the wave functions (see Appendix G) and we get the
analytical formulas.
In the following, we use the notation

ψkρ;lρ;mlρ ;kλ;lλ;mlλ
ðρ⃗; λ⃗Þ ¼ hρ⃗; λ⃗jkρ; lρ; mlρ ; kλ; lλ; mlλi for the

singly bottom baryon wave functions. These wave

TABLE XII. Comparison of our predicted ΛbðnnbÞ strong decay widths with those of other theoretical studies (in MeV). The flavor
multiplet is indicated by the symbol F . The first column contains the three-quark model state, jlλ; lρ; kλ; kρi, where lλ;ρ are the orbital
angular momenta and kλ;ρ the number of nodes of the λ and ρ oscillators. The second column displays each state’s spectroscopic notation
2Sþ1LJ. In the third column, our predicted strong decay widths, computed within the 3P0 model and the baryon-meson channels included
in the calculation, are shown. Our results are compared with those of Refs. [72] (fourth column), [68] (fifth column), and [76]
(sixth column). Our theoretical results are also compared with the experimental decay widths from PDG [1] (seventh column). The
symbol “...” indicates that there is no prediction for that state. The “†” indicates that there is no reported experimental decay width for
that state up to now.

ΛbðnnbÞ
jlλ; lρ; kλ; kρi

F ¼ 3̄F
2Sþ1LJ

This work
Γ ðMeVÞ

[72]
Γ ðMeVÞ

[68]
Γ ðMeVÞ

[76]
Γ ðMeVÞ

Experimental
Γ ðMeVÞ

Channels Σbπ;Σ�
bπ;Λbη;Σbρ Σbπ;Σ�

bπ Σbπ;Σ�
bπ Σbπ;Σ�

bπ
Σ�
bρ;Λbη;Λbω;ΞbK
Ξ0
bK;Ξ�

bK;ΞbK�

Ξ0
bK

�;Ξ�
bK

�; NB

N ¼ 0
j0; 0; 0; 0i 2S1=2 0 � � � � � � � � � ≈0

N ¼ 1
j1; 0; 0; 0i 2P1=2 0 � � � � � � � � � <0.25
j1; 0; 0; 0i 2P3=2 0 � � � � � � � � � <0.19
j0; 1; 0; 0i 2P1=2 67 � � � � � � � � � †
j0; 1; 0; 0i 4P1=2 36 523 � � � � � � †
j0; 1; 0; 0i 2P3=2 85 460 � � � � � � †
j0; 1; 0; 0i 4P3=2 128 4 � � � � � � †
j0; 1; 0; 0i 4P5=2 74 3 � � � � � � †

N ¼ 2
j2; 0; 0; 0i 2D3=2 13 � � � 9 � � � 2.9� 1.3
j2; 0; 0; 0i 2D5=2 18 � � � 9 � � � 2.1� 0.9
j0; 0; 1; 0i 2S1=2 29 9 � � � 36 †
j0; 0; 0; 1i 2S1=2 130 � � � � � � � � � †
j1; 1; 0; 0i 2D3=2 67 � � � � � � � � � †
j1; 1; 0; 0i 2D5=2 108 � � � � � � � � � †
j1; 1; 0; 0i 4D1=2 34 � � � � � � � � � †
j1; 1; 0; 0i 4D3=2 95 � � � � � � � � � †
j1; 1; 0; 0i 4D5=2 128 � � � � � � � � � †
j1; 1; 0; 0i 4D7=2 122 � � � � � � � � � †
j1; 1; 0; 0i 2P1=2 0 � � � � � � � � � †
j1; 1; 0; 0i 2P3=2 2 � � � � � � � � � †
j1; 1; 0; 0i 4P1=2 0 � � � � � � � � � †
j1; 1; 0; 0i 4P3=2 1 � � � � � � � � � †
j1; 1; 0; 0i 4P5=2 2 � � � � � � � � � †
j1; 1; 0; 0i 4S3=2 32 � � � � � � � � � †
j1; 1; 0; 0i 2S1=2 29 � � � � � � � � � †
j0; 2; 0; 0i 2D3=2 131 � � � � � � � � � †
j0; 2; 0; 0i 2D5=2 185 � � � � � � � � � †
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TABLE XIII. Comparison of our predicted ΞbðsnbÞ strong decay widths with those of other theoretical studies (in MeV). The flavor
multiplet is indicated by the symbol F . The first column contains the three-quark model state, jlλ; lρ; kλ; kρi, where lλ;ρ are the orbital
angular momenta and kλ;ρ the number of nodes of the λ and ρ oscillators. The second column displays each state’s spectroscopic notation
2Sþ1LJ. In the third column, our predicted strong decay widths, computed within the 3P0 model and the baryon-meson channels included
in the calculation, are shown. Our results are compared with those of Refs. [66] (fourth column), [68] (fifth column), [67] (sixth column),
[73] (seventh column), [75] (eighth column), and [100] (ninth column). The experimental widths, as from PDG [1], are reported in the
tenth column. The symbol “...” indicates that there is no prediction for that state. The “†” indicates that there is no reported experimental
decay width for that state up to now.

ΞbðsnbÞ
jlλ; lρ; kλ; kρi

F ¼ 3̄F
2Sþ1LJ

This work
Γ ðMeVÞ

[66]
Γ ðMeVÞ

[68]
Γ ðMeVÞ

[67]
Γ ðMeVÞ

[73]
Γ ðMeVÞ

[75]
Γ ðMeVÞ

[100]
Γ ðMeVÞ

Experimental
Γ ðMeVÞ

Channels ΛbK;Ξbπ;Ξ0
bπ Ξbπ;Ξ0

bπ Ξ0
bπ;Ξ�

bπ Ξ0
bπ;Ξ�

bπ Ξ0
bπ;Ξ�

bπ Ξbπ;Ξ0
bπ ΣbK̄;Ξ0

bπ
Ξ�
bπ;ΣbK;Σ�

bK ΣbK;Σ�
bK ΣbK;Σ�

bK Ξ�
bπ Σ�

bK̄;Ξ�
bπ

Ξbη;ΛbK�;Ξbρ ΛbK̄;Ξbπ
Ξ0
bρ;Ξ�

bρ;ΣbK� Ξbη
Σ�
bK

�;Ξ0
bη;Ξ�

bη
Ξbη

0;Ξ0
bη

0;Ξ�
bη

0

Ξbω;Ξ0
bω;Ξ�

bω
Ξbϕ;Ξ0

bϕ;Ξ�
bϕ

Λ8B;Λ8B�;Σ8B
Λ�
8B

N ¼ 0
j0; 0; 0; 0i 2S1=2 0 � � � � � � � � � � � � � � � 0 ≈0

N ¼ 1
j1; 0; 0; 0i 2P1=2 0 11 � � � 3 18 4 0 †
j1; 0; 0; 0i 2P3=2 1 ≈0 � � � 3 16 3 0 <1.9
j0; 1; 0; 0i 2P1=2 9 223 � � � � � � � � � � � � 0.55 †
j0; 1; 0; 0i 4P1=2 6 10 � � � � � � � � � � � � 0.36 †
j0; 1; 0; 0i 2P3=2 66 � � � � � � � � � � � � � � � 1.90 †
j0; 1; 0; 0i 4P3=2 26 � � � � � � � � � � � � � � � 1.90 †
j0; 1; 0; 0i 4P5=2 68 � � � � � � � � � � � � � � � 2.16 †

N ¼ 2
j2; 0; 0; 0i 2D3=2 2 � � � 7 � � � 7 � � � 0.19 <2.2
j2; 0; 0; 0i 2D5=2 2 � � � 7 � � � 6 � � � 0.10 <1.6
j0; 0; 1; 0i 2S1=2 5 � � � � � � � � � 7 16 � � � †
j0; 0; 0; 1i 2S1=2 179 � � � � � � � � � � � � � � � � � � †
j1; 1; 0; 0i 2D3=2 46 � � � � � � � � � � � � � � � � � � †
j1; 1; 0; 0i 2D5=2 108 � � � � � � � � � � � � � � � � � � †
j1; 1; 0; 0i 4D1=2 20 � � � � � � � � � � � � � � � � � � †
j1; 1; 0; 0i 4D3=2 67 � � � � � � � � � � � � � � � � � � †
j1; 1; 0; 0i 4D5=2 100 � � � � � � � � � � � � � � � � � � †
j1; 1; 0; 0i 4D7=2 114 � � � � � � � � � � � � � � � � � � †
j1; 1; 0; 0i 2P1=2 0 � � � � � � � � � � � � � � � � � � †
j1; 1; 0; 0i 2P3=2 2 � � � � � � � � � � � � � � � � � � †
j1; 1; 0; 0i 4P1=2 0 � � � � � � � � � � � � � � � � � � †
j1; 1; 0; 0i 4P3=2 1 � � � � � � � � � � � � � � � � � � †
j1; 1; 0; 0i 4P5=2 2 � � � � � � � � � � � � � � � � � � †
j1; 1; 0; 0i 4S3=2 33 � � � � � � � � � � � � � � � � � � †
j1; 1; 0; 0i 2S1=2 31 � � � � � � � � � � � � � � � � � � †
j0; 2; 0; 0i 2D3=2 127 � � � � � � � � � � � � � � � � � � †
j0; 2; 0; 0i 2D5=2 98 � � � � � � � � � � � � � � � � � � †
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TABLE XIV. Comparison of our predicted ΣbðnnbÞ strong decay widths with those of other theoretical studies (in MeV). The flavor
multiplet is indicated by the symbol F . The first column contains the three-quark model state, jlλ; lρ; kλ; kρi, where lλ;ρ are the orbital
angular momenta and kλ;ρ the number of nodes of the λ and ρ oscillators. The second column displays each state’s spectroscopic notation
2Sþ1LJ. In the third column, our predicted strong decay widths, computed within the 3P0 model and the baryon-meson channels included
in the calculation, are shown. Our results are compared with those of Refs. [72] (fourth column), [68] (fifth column), [67] (sixth column),
[75] (seventh column), and [76] (eighth column). The experimental widths, as from PDG [1], are reported in the ninth column. The
symbol “...” indicates that there is no prediction for that state. N�

1, N
�
2, N

�
3, and N

�
4 represent Nð1520Þ, Nð1535Þ, Nð1680Þ, and Nð1720Þ,

respectively. The “†” indicates that there is no reported experimental decay width for that state up to now.

ΣbðnnbÞ
jlλ; lρ; kλ; kρi

F ¼ 6F
2Sþ1LJ

This work
Γ ðMeVÞ

[72]
Γ ðMeVÞ

[68]
Γ ðMeVÞ

[67]
Γ ðMeVÞ

[75]
Γ ðMeVÞ

[76]
Γ ðMeVÞ

Experimental
Γ ðMeVÞ

Channels Σbπ;Σ�
bπ;Λbπ Σbπ;Σ�

bπ Σbπ;Σ�
bπ Σbπ;Σ�

bπ Λbπ Σbπ;Σ�
bπ

Σbη;ΞbK;Σbρ Λbπ Λbπ Λbπ; NB
Σ�
bρ;Λbρ;Σ�

bη NB�

Σbη
0;Σ�

bη
0;Ξ0

bK
Ξ�
bK;ΞbK�;Ξ0

bK
�

Ξ�
bK

�;Σbω;Σ�
bω

NB;Σ8Bs; NB�
ΔB;N�

1B;N
�
2B

N�
3B;N

�
4B

N ¼ 0
j0; 0; 0; 0i 2S1=2 4 � � � � � � � � � 5 � � � 5.0� 0.5
j0; 0; 0; 0i 4S3=2 10 � � � � � � � � � 9 � � � 9.9� 0.9

N ¼ 1
j1; 0; 0; 0i 2P1=2 24 264 � � � 23 � � � 27 30� 7

j1; 0; 0; 0i 4P1=2 13 209 � � � 14 � � � 109 †
j1; 0; 0; 0i 2P3=2 84 181 � � � 39 � � � 114 †
j1; 0; 0; 0i 4P3=2 57 9 � � � 26 � � � 42 †
j1; 0; 0; 0i 4P5=2 96 9 � � � 38 � � � 43 †
j0; 1; 0; 0i 2P1=2 134 261 � � � � � � � � � � � � †
j0; 1; 0; 0i 2P3=2 129 268 � � � � � � � � � � � � †

N ¼ 2
j2; 0; 0; 0i 2D3=2 58 � � � 121 � � � � � � � � � †
j2; 0; 0; 0i 2D5=2 130 � � � 48 � � � � � � � � � †
j2; 0; 0; 0i 4D1=2 78 � � � 148 � � � � � � � � � †
j2; 0; 0; 0i 4D3=2 106 � � � 85 � � � � � � � � � †
j2; 0; 0; 0i 4D5=2 133 � � � 48 � � � � � � � � � †
j2; 0; 0; 0i 4D7=2 145 � � � 53 � � � � � � � � � †
j0; 0; 1; 0i 2S1=2 119 � � � � � � � � � � � � 116 †
j0; 0; 1; 0i 4S3=2 121 � � � � � � � � � � � � 122 †
j0; 0; 0; 1i 2S1=2 710 � � � � � � � � � � � � � � � †
j0; 0; 0; 1i 4S3=2 973 � � � � � � � � � � � � � � � †
j1; 1; 0; 0i 2D3=2 376 � � � � � � � � � � � � � � � †
j1; 1; 0; 0i 2D5=2 252 � � � � � � � � � � � � � � � †
j1; 1; 0; 0i 2P1=2 4 � � � � � � � � � � � � � � � †
j1; 1; 0; 0i 2P3=2 5 � � � � � � � � � � � � � � � †
j1; 1; 0; 0i 2S1=2 58 � � � � � � � � � � � � � � � †
j0; 2; 0; 0i 2D3=2 549 � � � � � � � � � � � � � � � †
j0; 2; 0; 0i 2D5=2 616 � � � � � � � � � � � � � � � †
j0; 2; 0; 0i 4D1=2 1349 � � � � � � � � � � � � � � � †
j0; 2; 0; 0i 4D3=2 741 � � � � � � � � � � � � � � � †
j0; 2; 0; 0i 4D5=2 376 � � � � � � � � � � � � � � � †
j0; 2; 0; 0i 4D7=2 1178 � � � � � � � � � � � � � � � †
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TABLE XV. Comparison of our predicted Ξ0
bðsnbÞ strong decay widths with those of other theoretical studies (in MeV). The flavor

multiplet is indicated by the symbol F . The first column contains the three-quark model state, jlλ; lρ; kλ; kρi, where lλ;ρ are the orbital
angular momenta and kλ;ρ the number of nodes of the λ and ρ oscillators. The second column displays each state’s spectroscopic notation
2Sþ1LJ. In the third column, our predicted strong decay widths, computed within the 3P0 model and the baryon-meson channels included
in the calculation, are shown. Our results are compared with those of Refs. [66] (fourth column), [68] (fifth column), [67] (sixth column),
[73] (seventh column), [75] (eighth column), and [100] (ninth column). The experimental widths, as from PDG [1], are reported in the
tenth column. The symbol “...” indicates that there is no prediction for that state. The “†” indicates that there is no reported experimental
decay width for that state up to now.

Ξ0
bðsnbÞ

jlλ; lρ; kλ; kρi
F ¼ 6f
2Sþ1LJ

This work
Γ ðMeVÞ

[66]
Γ ðMeVÞ

[68]
Γ ðMeVÞ

[67]
Γ ðMeVÞ

[73]
Γ ðMeVÞ

[75]
Γ ðMeVÞ

[100]
Γ ðMeVÞ

Experimental
Γ ðMeVÞ

Channels ΛbK;Ξbπ;Ξ0
bπ Ξbπ ΛbK;Ξbπ ΛbK;Ξbπ ΛbK;Ξbπ ΛbK;Ξbπ ΣbK̄;Ξ0

bπ
Ξ�
bπ;ΣbK;Σ�

bK Ξ0
bπ;Ξ�

bπ Ξ0
bπ Ξ0

bπ;Ξ�
bπ Ξ0

bπ;Ξ�
bπ Σ�

bK̄;Ξ�
bπ

Ξbη;ΛbK�;Ξbρ ΣbK;Σ�
bK ΣbK;Σ�

bK ΛbK̄;Ξbπ
Ξ0
bρ;Ξ�

bρ;ΣbK� Ξbη
Σ�
bK

�;Ξ0
bη;Ξ�

bη
Ξbη

0;Ξ0
bη

0;Ξ�
bη

0

Ξbω;Ξ0
bω;Ξ�

bω
Ξbϕ;Ξ0

bϕ;Ξ�
bϕ

Σ8B;Ξ8Bs
Σ8B�;Σ10B

N ¼ 0
j0; 0; 0; 0i 2S1=2 0 ≈0 � � � � � � � � � ≈0 0 <0.08
j0; 0; 0; 0i 4S3=2 0.2 2 � � � � � � � � � 1 0.02 0.90� 0.18

N ¼ 1
j1; 0; 0; 0i 2P1=2 3 � � � � � � 27 371 10 0.86 †
j1; 0; 0; 0i 4P1=2 4 � � � � � � 32 91 17 0.65 †
j1; 0; 0; 0i 2P3=2 29 � � � � � � 24 86 25 2.92 †
j1; 0; 0; 0i 4P3=2 8 � � � � � � 16 7 24 1.83 †
j1; 0; 0; 0i 4P5=2 31 � � � � � � 24 7 25 3.36 19.9� 2.6
j0; 1; 0; 0i 2P1=2 197 � � � � � � � � � � � � � � � 5.88 †
j0; 1; 0; 0i 2P3=2 97 � � � � � � � � � � � � � � � 3.08 †

N ¼ 2
j2; 0; 0; 0i 2D3=2 14 � � � 101 � � � 40 � � � � � � †
j2; 0; 0; 0i 2D5=2 30 � � � 25 � � � 19 � � � � � � †
j2; 0; 0; 0i 4D1=2 25 � � � 109 � � � 39 � � � � � � †
j2; 0; 0; 0i 4D3=2 35 � � � 58 � � � 22 � � � � � � †
j2; 0; 0; 0i 4D5=2 46 � � � 28 � � � 2 � � � � � � †
j2; 0; 0; 0i 4D7=2 47 � � � 41 � � � 2 � � � � � � †
j0; 0; 1; 0i 2S1=2 47 � � � � � � � � � 34 56 � � � †
j0; 0; 1; 0i 4S3=2 79 � � � � � � � � � 36 58 � � � †
j0; 0; 0; 1i 2S1=2 599 � � � � � � � � � � � � � � � � � � †
j0; 0; 0; 1i 4S3=2 630 � � � � � � � � � � � � � � � � � � †
j1; 1; 0; 0i 2D3=2 234 � � � � � � � � � � � � � � � � � � †
j1; 1; 0; 0i 2D5=2 116 � � � � � � � � � � � � � � � � � � †
j1; 1; 0; 0i 2P1=2 3 � � � � � � � � � � � � � � � � � � †
j1; 1; 0; 0i 2P3=2 3 � � � � � � � � � � � � � � � � � � †
j1; 1; 0; 0i 2S1=2 59 � � � � � � � � � � � � � � � � � � †
j0; 2; 0; 0i 2D3=2 315 � � � � � � � � � � � � � � � � � � †
j0; 2; 0; 0i 2D5=2 209 � � � � � � � � � � � � � � � � � � †
j0; 2; 0; 0i 4D1=2 529 � � � � � � � � � � � � � � � � � � †
j0; 2; 0; 0i 4D3=2 364 � � � � � � � � � � � � � � � � � � †
j0; 2; 0; 0i 4D5=2 194 � � � � � � � � � � � � � � � � � � †
j0; 2; 0; 0i 4D7=2 349 � � � � � � � � � � � � � � � � � � †
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TABLE XVI. Comparison of our predicted ΩbðssbÞ strong decay widths with those of other theoretical studies (in MeV). The flavor
multiplet is indicated by the symbol F . The first column contains the three-quark model state, jlλ; lρ; kλ; kρi, where lλ;ρ are the orbital
angular momenta and kλ;ρ the number of nodes of the λ and ρ oscillators. The second column displays each state’s spectroscopic notation
2Sþ1LJ. In the third column, our predicted strong decay widths, computed within the 3P0 model and the baryon-meson channels included
in the calculation, are shown. Our results are compared with those of Refs. [68] (fourth column), [67] (fifth column), [71] (sixth column),
[76] (seventh column), and [98] (eighth column). The experimental widths, as from PDG [1], are reported in the ninth column. The
symbol “...” indicates that there is no prediction for that state. The “†” indicates that there is no reported experimental decay width for
that state up to now.

ΩbðssbÞ
jlλ; lρ; kλ; kρi

F ¼ 6f
2Sþ1LJ

This work
Γ ðMeVÞ

[68]
Γ ðMeVÞ

[67]
Γ ðMeVÞ

[71]
Γ ðMeVÞ

[76]
Γ ðMeVÞ

[98]
Γ ðMeVÞ

Experimental
Γ ðMeVÞ

Channels ΞbK;Ξ0
bK;Ξ�

bK ΞbK;Ξ0
bK ΞbK ΞbK;Ξ0

bK ΞbK;Ξ0
bK Ξ0

bK
−

ΞbK�;Ξ0
bK

�;Ξ�
bK

� Ξ�
bK Ξ�

bK Ξ�
bK

Ωbη;Ω�
bη;Ωbϕ

Ω�
bϕ;Ωbη

0;Ω�
bη

0

Ξ8B;Ξ10B

N ¼ 0
j0; 0; 0; 0i 2S1=2 0 � � � � � � � � � � � � 0 ≈0
j0; 0; 0; 0i 4S3=2 0 � � � � � � � � � � � � 0 †

N ¼ 1
j1; 0; 0; 0i 2P1=2 5 � � � 49 � � � 33 0.5 <4.2
j1; 0; 0; 0i 4P1=2 11 � � � 95 � � � � � � 2.79 <4.7
j1; 0; 0; 0i 2P3=2 24 � � � 2 � � � � � � 1.14 <1.8
j1; 0; 0; 0i 4P3=2 6 � � � ≈0 � � � 2 0.62 <3.2
j1; 0; 0; 0i 4P5=2 40 � � � 2 � � � 3 4.28 †
j0; 1; 0; 0i 2P1=2 10 � � � � � � � � � � � � 0 †
j0; 1; 0; 0i 2P3=2 54 � � � � � � � � � � � � 0 †

N ¼ 2
j2; 0; 0; 0i 2D3=2 4 20 � � � 108 � � � � � � †
j2; 0; 0; 0i 2D5=2 10 8 � � � 21 � � � � � � †
j2; 0; 0; 0i 4D1=2 1 29 � � � 106 � � � � � � †
j2; 0; 0; 0i 4D3=2 3 20 � � � 27 � � � � � � †
j2; 0; 0; 0i 4D5=2 8 7 � � � 3 � � � � � � †
j2; 0; 0; 0i 4D7=2 18 9 � � � 3 � � � � � � †
j0; 0; 1; 0i 2S1=2 20 � � � � � � 50 16 � � � †
j0; 0; 1; 0i 4S3=2 17 � � � � � � 53 16 � � � †
j0; 0; 0; 1i 2S1=2 398 � � � � � � � � � � � � � � � †
j0; 0; 0; 1i 4S3=2 257 � � � � � � � � � � � � � � � †
j1; 1; 0; 0i 2D3=2 116 � � � � � � � � � � � � � � � †
j1; 1; 0; 0i 2D5=2 82 � � � � � � � � � � � � � � � †
j1; 1; 0; 0i 2P1=2 1 � � � � � � � � � � � � � � � †
j1; 1; 0; 0i 2P3=2 2 � � � � � � � � � � � � � � � †
j1; 1; 0; 0i 2S1=2 72 � � � � � � � � � � � � � � � †
j0; 2; 0; 0i 2D3=2 180 � � � � � � � � � � � � � � � †
j0; 2; 0; 0i 2D5=2 157 � � � � � � � � � � � � � � � †
j0; 2; 0; 0i 4D1=2 126 � � � � � � � � � � � � � � � †
j0; 2; 0; 0i 4D3=2 195 � � � � � � � � � � � � � � � †
j0; 2; 0; 0i 4D5=2 172 � � � � � � � � � � � � � � � †
j0; 2; 0; 0i 4D7=2 230 � � � � � � � � � � � � � � � †
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functions are expressed in terms of ωρ and ωλ using
the relation α2ρ;λ ¼ ωρ;λmρ;λ, and we use the usual defini-
tions for nρðλÞ ¼ 2kρðλÞ þ lρðλÞ, kρðλÞ ¼ 0; 1;…, and
lρðλÞ ¼ 0; 1;…; where lρðλÞ is the orbital angular momentum

of the ρðλ) oscillator, and kρðλÞ is the number of nodes
(radial excitations) in the ρðλ) oscillators.
The Ûj matrix elements from the ground states to ground

states are given by

h0; 0; 0; 0; 0; 0jÛ1j0; 0; 0; 0; 0; 0i ¼ h0; 0; 0; 0; 0; 0jÛ2j0; 0; 0; 0; 0; 0i

¼ exp

�
−
1

8
k2
�
1

α2ρ
þ 3mb

2

α2λð2mρ þmbÞ2
��

; ð35Þ

h0; 0; 0; 0; 0; 0jÛ3j0; 0; 0; 0; 0; 0i ¼ exp

�
−

3k2m2
ρ

2α2λð2mρ þmbÞ2
�
: ð36Þ

TABLE XVII. Predicted electromagnetic decay widths (in KeV) for ΛbðnnbÞ states belonging to the flavor
multiplet F ¼ 3̄F. The first column reports the baryon name with its predicted mass, calculated by using the three-
quark model Hamiltonian given by Eqs. (1) and (2). The second column displays JP, the third column shows the
internal configuration of the baryon jlλ; lρ; kλ; kρi within the three-quark model, where lλ;ρ represent the orbital
angular momenta and kλ;ρ denote the number of nodes of the λ and ρ oscillators. The fourth column presents the
spectroscopic notation 2Sþ1LJ for each state. Furthermore, N ¼ nρ þ nλ separates the N ¼ 0, 1 energy bands.
Starting from the fifth column, the electromagnetic decay widths, computed by using Eq. (20), are presented. Each
column corresponds to an electromagnetic decay channel, the decay products are indicated at the top of the column
and their masses are shown in Table XXVII. The electromagnetic widths are given in KeV. The zero values are
electromagnetic decay widths that are either too small to be shown on this scale or not permitted by phase space. Our
results are compared with those of Refs. [67,104]. The symbol “...” indicates that there is no prediction for that state
in Ref. [67].

F ¼ 3̄F
ΛbðnnbÞ JP jlλ; lρ; kλ; kρi 2Sþ1LJ Λ0

bγ Σ0
bγ Σ�

bγ

N ¼ 0
Λbð5613Þ 1

2
þ j0; 0; 0; 0i 2S1=2 0 0 0

N ¼ 1
Λbð5918Þ 1

2
− j1; 0; 0; 0i 2P1=2 64þ5

−4 0.4þ0.1
−0.1 0

50.2 0.14 0.09 [67]
40.7 0.2 0.0 [104]

Λbð5924Þ 3
2
− j1; 0; 0; 0i 2P3=2 65þ5

−5 0.5þ0.2
−0.2 0.1þ0.03

−0.03
52.8 0.21 0.15 [67]
43.4 0.3 0.0 [104]

Λbð6114Þ 1
2
− j0; 1; 0; 0i 2P1=2 15þ2

−2 519þ40
−39 3þ1

−1
1.62 16.2 0.02 [67]
10.2 93.3 2.0 [104]

Λbð6137Þ 1
2
− j0; 1; 0; 0i 4P1=2 9þ2

−1 6þ2
−2 76þ16

−17
0.81 0.02 8.25 [67]
5.6 3.5 6.2 [104]

Λbð6121Þ 3
2
− j0; 1; 0; 0i 2P3=2 16þ2

−2 1025þ101
−94 3þ1

−1
1.81 15.1 0.03 [67]
10.6 315.6 2.2 [104]

Λbð6143Þ 3
2
− j0; 1; 0; 0i 4P3=2 25þ4

−4 17þ6
−4 382þ30

−30
2.54 0.07 9.90 [67]
16.2 10.6 73.9 [104]

Λbð6153Þ 5
2
− j0; 1; 0; 0i 4P5=2 17þ3

−3 12þ4
−4 1023þ111

−108
� � � � � � � � � [67]
11.0 7.8 216.5 [104]
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The T̂j;− matrix elements from the ground states to ground states are all 0, i.e.

h0; 0; 0; 0; 0; 0jT̂1;−j0; 0; 0; 0; 0; 0i ¼ h0; 0; 0; 0; 0; 0jT̂2;−j0; 0; 0; 0; 0; 0i
¼ h0; 0; 0; 0; 0; 0jT̂3;−j0; 0; 0; 0; 0; 0i ¼ 0 ð37Þ

The Ûj matrix elements from Pρ-wave states to ground states are

h0; 0; 0; 0; 0; 0jÛ1j0; 1; mlρ; 0; 0; 0i ¼ −h0; 0; 0; 0; 0; 0jÛ2j0; 1; mlρ; 0; 0; 0i

¼ −
ik
2αρ

exp

�
−
1

8
k2
� 1

α2ρ
þ 3mb

2

α2λð2mρ þmbÞ2
��

; ð38Þ

h0; 0; 0; 0; 0; 0jÛ3j0; 1; mlρ; 0; 0; 0i ¼ 0; ð39Þ

and from the Pλ-wave states to ground states

h0; 0; 0; 0; 0; 0jÛ1j0; 0; 0; 0; 1; mlλi ¼ h0; 0; 0; 0; 0; 0jÛ2j0; 0; 0; 0; 1; mlλi

¼ −
i

ffiffiffi
3

p
kmb

2αλð2mρ þmbÞ
exp

�
−
1

8
k2
� 1

α2ρ
þ 3mb

2

α2λð2mρ þmbÞ2
��

; ð40Þ

h0; 0; 0; 0; 0; 0jÛ3j0; 0; 0; 0; 1; mlλi ¼
i

ffiffiffi
3

p
kmρ

αλð2mρ þmbÞ
exp

�
−

3k2m2
ρ

2α2λð2mρ þmbÞ2
�
: ð41Þ

TABLE XVIII. Same as Table XVII, but for ΞbðsnbÞ states belonging to the flavor multiplet F ¼ 3̄F.

F ¼ 3̄F
ΞbðsnbÞ JP jlλ; lρ; kλ; kρi 2Sþ1LJ Ξ0

bγ Ξ−
b γ Ξ00

bγ Ξ0−
b γ Ξ0�0

b γ Ξ0�−
b γ

N ¼ 0
Ξbð5806Þ 1

2
þ j0; 0; 0; 0i 2S1=2 0 0 0 0 0 0

N ¼ 1
Ξbð6079Þ 1

2
− j1; 0; 0; 0i 2P1=2 122þ16

−13 126þ10
−10 1.1þ0.3

−0.3 0 0.2þ0.06
−0.06 0

63.6 135 1.32 0.0 2.04 0.0 [67]
83.1 91.5 0.6 0.0 0.1 0.0 [104]

Ξbð6085Þ 3
2
− j1; 0; 0; 0i 2P3=2 125þ16

−13 126þ10
−10 1.3þ0.4

−0.4 0 0.2þ0.06
−0.06 0

68.3 147 1.68 0.0 2.64 0.0 [67]
88.9 96.1 0.7 0.0 0.2 0.0 [104]

Ξbð6248Þ 1
2
− j0; 1; 0; 0i 2P1=2 19þ5

−4 28þ6
−5 494þ36

−34 9þ2
−1 2þ0.6

−0.6 0
1.86 7.19 94.3 0.0 0.62 0.0 [67]
13.3 21.8 144.5 3.1. 1.7 0.0 [104]

Ξbð6271Þ 1
2
− j0; 1; 0; 0i 4P1=2 11þ4

−3 17þ4
−4 5þ2

−2 0.1þ0.03
−0.03 75þ14

−15 1.4þ0.4
−0.4

0.93 3.59 0.16 0.0 80.0 0.0 [67]
7.5 12.3 2.9 0.1 14.7 0.3 [104]

Ξbð6255Þ 3
2
− j0; 1; 0; 0i 2P3=2 20þ5

−4 29þ6
−5 950þ98

−89 17þ4
−3 3þ1

−1 0
2.10 8.13 69.4 0.0 0.80 0.0 [67]
14.0 23.0 377.2 8.0 1.9 0.0 [104]

Ξbð6277Þ 3
2
− j0; 1; 0; 0i 4P3=2 33þ9

−7 48þ11
−10 14þ5

−4 0.3þ0.1
−0.1 363þ28

−27 7þ1
−1

2.94 11.4 0.8 0.0 78.0 0.0 [67]
22.2 36.3 8.8 0.2 109.7 2.3 [104]

Ξbð6287Þ 5
2
− j0; 1; 0; 0i 4P5=2 23þ6

−5 34þ8
−7 10þ4

−3 0.2þ0.06
−0.06 945þ106

−99 17þ4
−3

� � � � � � � � � � � � � � � � � � [67]
15.4 25.3 6.5 0.1 245.2 5.2 [104]
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The T̂j;− matrix elements from Pρ-wave states to ground states are

h0; 0; 0; 0; 0; 0jT̂1;−j0; 1; mlρ; 0; 0; 0i ¼ −h0; 0; 0; 0; 0; 0jT̂2;−j0; 1; mlρ; 0; 0; 0i

¼ i
ffiffiffi
2

p
αρ exp

�
−
1

8
k2
�
1

α2ρ
þ 3mb

2

α2λð2mρ þmbÞ2
��

δmlρ ;1
; ð42Þ

h0; 0; 0; 0; 0; 0jT̂3;−j0; 1; mlρ; 0; 0; 0i ¼ 0; ð43Þ
and finally from Pλ-wave states to ground states we have

h0; 0; 0; 0; 0; 0jT̂1;−j0; 0; 0; 0; 1; mlλi ¼ h0; 0; 0; 0; 0; 0jT̂2;−j0; 0; 0; 0; 1; mlλi

¼ i

ffiffiffi
2

3

r
αλ exp

�
−k2

8

�
1

α2ρ
þ 3m2

b

α2λð2mρ þmbÞ2
��

δmlλ
;1; ð44Þ

h0; 0; 0; 0; 0; 0jT̂3;−j0; 0; 0; 0; 1; mlλi ¼ −2i
ffiffiffi
2

3

r
αλ exp

�
−3k2m2

ρ

2α2λð2mρ þmbÞ2
�
δmlλ

;1: ð45Þ

We observe that, if we replace pλ with imλk0λ, and pρ with imρk0ρ, we obtain the analytical expressions given in Eq. (48)
of Ref. [104],1 thus confirming that Ref. [104] does not contain the exact electromagnetic calculation. This explains the
different results for the electromagnetic decay widths in the two articles, as can be observed in Tables XVII–XXI.

TABLE XIX. Same as Table XVII, but for ΣbðnnbÞ states belonging to the flavor multiplet F ¼ 6F.

F ¼ 6F
ΣbðnnbÞ JP jlλ; lρ; kλ; kρi 2Sþ1LJ Σþ

b γ Σ0
bγ Σ−

b γ Λ0
bγ Σ�þ

b γ Σ�0
b γ Σ�−

b γ

N ¼ 0
Σbð5804Þ 1

2
þ j0; 0; 0; 0i 2S1=2 0 0 0 150þ46

−40 0 0 0
Σbð5832Þ 3

2
þ j0; 0; 0; 0i 4S3=2 0.5þ0.2

−0.2 0 0.1þ0.03
−0.03 215þ56

−51 0 0 0

N ¼ 1
Σbð6108Þ 1

2
− j1; 0; 0; 0i 2P1=2 407þ46

−47 34þ3
−3 73þ10

−10 195þ32
−27 6þ3

−2 0.4þ0.1
−0.1 2þ1

−0.6
1016 74.9 212 133 16.9 1.03 4.36 [67]
267.7 21.3 50.9 156.2 5.3 0.3 1.5 [104]

Σbð6131Þ 1
2
− j1; 0; 0; 0i 4P1=2 13þ5

−4 0.8þ0.2
−0.2 3þ1

−1 111þ19
−17 36þ18

−17 4þ1
−1 5þ2

−2
5.31 0.32 1.37 63.6 867 63.6 182 [67]
8.9 0.5 2.5 85.3 19.2 1.9 2.7 [104]

Σbð6114Þ 3
2
− j1; 0; 0; 0i 2P3=2 1202þ132

−122 89þ10
−9 252þ28

−26 202þ31
−28 7þ3

−2 0.4þ0.1
−0.1 2þ0.6

−0.6
483 37.9 94 129 15.6 0.95 4.02 [67]
864.7 59.3 196.2 162.2 5.8 0.3 1.6 [104]

Σbð6137Þ 3
2
− j1; 0; 0; 0i 4P3=2 40þ12

−10 2þ0.6
−0.6 10þ3

−3 321þ46
−42 316þ31

−32 26þ2
−2 59þ7

−7
13.1 0.8 3.39 170 527 39.8 107 [67]
27.2 1.5 7.7 247.4 209.6 16.2 41.6 [104]

Σbð6147Þ 5
2
− j1; 0; 0; 0i 4P5=2 29þ10

−8 2þ0.6
−0.6 7þ2

−2 218þ34
−30 1222þ151

−141 90þ11
−10 256þ33

−30
8.07 0.49 2.08 83.3 426 32.6 85.3 [67]
20.0 1.1 5.7 168.2 589.4 39.5 137.0 [104]

Σbð6304Þ 1
2
− j0; 1; 0; 0i 2P1=2 247þ45

−40 15þ3
−2 62þ11

−10 424þ42
−42 103þ22

−19 6þ1
−1 26þ5

−5
� � � � � � � � � � � � � � � � � � � � � [67]

182.1 10.3 50.2 526.5 79.3 4.5 21.9 [104]
Σbð6311Þ 3

2
− j0; 1; 0; 0i 2P3=2 256þ46

−41 16þ3
−3 64þ12

−10 414þ39
−39 107þ22

−19 7þ1
−1 27þ5

−5
� � � � � � � � � � � � � � � � � � � � � [67]

189.2 10.7 52.1 523.1 82.8 4.7 22.8 [104]

1In a private communication, Roelof Bijker confirmed that in Ref. [104] they calculated the electromagnetic decay by replacing pλ
with imλk0λ and pρ with imρk0ρ.
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TABLE XX. Same as Table XVII, but for Ξ0
bðsnbÞ states belonging to the flavor multiplet F ¼ 6F.

F ¼ 6F
Ξ0
bðsnbÞ JP jlλ; lρ; kλ; kρi 2Sþ1LJ Ξ0

bγ Ξ−
b γ Ξ00

bγ Ξ0−
b γ Ξ0�0

b γ Ξ0�−
b γ

N ¼ 0
Ξ0
bð5925Þ 1

2
þ j0; 0; 0; 0i 2S1=2 33þ16

−13 0.6þ0.2
−0.2 0 0 0 0

Ξ0
bð5953Þ 3

2
þ j0; 0; 0; 0i 4S3=2 60þ24

−20 1.1þ0.3
−0.3 0.1þ0.03

−0.03 0.1þ0.03
−0.03 0 0

N ¼ 1
Ξ0
bð6198Þ 1

2
− j1; 0; 0; 0i 2P1=2 65þ13

−11 1.2þ0.3
−0.3 78þ9

−8 71þ7
−6 0.4þ0.1

−0.1 0.6þ0.2
−0.2

72.2 0.0 76.3 190 0.89 3.54 [67]
50.7 1.1 52.9 50.8 0.3 0.5 [104]

Ξ0
bð6220Þ 1

2
− j1; 0; 0; 0i 4P1=2 40þ9

−8 0.7þ0.2
−0.2 1þ0.3

−0.3 1.4þ0.4
−0.4 11þ2

−2 9þ2
−2

34 0.0 0.25 1.48 69.5 164 [67]
29.3 0.6 0.6 1.0 6.9 5.6 [104]

Ξ0
bð6204Þ 3

2
− j1; 0; 0; 0i 2P3=2 68þ13

−12 1.3þ0.4
−0.4 157þ18

−15 167þ15
−15 0.4þ0.1

−0.1 1þ0.3
−0.3

72.8 0.0 43.9 92.3 0.9 3.6 [67]
53.9 1.1 111.5 128.1 0.3 0.6 [104]

Ξ0
bð6226Þ 3

2
− j1; 0; 0; 0i 4P3=2 117þ21

−19 2þ0.6
−0.6 3þ1

−1 4þ1
−1 57þ6

−5 54þ5
−4

94.0 0.0 0.67 2.94 47.5 104 [67]
87.1 1.8 1.7 3.0 38.8 38.5 [104]

Ξ0
bð6237Þ 5

2
− j1; 0; 0; 0i 4P5=2 82þ18

−15 2þ0.6
−0.6 2þ0.6

−0.6 3þ1
−1 157þ21

−18 168þ19
−17

47.7 0.0 0.44 1.88 41.5 88.2 [67]
61.6 1.3 1.3 2.2 69.4 82.7 [104]

Ξ0
bð6367Þ 1

2
− j0; 1; 0; 0i 2P1=2 644þ54

−52 12þ3
−2 19þ3

−3 28þ5
−4 7þ1

−1 11þ2
−2

� � � � � � � � � � � � � � � � � � [67]
708.1 15.0 13.4 21.9 5.5 9.0 [104]

Ξ0
bð6374Þ 3

2
− j0; 1; 0; 0i 2P3=2 637þ52

−50 12þ3
−2 20þ4

−3 29þ5
−5 8þ2

−1 12þ2
−2

� � � � � � � � � � � � � � � � � � [67]
714.7 15.2 14.1 23.0 5.9 9.6 [104]

TABLE XXI. Same as Table XVII, but for ΩbðssbÞ states belonging to the flavor multiplet F ¼ 6F.

F ¼ 6F
ΩbðssbÞ JP jlλ; lρ; kλ; kρi 2Sþ1LJ Ωbγ Ω�

bγ

N ¼ 0
Ωbð6064Þ 1

2
þ j0; 0; 0; 0i 2S1=2 0 0

Ωbð6093Þ 3
2
þ j0; 0; 0; 0i 4S3=2 0.1þ0.03

−0.03 0

N ¼ 1
Ωbð6315Þ 1

2
− j1; 0; 0; 0i 2P1=2 51þ5

−4 0.2þ0.06
−0.06

154 1.49 [67]
36.0 0.2 [104]

Ωbð6337Þ 1
2
− j1; 0; 0; 0i 4P1=2 0.5þ0.2

−0.2 8þ2
−2

0.64 99.23 [67]
0.4 5.1 [104]

Ωbð6321Þ 3
2
− j1; 0; 0; 0i 2P3=2 99þ10

−10 0.2þ0.06
−0.06

83.4 1.51 [67]
73.7 0.2 [104]

Ωbð6343Þ 3
2
− j1; 0; 0; 0i 4P3=2 2þ0.6

−0.6 38þ3
−3

1.81 70.68 [67]
1.1 26.7 [104]

Ωbð6353Þ 5
2
− j1; 0; 0; 0i 4P5=2 1þ0.2

−0.3 99þ12
−12

1.21 63.26 [67]
0.9 45.1 [104]

(Table continued)
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Additional details regarding the relationship between the
matrix elements of T̂j;−, expressed as a sum of matrix
elements involving the Ûj operators, are found in
Appendix G 3. Our methodology outlined here enables
exact analytical evaluation of the matrix elements associ-
ated with the T̂j;− operators.
As explained in the strong decay section (Sec. III), the

harmonic oscillator wave functions depend on the har-
monic oscillator constant Kb and the constituent quark
masses. Consequently, the electromagnetic decay width
calculation does not introduce any additional parameters.
Moreover, when we calculate the electromagnetic decay
widths, we account for the uncertainties associated with the
mass model parameters and the decay product masses.
The experimental values for the decay product masses and
their corresponding uncertainties are given in Appendix F.
The error propagation was conducted following the
Monte Carlo error propagation outlined in Sec. II F.

A. Bottom baryon electromagnetic decay width results

Our electromagnetic decay widths calculated by means
of Eq. (20) are presented in Tables XVII–XXI. These
results extend those obtained by several works on the
subject. For example, the analysis performed in [67]
employs a constituent quark model. Other studies of
radiative decays in different frameworks use heavy quark
symmetry [94], bound state picture [96], relativistic three-
quark model [97], light cone QCD sum rules [84–90],
heavy hadron chiral perturbation theory [91–93], and
modified bag models [95].
The experimental widths include contributions from the

strong, electromagnetic, and weak interactions, with the
dominant contribution coming from the strong decays. Our
electromagnetic decay widths represent a minor contribu-
tion, typically under 1.5 MeV, which is of the same order as
the uncertainties on the strong decay widths.
The electromagnetic decay widths are particularly valu-

able in cases where the strong decays are suppressed.
One notable example is the spin excitation of the Ω−

b state,
denoted as Ω�

b, which has not yet been observed. The
Ω�

b → Ω−
bπ strong decay is prohibited due to lack of phase

space and isospin conservation in strong interactions.

Therefore, the Ω�
b → Ω−

b γ decay mode becomes a particu-
larly important channel, as it serves as a “golden channel”
for the observation of the Ω�

b state.
In addition, we compare our electromagnetic decay

widths with the previous studies such as χQM [67] and
NRQM [104] as shown in Tables XVII–XXI.

V. ASSIGNMENTS AND DISCUSSION

First, wewill make the assignments of the bottom baryons
reported in PDG [1] using our theoretical results for Λb, Ξb,
Σb,Ξ0

b, andΩb. Our first criterion is to use themass spectrum
to identify resonances of bottom baryons, while the decay
width serves as a secondary criterion. The classification
within the quark-diquark model is the same as that of the
three-quarkmodel when it comes to describing ground states
and λ-mode excitations. However, it is important to note that
in the quark-diquark model, the ρ-modes which exist in the
three-quark model, are absent (see Tables II–VI).

A. Λb baryons

We make the assignment of the six Λb states reported by
the PDG [1], using our predictions given in Table II.

1. Λ0
b

The Λ0
b is identified as the ground state with JP ¼ 1

2
þ,

and its theoretical mass is well reproduced in both the three-
quark and quark-diquark models.

2. Λbð5912Þ0 and Λbð5920Þ0
The Λbð5912Þ0 and Λbð5920Þ0 are identified as the two

Pλ waves with JP ¼ 1
2
− and JP ¼ 3

2
−, respectively. Our

theoretical predictions for their mass are in agreement with
the experimental values. There are no strong decay chan-
nels, so their strong decay widths are zero.

3. Λbð6070Þ0
LHCb observed Λbð6070Þ0 [21] with mass and decay

width

m½Λbð6072Þ0� ¼ 6072.3� 2.9� 0.6� 0.2 MeV; ð46Þ

TABLE XXI. (Continued)

F ¼ 6F
ΩbðssbÞ JP jlλ; lρ; kλ; kρi 2Sþ1LJ Ωbγ Ω�

bγ

Ωbð6465Þ 1
2
− j0; 1; 0; 0i 2P1=2 12þ2

−2 4þ1
−1

� � � � � � [67]
8.7 3.4 [104]

Ωbð6471Þ 3
2
− j0; 1; 0; 0i 2P3=2 12þ3

−2 5þ1
−1

� � � � � � [67]
9.2 3.7 [104]
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Γ½Λbð6072Þ0� ¼ 72� 11� 2 MeV; ð47Þ

and suggested the assignment to the first radial excitation of
Λb with JP ¼ 1

2
þ. However, its quantum numbers have not

yet been determined experimentally.
In the model of Ref. [98], if we consider it as a Roper-

like state, there is a deviation of approximately 3% in its
mass, and its width is ð29� 14Þ MeV.
As we are aware of the limitations of the harmonic

oscillator model in reproducing the masses of Roper-like
states, we also calculate the decay width of Λbð6072Þ by
using its experimental mass as input, and considering it to
be a 2S state. The calculated width is found to be 3.1 MeV,
a reduction of 90% due to the closure of some dominant
open flavor channels; this is even more unfavorable when
compared with the experimental decay width of 72 MeV.
This suggests that Λbð6072Þ cannot conclusively be con-
sidered a 2S state. Nevertheless, we can identify Λbð6072Þ
as a Pρ state with JP ¼ 1

2
−, featuring an internal spin of

Stot ¼ 1
2. In this scenario, its experimental width is accu-

rately reproduced, although the mass is slightly
overestimated.

4. Λbð6146Þ0 and Λbð6152Þ0
Λbð6146Þ0 and Λbð6152Þ0 are identified as the two Dλ

excitations with quantum numbers JP ¼ 3
2
þ and JP ¼ 5

2
þ,

respectively, but their quantum numbers have not yet been
measured. In this case, our theoretical predictions for the
mass have a small deviation of 1%, and their theoretical
widths are slightly overestimated.

B. Ξb and Ξ0
b baryons

We shall now make the assignments for the states Ξb and
Ξ0
b reported in PDG [1]. In the flavor space, the Ξb states

belong to the 3̄F configuration and the Ξ0
b states belong to

the 6F configuration. Invariance of the strong interaction
under SUIð2Þ isospin transformations leads to isospin
conservation and the appearance of degenerate isospin
multiplets. In the case of the Ξb and Ξ0

b baryons, both
belong to isospin doublets. In this case, the assignment is
more complicated because there are several theoretically
excited states in the same energy range for Ξb and Ξ0

b. Here
we use our results reported in Tables III for Ξb and V for Ξ0

b.

1. Ξb

Both our three-quark and quark-diquark models predict
that the masses of the isospin partner Ξ0

b and Ξ−
b are

degenerate, which is in agreement with experimental data
[1]. In our model, we assign to them the quantum numbers
JP ¼ 1

2
þ, even though these quantum numbers have not yet

been directly measured.

2. Ξ0
bð5935Þ−

The Ξ0
bð5935Þ− is considered to be the ground state of

the sextuplet. Its predicted mass agrees with the exper-
imental data in the three-quark and the quark-diquark
models, its assignment is JP ¼ 1

2
þ, but the quantum

numbers have not yet been measured, nor has its charged
partner, Ξ0

bð5935Þ0, been observed.

3. Ξ0
bð5955Þ− and Ξ0

bð5945Þ0
The spin excitations of Ξ0

bð5935Þ− are Ξ0
bð5955Þ− and

Ξ0
bð5945Þ0 these are identified as JP ¼ 3

2
þ, but their quantum

numbers are based on the expectations of the quark model.
The predicted masses of the Ξ0

bð5955Þ− and Ξ0
bð5945Þ0 are

degenerate and in agreement with experimental data. Their
widths is also well reproduced in our model.

4. Ξ0
bð6100Þ−

Ξ0
bð6100Þ− is identified as a P-wave state, JP ¼ 1

2
−, but

its JP remains to be confirmed. It is identified as one of the
two Pλ excitations of Ξb belonging to the 3̄F, with total
internal spin Stot ¼ 1

2. Both its mass and width have been
well described.

5. Ξ0
bð6227Þ− and Ξ0

bð6227Þ0
Finally, the PDG reports Ξ0

bð6227Þ− and Ξ0
bð6227Þ0,

which in our model are identified with the fifth Pλ

excitation of Ξ0
b with JP ¼ 5

2
− and total internal spin

Stot ¼ 3
2. Its predicted mass is compatible with the exper-

imental value, and its width is well reproduced. However, it
could be identified as JP ¼ 3

2
− since these states also have

similar mass. With this assignment, however, the predicted
width has a deviation of 6 MeV from the experimen-
tal value.

6. Ξbð6327Þ0 and Ξbð6333Þ0
Recently, the PDG [1] added the two Ξbð6327Þ0 and

Ξbð6333Þ0 states observed by LHCb [23]. The observed
masses of these states are mðΞbð6327Þ0Þ ¼ 6327.28þ0.23

−0.21 �
0.12� 0.24 MeV and mðΞbð6333Þ0Þ ¼ 6332.69þ0.17

−0.18 �
0.03� 0.22 MeV, respectively. In the model of Ref. [98],
we identify them as the two Dλ excitations, with quantum
numbers JP ¼ 3

2
þ and JP ¼ 5

2
þ, respectively, belonging to

the 3̄F configuration.

7. Ξbð6087Þ0 and Ξbð6095Þ0
Last year, LHCb reported the discovery of Ξbð6087Þ0

and Ξbð6095Þ0 states [24], which are not yet listed in the
PDG. We associate Ξbð6087Þ [24] with the 1P 1=2− state.
Our predicted mass of ð6079� 9Þ MeV is in good agree-
ment with its experimental mass of (6087.2� 0.8) MeV
and our predicted width is slightly underestimated.
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We consider the Ξbð6095Þ0 to be the 1P 3=2− neutral
partner of Ξbð6100Þ−. Our predicted mass of ð6085�
9Þ MeV is in good agreement with its experimental mass of
ð6095.4� 0.7Þ MeV and also our predicted width of
ð1.1� 0.6Þ MeV agrees with the experimental width
of ð0.5� 0.4Þ MeV.

C. Σb baryons

The PDG [1] reports only four Σb states and their
quantum numbers have not yet been measured. We use
our results of Σb shown in Table IV to identify them.

1. Σb

Σb is identified as JP ¼ 1
2
þ: its mass agrees well in both

the three-quark and quark-diquark models, and our
theoretical width agrees perfectly with the experimental
result.

2. Σ�
b

The spin excitation Σ�
b is identified as JP ¼ 3

2
þ and our

predictions for mass and width agree well with the
experimental data.

3. Σbð6097Þ− and Σbð6097Þ+
The Σbð6097Þ− and Σbð6097Þþ states are two of the

three charge states of Σbð6097Þ that are degenerate in the
model of Ref. [98], since we assume isospin symmetry. Our
predicted mass and width for Σbð6097Þ agree well with the
experimental data. Our calculations indicate that this is the
first Pλ excitation of Σb with JP ¼ 1

2
− and internal

spin Stot ¼ 1=2.

D. Ωb baryons

The predicted mass spectra and strong decay widths for
theΩb states are presented in Table VI. It is noteworthy that
these new findings are in agreement with the earlier
calculation in Ref. [98]. Furthermore, in comparison with
the previous study of Ref. [98], we have extended our
investigation to include the 1D, 2P, and 2S-wave
excitations.

1. Ω−
b

Ω−
b is identified as a JP ¼ 1

2
þ state. Its experimental mass

is well reproduced in the quark-diquark description. In the
three-quark model, the predicted mass has a slight deviation
of 10 MeV. As Ω−

b can only decay weakly, its strong decay
width is zero.

2. Ω�−
b

The spin excitation of Ω−
b , the Ω�−

b with JP ¼ 3
2
þ, has not

yet been observed. We suggest the Ω�
b → Ω−

b γ decay mode
as a “golden channel” for the observation of this state,

whose mass, according to our predictions, is expected to be
in the 6070–6098 MeV energy range.

3. Ωbð6316Þ− , Ωbð6330Þ− , Ωbð6340Þ− , and Ωbð6350Þ−
The four Ωb resonances, namely Ωbð6316Þ−,

Ωbð6330Þ−, Ωbð6340Þ−, and Ωbð6350Þ−, observed and
discovered in LHCb [19], have to be confirmed in other
experiments, and their quantum numbers have also not
been measured yet. They are identified in our model as four
of the five Pλ excitations.
The mass and width of Ωbð6316Þ− are well reproduced.

This state is identified as JP ¼ 1
2
−, with internal spin

Stot ¼ 1
2. The assignment for Ωbð6330Þ− is also JP ¼ 1

2
−,

but with internal spin Stot ¼ 3
2. Its mass is well reproduced

in calculations with both the three-quark and quark-diquark
models, and our theoretical width is compatible with the
experimental data. The mass of Ωbð6340Þ− is well repro-
duced in both the three-quark and quark-diquark models,
but the experimental width is slightly overestimated. Our
preferred assignment is JP ¼ 3

2
−, with internal spin Stot ¼ 1

2.
Finally, the mass and width of Ωbð6350Þ− are well
reproduced in our calculation, it is described as a JP ¼
3
2
− state with internal spin Stot ¼ 3

2.
In the present study, the fifth Ω−

b Pλ excitation is
characterized by a large width, thus its observation will
require a high statistical significance at the LHC.
According to our predictions, this state is expected to have
a mass in the range of 6345–6365 MeV, with a width of
approximately 40 MeV. In our three-quark model, we
predict two additional Pρ excitations which do not appear
in the quark-diquark description. They do not couple to the
Ξ0
bK

− channel, which is the channel where LHCb observed
the four excited Ω−

b states, but they exhibit a strong
coupling in the Ξ00

bK
− channel. Therefore, the experimental

search for these two Pρ excitations is a fundamental step
toward assessing whether the bottom baryons are a three-
quark system or a quark-diquark system.

E. Further comments

On using the 3P0 model, our theoretical strong-decay
widths exhibit good agreement with the experimental
widths [1]. This agreement is remarkable since the 3P0

model has only one free parameter, the pair-creation
strength, which is fitted to reproduce the Σ�

b → Λbπ
experimental strong decay width [1]. Notably, the theo-
retical masses reproduce the trend observed in the available
data reported in PDG [1], as shown in Fig. 14, where we
present the spectra of singly bottom baryons computed by
means of the three-quark model. The 3̄F singly bottom
baryons are depicted in purple, and purple lines represent
their mass predictions. The 6F singly bottom baryons are
shown in teal, with their mass predictions indicated by teal
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lines. The experimentally known states and their corre-
sponding experimental values are displayed in black [1].
Moreover, we studied many strong decay channels that

had never been investigated before. Indeed, this is the first
time that the Λbη, Σbρ, Σ�

bρ, Λbη
0, Λbω, ΞbK, Ξ0

bK, Ξ�
bK,

ΞbK�, Ξ0
bK

�, and Ξ�
bK

� channels have been considered in
the calculation of the strong decay widths of the excited Λb
states; the Σbη, ΞbK, Σbρ, Σ�

bρ, Λbρ, Σ�
bη, Σbη

0, Σ�
bη

0, Ξ0
bK,

Ξ�
bK, ΞbK�, Ξ0

bK
�, Ξ�

bK
�, Σbω, Σ�

bω, Σ8Bs,ΔB,Nð1520ÞB,
Nð1535ÞB, Nð1680ÞB, and Nð1720ÞB channels in the
calculation of the strong decay widths of the excited Σb
states; the ΛbK�, Ξbρ, Ξ0

bρ, Ξ�
bρ, ΣbK�, Σ�

bK
�, Ξbη

0, Ξ0
bη

0,
Ξ�
bη

0, Ξbω, Ξ0
bω, Ξ�

bω, Ξbϕ, Ξ0
bϕ, Ξ�

bϕ, Ξ8Bs, Σ8B�, and
Σ10B channels in the calculation of the strong decay widths
of the excited Ξb and Ξ0

b states; the ΞbK�, Ξ0
bK

�, Ξ�
bK

�,

Ωbη, Ω�
bη, Ωbϕ, Ω�

bϕ, Ωbη
0, Ω�

bη
0, Ξ8B, and Ξ10B channels

in the calculation of the strong decay widths of the Ωb
states.
In the present article, the Coulomb plus linear confining

term is not considered. We want to stress that, in the model of
Ref. [98], the color factor is the same for all baryons and so the
color dependence is reabsorbed in the aS spin-spin parameter.
From Tables VII–XI, it can be observed that our results and
those that consider a coulombplus linear confining termagree,
except for radial excitations. In Ref. [26], Capstick and Isgur
emphasized that the effective parameters of the quark model
can compensate for model limitations.
In the study of light baryons, it is well known that the

harmonic oscillator quark model does not reproduce the
order of the Roper and 1P states, since the Roper Nð1440Þ

FIG. 14. Comparison between the singly bottom baryon mass predictions, computed by using the three-quark model Hamiltonian of
Eqs. (1) and (2), and the experimental data from PDG [1]. The predicted masses for the 3̄F and 6F states are displayed in purple and teal,
respectively, while the experimental masses are shown in black [1].
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lies below the 1P wave excitations Nð1520Þ and Nð1535Þ,
while it yields a good reproduction for all the other states.
The scenario concerning the Roper-like states in the

heavy sector differs significantly. It is crucial to emphasize
that, in the heavy sector, the Roper-like candidates (2S
excitations) lie above the 1P waves. Specifically, in the
charm sector, the Roper candidate Λcð2765Þ [117] lies
150 MeV above the P wave excitations Λcð2595Þ and
Λcð2625Þ [118].
Similarly, in the bottom sector, the Roper candidate

Λbð6070Þ lies 100 MeV above the P wave excitations
Λbð5912Þ and Λbð5920Þ.
Thus, in the heavy sector, the harmonic oscillator quark

model, which is known to work well for all the other states,
can also be applied to the Roper-like states, however, the
reader must be aware of the potential limitations of this
model in reproducing the 2S states.
More experimental data will be necessary in order to

determine the quantum numbers and the decay channels of
the Roper-like candidates, thereby ascertaining whether
they are genuine 2S states, as we will discuss later, on the
basis of our strong partial decay width calculations.
Heavy quark symmetry, which is valid within the

infinite heavy quark mass limit (mQ → ∞), has implica-
tions for singly bottom baryons, as discussed in
Refs. [119–121]. For example, in the infinite heavy quark
mass limit (mQ → ∞), the total angular momentum jq of
the light degrees of freedom is conserved, and hadrons
with J ¼ jq � 1

2
form a degenerate doublet, i.e., two

degenerate states [121] (unless jq ¼ 0, in which case a
single state with J ¼ 1

2
is observed). In reality, the

experimental mass-splitting of those doublets, as for
example Σb and Σ�

b, Ξ0
b and Ξ�

b, and Ωb and Ω�
b, is not

zero but about 30 MeV, showing that the experimental
situation is in agreement with a heavy quark symmetry
slightly broken by the finite mass of the heavy quark; the
theoretical mass results of the present article reproduce the
experimental mass splitting. In Ref. [121], the authors also
estimated some strong decay amplitude ratios, in the limit
of mQ → ∞, but without including the phase space and
what they called the “barrier penetration” factor
(p2Lþ1

π exp½−p2
π=ð1 GeV2Þ�1=2); as an example, the

authors predicted for the Λbð52−Þ → Σbπ and Λbð52−Þ →
Σ�
bπ ratio a value of 0.53, in the approximation of the

decays in purely D waves. In the present article, by
contrast, this ratio is 0.79, including the “barrier penetra-
tion” factor, since, in reality, in the decay of a P-wave
Λbð52−Þ to Σ�

bπ, there is a superposition of two partial
waves, the D and the G waves. Nevertheless, one can
observe a qualitative agreement, since there is a mass
dependence, as expected [122].
In the three-quark model, scattering states are not con-

sidered. It is important to note that some excited states can be
close to the threshold energy of a baryon-meson system,

which implies a significant component of a hadronic mol-
ecule in thewave function of the state [123]. However, in the
quark model description, the corrections to the observables
related to the molecular component might be hidden in the
model parameters [26,124].
On the other hand, in the molecular picture, singly

bottom baryons can be dynamically generated from the
meson-baryon interaction in coupled channels [125–131].
Specifically, the singly bottom baryons that are described as
dynamically generated resonances, i.e., meson-baryon
molecular states, include the Λbð5912Þ and Λbð5920Þ in
Refs. [125,126]; the Ωbð6316Þ, Ωbð6330Þ, Ωbð6340Þ, and
Ωbð6350Þ in Ref. [127]; the Ξbð6227Þ in Refs. [128,129];
seven Ωb states within the energy range of 6405 to
6820 MeV in Ref. [130]; and the Λbð5912Þ, Λbð5920Þ,
Ξbð6035.4Þ, and Ξbð6043.3Þ in Ref. [131].
The degrees of freedom from hadron scattering schemes

can be taken into account in the constituent quark model by
considering an additional energy-dependent interaction
[123,124,132–134]. For example, the Λbð5912Þ, and
Λbð5920Þ were studied in Ref. [135] as dressed quark-

model states with Σð�Þ
b π molecular components of the order

of 30%.

VI. CONCLUSIONS

In summary, we calculate the mass spectra, strong partial
decay widths, and electromagnetic decay widths of singly
bottom baryons. We utilize both the three-quark and quark-
diquark schemes to describe the mass spectra and predict
the 1S, 1P, 1D, 2P, and 2S states, thus extending the model
of Ref. [98]. We account for the propagation of parameter
uncertainties by using a Monte Carlo bootstrap method.
Notably, the harmonic oscillator approach allows a com-
prehensive description of singly bottom baryons through a
global fit where the same model predicts the masses, strong
partial decay widths, and electromagnetic decay widths of
bottom baryons. Since we fitted all the parameters of the
model Hamiltonian of Eq. (1) (see Table I) to 13 of 22
experimental masses reported in the PDG [1], the harmonic
oscillator wave functions of the model do not depend on
any free parameters.
Our theoretical mass spectra reproduce the general trend

of experimental data, see Fig. 14. Until now, only λ-mode
excited singly bottom baryons have been discovered.
However, on the basis of our strong decay analysis, we
tentatively assign the 2SΛb candidate, denoted as
Λbð6070Þ, to a Pρ-wave excited state with JP ¼ 1

2
−.

Therefore, determining its quantum numbers experimen-
tally would be crucial in order to ascertain whether it
corresponds to a radial excitation or the first Pρ-wave
excited state of the Λb baryon. The observation of the ρ-
mode excitations could help to enhance our comprehension
of the internal structure of the singly bottom baryon, and
particularly in distinguishing between three-quark configu-
rations and quark-diquark systems.
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We calculate the three-quark excited 1P, 1D, 2P, and 2S
singly bottom baryon (ρ and λmodes) strong decay widths,
within the 3P0 model, into singly bottom baryon-(vector/
pseudoscalar) meson pairs and (octet/decuplet) light
baryon-(pseudoscalar/vector) bottom meson pairs. In par-
ticular, this is the first time that the Λbη, Σbρ, Σ�

bρ, Λbη
0,

Λbω, ΞbK, Ξ0
bK, Ξ�

bK, ΞbK�, Ξ0
bK

�, Ξ�
bK

� channels have
been considered in the calculation of the strong decay
widths of the excited Λb states; the Σbη, ΞbK, Σbρ, Σ�

bρ,
Λbρ, Σ�

bη, Σbη
0, Σ�

bη
0, Ξ0

bK, Ξ�
bK, ΞbK�, Ξ0

bK
�, Ξ�

bK
�, Σbω,

Σ�
bω, Σ8Bs, ΔB, Nð1520ÞB, Nð1535ÞB, Nð1680ÞB, and

Nð1720ÞB channels in the calculation of the strong decay
widths of the excited Σb states; the ΛbK�, Ξbρ, Ξ0

bρ, Ξ�
bρ,

ΣbK�, Σ�
bK

�, Ξbη
0, Ξ0

bη
0, Ξ�

bη
0, Ξbω, Ξ0

bω, Ξ�
bω, Ξbϕ, Ξ0

bϕ,
Ξ�
bϕ, Ξ8Bs, Σ8B�, and Σ10B channels in the calculation of

the strong decay widths of the excited Ξb and Ξ0
b states; and

the ΞbK�, Ξ0
bK

�, Ξ�
bK

�, Ωbη, Ω�
bη, Ωbϕ, Ω�

bϕ, Ωbη
0, Ω�

bη
0,

Ξ8B, and Ξ10B channels in the calculation of the strong
decay widths of the Ωb states.
In order to provide further assistance to experimen-

talists in their search for bottom baryons, we report the
partial decay widths for each open flavor channel in
Tables XXII–XXVI.
We observe that electromagnetic decays play a dominant

role for the states which cannot decay strongly. One
example is the spin excitation of the Ω−

b state, denoted
as Ω�

b, which has not yet been observed. The Ω�
b → Ω−

bπ
strong decay is prohibited due to lack of phase space and
isospin conservation in strong interactions. Given that the
Ωbð6093Þ state has not yet been discovered, there exists a
fascinating experimental opportunity to simultaneously
observe a new electromagnetic decay in the bottom baryon
sector and the emergence of a new state, Ωbð6093Þ, by
exploring the Ω−

b γ electromagnetic channel.
Our predictions for the masses and strong decay widths

of bottom baryons exhibit good agreement with experi-
mental data. Notably, the mass formula of Ref. [98] and the
3P0 model describe the recently discovered D-wave exci-
tations, such as Λbð6146Þ0 and Λbð6152Þ0, which we
identify as Dλ excitations with quantum numbers JP ¼
3
2
þ and JP ¼ 5

2
þ, respectively. Additionally, the three-quark

and quark-diquark models describe the new Ξ0
bð6327Þ and

Ξ0
bð6333Þ states listed by the Particle Data Group (PDG)

[1], which we also identify as Dλ excitations with quantum
numbers JP ¼ 3

2
þ and JP ¼ 5

2
þ, respectively, belonging to

the 3̄F configuration. It is worth noting that these states
were not included in our fits, making the predicted masses
and widths indicative of the predictive power of the mass
formula of Ref. [98] and the 3P0 decay model.
Moreover, the information presented in this article,

which encompasses both the mass region and the partial
decay widths, enables the experimentalists (LHCb, CMS,
and ATLAS) to select the most suitable decay channel in
which to search for a specific resonance. Additionally, we

have determined the flavor coupling coefficients for all
two-body decay channels, which can be used in further
theoretical investigations.

Note added. After submission of this article to ArXiv on
July 2nd, 2023, a new article was submitted to ArXiv [104]
a few days later on July 10th, 2023. It’s important to note
that both articles are independent and mainly focus on two
different subjects: the present article mainly focuses on the
singly bottom baryon strong decays and the predictions of
the 1D, 2P, and 2S states, while Ref. [104], focuses on the
1S- and 1P-wave singly doubly and triply heavy baryon
masses and electromagnetic decays. The authors of [104]
also utilized the model introduced in [98] to investigate the
masses and electromagnetic decay widths of 1S- and
1P-wave singly bottom baryons. However, regarding the
electromagnetic decays of the 1P-wave states, which is
the small overlap of the two papers, one can observe that
the matrix elements of the T̂j;− orbit-flip operator, reported
in Eq. (48) of Ref. [104], exhibit a wrong dependence on
mρðλÞk0, with k0 being the photon energy. Indeed, in
Ref. [104] the authors did not evaluate the exact expression
of the orbit-flip operator since they replaced pλ with imλk0λ
and pρ with imρk0ρ without declaring it in their article, as
Roelof Bijker pointed out in private communications. By
contrast, in our present article, we derived and presented the
exact analytical expressions for the T̂j;− matrix elements
(see Appendix G); these depend on the photon transferred
momentum k, and not on mk0. Finally, the strong decays
and the predictions of the 1D, 2P, and 2S states, which
constitute some of the main results of the present manu-
script, were not considered in Ref. [104]. After submission
of our article, another article [78] appeared and correctly
cited our paper. The authors only calculated the partial
decay widths of 1D-wave Ξb and Ξ0

b. Moreover, they only
considered a small subset of the decay channels considered
in the present article: the π, η, K, and B meson decay
channels. Indeed, they did not consider the ΛbK�, Ξbρ,
Ξ0
bρ, Ξ�

bρ, ΣbK�, Σ�
bK

�, Ξbη
0, Ξ0

bη
0, Ξ�

bη
0, Ξbω, Ξ0

bω, Ξ�
bω,

Ξbϕ, Ξ0
bϕ, Ξ�

bϕ, Ξ8Bs, Σ8B�, Σ10B channels. In that paper
[78] they used the λ mode Ξb and Ξ0

b masses as from the
Ebert et al. quark-diquark model [38] and the ρ mode Ξb
masses as from QCD sum rule [52], while the ρ mode Ξ0

b
masses were estimated by adding about 100 MeV to the λ-
mode excitations of Ref. [38]. Finally, they did not consider
the 2S and 2P excitations, which complete the second shell.
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APPENDIX A: BARYON WAVE FUNCTIONS

1. Three-quark baryon wave functions

In our algebraic model, the wave functions for a singly
bottom baryon A, considering the color, flavor, spin, and
spatial degrees of freedom, are given by

ΨTot
A;JA;MJA

¼ θcϕA

X
MSA

;MLA

hSA;MSA; LA;MLA
jJA;MJAi

× χSA;MSA
⊗ ΨA;LA;MLA

ðr⃗1; r⃗2; r⃗3Þ ðA1Þ

where θc ¼ 1ffiffi
6

p ðrgb − rbgþ gbr − grbþ brg − bgrÞ is the
SUcð3Þ color singlet, ϕA, χSA;MSA

, and ΨA;LA;MLA
ðr⃗1; r⃗2; r⃗3Þ

are the flavor, spin and spatial wave functions, respectively.
For singly bottom baryons, we use the following coordinate
system

ρ⃗ ¼ 1ffiffiffi
2

p ðr⃗1 − r⃗2Þ; ðA2Þ

λ⃗ ¼ 1ffiffiffi
6

p ðr⃗1 þ r⃗2 − 2r⃗3Þ; ðA3Þ

R⃗ ¼ mðr⃗1 þ r⃗2Þ þmbr⃗3
2mþmb

; ðA4Þ

wherem ¼ ðm1 þm2Þ=2 with m1 andm2 being the masses
of the light quarks and mb the mass of the bottom quark.
Thus, the coordinates of the quarks are given by r⃗1 ¼
R⃗þ 1ffiffi

2
p ρ⃗þ

ffiffi
3
2

p
mb

2mþmb
λ⃗, r⃗2 ¼ R⃗ − 1ffiffi

2
p ρ⃗þ

ffiffi
3
2

p
mb

2mþmb
λ⃗, r⃗3 ¼ R⃗−ffiffi

6
p

mb
2mþmb

λ⃗, with the differential volume d3r⃗1d3r⃗2d3r⃗3 ¼
3

ffiffiffi
3

p
d3ρ⃗d3λ⃗d3R⃗.

The baryon spatial wave functions in the coordinate
representation are given by

ΨA;LA;MLA
ðr⃗1; r⃗2; r⃗3Þ ¼

1

ð2πÞ3=2 e
iR⃗·P⃗

×
1

33=4

X
mlρ ;mlλ

hlρ;mlρ ; lλ;mlλ jLA;MLA
i

× ψkρ;lρ;mlρ ;kλ;lλ;mlλ
ðρ⃗; λ⃗Þ: ðA5Þ

Here, ψkρ;lρ;mlρ ;kλ;lλ;mlλ
ðρ⃗; λ⃗Þ represents the harmonic oscil-

lator wave functions, which can be expressed as a product
of the wave functions of each harmonic oscillator:

ψkρ;lρ;mlρ ;kλ;lλ;mlλ
ðρ⃗; λ⃗Þ ¼ ψkρ;lρ;mlρ

ðρ⃗Þ ⊗ ψkλ;lλ;mlλ
ðλ⃗Þ: ðA6Þ

The wave functions of each harmonic oscillator can be
expressed in terms of their radial and angular parts as

ψkρðλÞ;lρðλÞ;mlρðλÞ
ðρ⃗ðλ⃗ÞÞ ¼ RkρðλÞlρðλÞ ðρðλÞÞY

mlρðλÞ
lρðλÞ ðρ̂ðλ̂ÞÞ; ðA7Þ

where the ρ radial part is

Rkρlρðρ⃗Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

α3ρkρ!2lρþkρþ2ffiffiffi
π

p ð2lρ þ 2kρ þ 1Þ!!

s

× e−
1
2
α2ρρ

2ðαρρÞlρLlρþ1
2

kρ
ðρ2α2ρÞ; ðA8Þ

and the λ radial part is

Rkλlλðλ⃗Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

α3λkλ!2
lλþkλþ2ffiffiffi

π
p ð2lλþ 2kλþ 1Þ!!

s
e−

1
2
α2λλ

2ðαλλÞlλLlλþ1
2

kλ
ðλ2α2λÞ;

ðA9Þ

where La
kðxÞ are the generalized Laguerre polynomials. We

observe that α2ρðλÞ are related to the harmonic oscillator

frequencies, ωρðλÞ, through mρ and mλ: α2ρðλÞ ¼ ωρðλÞmρðλÞ.
Thus, αρðλÞ depends on the harmonic oscillator constant Kb

and the quark masses, which are fitted to reproduce the
bottom baryon mass spectra (see Table I). As a result, our
harmonic oscillator wave functions do not contain any free
parameters.

2. Quark-diquark baryon wave functions

In the quark-diquark scheme, the wave functions for a
generic baryon A, considering the color, flavor, spin, and
spatial degrees of freedom, are given by

ΨTot
A;JA;MJA

¼ θcϕA

X
MSA

;MLA

hSA;MSA; LA;MLA
jJA;MJAi

× χSA;MSA
⊗ ΨA;LA;MLA

ðr⃗1; r⃗2Þ ðA10Þ

where θc ¼ 1ffiffi
6

p ðrgb − rbgþ gbr − grbþ brg − bgrÞ is

the color singlet wave function of SUcð3Þ, ϕA, χSA;MSA
,

and ΨA;LA;MLA
ðr⃗1; r⃗2Þ are the flavor, spin and spatial wave

functions, respectively.
For bottom baryons in the quark-diquark scheme, we use

the following coordinate system

r⃗ ¼ r⃗1 − r⃗2; ðA11Þ

R⃗ ¼ mDr⃗1 þmbr⃗2
mD þmb

; ðA12Þ
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where R⃗ is the center of mass coordinate, r⃗1 and r⃗2 are the
diquark and bottom quark coordinates; mD and mb are the
diquark and bottom quark masses.
The baryon spatial wave functions in the coordinate

representation are

ΨA;LA;MLA
ðr⃗Þ ¼ 1

ð2πÞ3=2 e
iR⃗·P⃗ψkr;lr;mlr

ðr⃗Þ; ðA13Þ

where ψkr;lr;mlr
ðr⃗Þ are the harmonic oscillator wave func-

tions, which can be written in terms of their radial and
angular parts as

ψkr;lr;mlr
ðr⃗Þ ¼ RkrlrðrÞY

mlr
lr

ðr̂Þ; ðA14Þ

with the radial part given by

Rkrlrðr⃗Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

α3rkr!2lrþkrþ2ffiffiffi
π

p ð2lr þ 2kr þ 1Þ!!

s
e−

1
2
α2rr2ðαrrÞlrLlrþ1

2

kr
ðr2α2rÞ;

ðA15Þ

where La
kðxÞ are the generalized Laguerre polynomials.

We observe that α2r are related to the harmonic oscillator
frequencies, ωr, through mr: α2r ¼ ωrmr. Thus, αr depends
on the harmonic oscillator constant Kb and the diquark and
bottom masses, which are fitted to reproduce the bottom
baryon mass spectra (see Table I).

APPENDIX B: BOTTOM-BARYON FLAVOR
AND SPIN WAVE FUNCTIONS

In the bottom sector, we consider the 3̄F-plet and the
6F-plet representation of the flavor wave functions. In the
following subsections, we give the flavor wave functions of
the singly bottom baryon A (Λb;Ξb;Σb;Ξ0

b;Ωb).

1. 3̄F-plet

ϕΞ−
b
¼ 1ffiffiffi

2
p ðdsb − sdbÞ; ðB1Þ

ϕΞ0
b
¼ 1ffiffiffi

2
p ðusb − subÞ; ðB2Þ

ϕΛ0
b
¼ 1ffiffiffi

2
p ðudb − dubÞ: ðB3Þ

2. 6F-plet

ϕΩ−
b
¼ ssb; ðB4Þ

ϕΞ0−
b
¼ 1ffiffiffi

2
p ðdsbþ sdbÞ; ðB5Þ

ϕΞ00
b
¼ 1ffiffiffi

2
p ðusbþ subÞ; ðB6Þ

ϕΣþ
b
¼ uub; ðB7Þ

ϕΣ−
b
¼ ddb; ðB8Þ

ϕΣ0
b
¼ 1ffiffiffi

2
p ðudbþ dubÞ: ðB9Þ

When we calculate the strong-decay width with a final
state involving a light baryon, the flavor-wave function
follows the convention given in Ref. [102].
The spin wave functions corresponding to the singly

bottom baryons can be constructed by coupling the spins of
the three constituent quarks. They are given by

χρ ¼
1ffiffiffi
2

p ð↑↓↑ − ↓↑↑�Þ; ðB10Þ

χλ ¼
1ffiffiffi
6

p ð2↑↑↓ − ↑↓↑ − ↓↑↑Þ; ðB11Þ

χs ¼ ↑↑↑: ðB12Þ

We observe that the spin function χρ is antisymmetric
under the interchange of the first two quarks; conversely,
both χλ and χs are symmetric under the interchange of the
first two quarks.

APPENDIX C: MESON FLAVOR WAVE
FUNCTIONS

In the following, we give the flavor wave functions of a
C meson used in the calculation of the strong partial
decay width.
In the case of bottom-B mesons, the flavor-wave

functions are the same for the pseudoscalar and vector
states. We use the following:

ϕB0�
s
¼ ϕB0

s
¼ sb̄

ϕB0� ¼ ϕB0 ¼ db̄

ϕB−� ¼ ϕB− ¼ bū:

The convention used in the calculation of the strong-decay
width when the final state has a light meson is found in
Ref. [102].

APPENDIX D: FLAVOR COUPLINGS

In the following subsections, we give the flavor coef-
ficients FA→BC used to calculate the transition amplitudes.
We compute FA→BC ¼ hϕBϕCjϕ0ϕAi where ϕðA;B;CÞ refers
to the initial flavor wave function of a bottom baryon ϕA, a
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final baryon ϕB, and a final meson ϕC, respectively; ϕ45
0 ¼

ðuūþ dd̄þ ss̄Þ= ffiffiffi
3

p
is the flavor singlet-wave function of

SUfð3Þ. In addition, we compute the flavor decay coef-
ficients of the isospin channels, since we assume that the
isospin symmetry holds even though it is slightly broken.
The corresponding charge channels are obtained by multi-
plying our FA→BC by the corresponding Clebsch-Gordan
coefficient in the isospin space, using the convention of the
isospin quantum numbers of the baryon and meson flavor
wave functions found in B and C. For the light baryons, we
use the convention of Ref. [102]. Thus, the flavor charge
channel for a specific projection ðI;MIÞ in the isospin
space is obtained as follows:

FAðIA;MIA
Þ→BðIB;MIB

ÞCðIC;MIC
Þ

¼ hϕB; IB;MIB ;ϕC; IC;MIC jϕ0; 0; 0;ϕA; IA;MIAiF
¼ hIB;MIB ; IC;MIC jIA;MIAiFA→BC; ðD1Þ

where hIB;MIB; IC;MIC jIA;MIAi is a Clebsch-Gordan
coefficient, and the flavor functions ϕi of each baryon
and meson have a specific isospin projection MI .

1. Bottom-baryon and pseudoscalar
meson flavor couplings

We give the squared flavor-coupling coefficients,
F 2

A→BC, when the final states have a pseudoscalar light
meson. Here, A and B are bottom baryons, and the
subindexes 3̄F and 6F refer to the antitriplet and the sextet
baryon multiples. The C is a pseudoscalar meson and the
subindexes 8F and 1F refer to the octet and singlet meson
multiplets, respectively.

(i) A3̄F → B6F þ C8F�Λb

Ξb

�
→

�Ξ0
bK Σbπ

ΣbK Ξ0
bπ Ξ0

bη

�

¼
� 1

6
1
2

1
4

1
8

1
72

�
ðD2Þ

(ii) A3̄F → B6F þ C1F

ðΞbÞ → ðΞ0
bη

0Þ ¼
�
1

9

�
ðD3Þ

(iii) A3̄F → B3̄F þ C8F�Λb

Ξb

�
→

� ΞbK Λbη

ΛbK Ξbπ Ξbη

�

¼
� 1

6
1
18

1
12

1
8

1
72

�
ðD4Þ

(iv) A3̄F → B3̄F þ C1F�Λb

Ξb

�
→

�Λbη
0

Ξbη
0

�
¼

� 1
9

1
9

�
ðD5Þ

(v) A6F → B6F þ C8F0
B@

Ωb

Σb

Ξ0
b

1
CA →

0
B@

Ξ0
bK Ωbη

Ξ0
bK Σbπ Σbη

ΣbK Ξ0
bπ Ξ0

bη

1
CA

¼

0
B@

1
3

2
9

1
6

1
3

1
18

1
4

1
8

1
72

1
CA ðD6Þ

(vi) A6F → B6F þ C1F0
B@

Ωb

Σb

Ξ0
b

1
CA →

0
B@

Ωbη
0

Σbη
0

Ξ0
bη

0

1
CA ¼

0
B@

1
3

1
9

1
9

1
CA ðD7Þ

(vii) A6F → B3̄F þ C8F0
B@

Ωb

Σb

Ξ0
b

1
CA →

0
B@

ΞbK

ΞbK Λbπ

ΛbK Ξbπ Ξbη

1
CA

¼

0
B@

1
3

1
6

1
2

1
12

1
8

1
72

1
CA ðD8Þ

(viii) A6F → B3̄F þ C1F

ðΞ0
bÞ → ðΞbη

0Þ ¼
�
1

9

�
ðD9Þ

2. Bottom-baryon and vector-meson flavor couplings

We give the squared flavor-coupling coefficients,F 2
A→BC

when the final states have a vector-light meson. Here A and
B are bottom baryons, and the subindexes 3̄F and 6F refer to
the antitriplet and the sextet baryon multiplets. The C is a
vector meson and the subindexes 8F and 1F refer to the octet
and singlet meson multiplets, respectively.

(i) A3̄F → B6F þ C8F�Λb

Ξb

�
→

�Ξ0
bK

� Σbρ

ΣbK� Ξ0
bρ Ξ0

bω

�

¼
� 1

6
1
2

1
4

1
8

1
24

�
ðD10Þ
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(ii) A3̄F → B6F þ C1F

ðΞbÞ → ðΞ0
cϕÞ ¼

�
1

12

�
ðD11Þ

(iii) A3̄F → B3̄F þ C8F

�Λb

Ξb

�
→

� ΞbK� Λbω

ΛbK� Ξbρ Ξbω

�

¼
� 1

6
1
6

1
12

1
8

1
24

�
ðD12Þ

(iv) A3̄F → B3̄F þ C1F

�Λb

Ξb

�
→

�Λbϕ

Ξbϕ

�
¼

�
0
1
12

�
ðD13Þ

(v) A6F → B6F þ C8F

0
B@

Ωb

Σb

Ξ0
b

1
CA →

0
B@

Ξ0
bK

�

Ξ0
bK

� Σbρ Σbω

ΣbK� Ξ0
bρ Ξ0

bω

1
CA

¼

0
B@

1
3

1
6

1
3

1
6

1
4

1
8

1
24

1
CA ðD14Þ

(vi) A6F → B6F þ C1F

0
B@

Ωb

Σb

Ξ0
b

1
CA →

0
B@

Ωbϕ

Σbϕ

Ξ0
bϕ

1
CA ¼

0
B@

1
9

0

1
2

1
CA ðD15Þ

(vii) A6F → B3̄F þ C8F

0
B@

Ωb

Σb

Ξ0
b

1
CA →

0
B@

ΞbK�

ΞbK� Λbρ

ΛbK� Ξbρ Ξbω

1
CA

¼

0
B@

1
3

1
6

1
3

1
12

1
8

1
24

1
CA ðD16Þ

(viii) A6F → B3̄F þ C1F

ðΞ0
bÞ → ðΞbϕÞ ¼

�
1

12

�
ðD17Þ

3. Light baryon and bottom-(pseudoscalar/vector)
meson flavor coupling

We give the F 2
A→BC when the final states have a light

baryon and a bottom-(pseudoscalar/vector) meson. Since
the Bmesons form an isospin doublet, both are treated as B
in the tables; whereas the bottom strange are denoted as Bs.
The subindexes 3̄F and 6F refer to the antitriplet and the
sextet baryon multiplets for the initial bottom baryon A,
whereas the final B baryons can have subindexes 8 or 10,
according to whether the final light baryon belongs to the
octet or decuplet baryon multiplet. Additionally, owing to
the symmetry of the wave functions of the octet-light
baryons, we can have only ρ or λ contributions in the final
states, as indicated by a superindex.

(i) A3̄F → B8F þ C�Λb

Ξb

�
→

�
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(iii) A6F → B8F þ C
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APPENDIX E: STRONG PARTIAL
DECAY WIDTHS

The calculated strong partial decay widths,
ΓStrongðA → BCÞ, are shown in Tables XXII–XXVI. The
charge channel decay width for a baryon A with isospin IA
and isospin projection MIA , jA; IA;MIAi, decaying into a
baryon B with isospin IB and isospin projection MIB ,
jB; IB;MIBi, and a meson C with isospin IC and isospin
projection MIC , jC; IC;MICi, can be obtained as follows

ΓMIA
;MIB

;MIC
Strong ðA → BCÞ
¼ hIB;MIB; IC;MIC jIA;MIAi2ΓStrongðA → BCÞ; ðE1Þ

where hIB;MIB; IC;MIC jIA;MIAi is the Clebsch-
Gordan coefficient in the isospin space; the partial
decay width ΓStrongðA → BCÞ can be extracted from
Tables XXII–XXVI.
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APPENDIX F: DECAY PRODUCTS

TABLE XXII. Predicted ΛbðnnbÞ strong partial decay widths (in MeV). The flavor multiplet is denoted by the symbol F . The first
column reports the baryon name with its predicted mass, calculated using the three-quark model Hamiltonian given by Eqs. (1) and (2).
The second column displays JP, the third column shows the three-quark model state, jlλ; lρ; kλ; kρi, where lλ;ρ represent the orbital
angular momenta and kλ;ρ denote the number of nodes of the λ and ρ oscillators. The fourth column presents the spectroscopic notation
2Sþ1LJ. The value of N ¼ nρ þ nλ distinguishes the N ¼ 0, 1, 2 energy bands. Starting from the fifth column, we provide the strong
partial decay widths calculated by means of Eq. (17). Each column corresponds to an open-flavor strong decay channel, and the specific
decay channels are indicated at the top of each column. The masses of the decay products are given in Table XXVII. The values for the
strong decay widths are given in MeV. The decay widths denoted by 0 are either too small to be shown on this scale or forbidden by
phase space, while the decay widths denoted by � � � are forbidden by selection rules. Finally, the last column represents the sum of the
strong partial decay widths over all the decay channels.

F ¼ 3̄F
ΛbðnnbÞ JP jlλ; lρ; kλ; kρi 2Sþ1LJ

Σbπ
MeV

Σ�
bπ

MeV
Λbη
MeV

Σbρ
MeV

Σ�
bρ

MeV
Λbη

0

MeV
Λbω
MeV

ΞbK
MeV

Ξ0
bK

MeV
Ξ�
bK

MeV
ΞbK�

MeV
Ξ0
bK

�

MeV
Ξ�
bK

�

MeV
NB
MeV

ΓStrong

MeV

N ¼ 0

Λbð5613Þ 1
2
þ j0; 0; 0; 0i 2S1=2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

N ¼ 1

Λbð5918Þ 1
2
− j1; 0; 0; 0i 2P1=2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Λbð5924Þ 3
2
− j1; 0; 0; 0i 2P3=2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Λbð6114Þ 1
2
− j0; 1; 0; 0i 2P1=2 9.3 57.5 0 0 0 0 0 0 0 0 0 0 0 0 66.8

Λbð6137Þ 1
2
− j0; 1; 0; 0i 4P1=2 4.2 31.3 0 0 0 0 0 0 0 0 0 0 0 0 35.5

Λbð6121Þ 3
2
− j0; 1; 0; 0i 2P3=2 76.9 7.8 0 0 0 0 0 0 0 0 0 0 0 0 84.7

Λbð6143Þ 3
2
− j0; 1; 0; 0i 4P3=2 4.2 123.6 0 0 0 0 0 0 0 0 0 0 0 0 127.8

Λbð6153Þ 5
2
− j0; 1; 0; 0i 4P5=2 26.4 47.9 0 0 0 0 0 0 0 0 0 0 0 0 74.3

N ¼ 2

Λbð6225Þ 3
2
þ j2; 0; 0; 0i 2D3=2 1.4 8.3 � � � 0 0 0 0 0 0 0 0 0 0 3.3 13.0

Λbð6235Þ 5
2
þ j2; 0; 0; 0i 2D5=2 3.1 1.2 � � � 0 0 0 0 0 0 0 0 0 0 13.2 17.5

Λbð6231Þ 1
2
þ j0; 0; 1; 0i 2S1=2 6.2 11.1 � � � 0 0 0 0 0 0 0 0 0 0 11.5 28.9

Λbð6624Þ 1
2
þ j0; 0; 0; 1i 2S1=2 9.3 24.2 � � � 27.0 2.6 � � � 48.7 � � � 13.0 5.6 0 0 0 � � � 130.5

Λbð6421Þ 3
2
þ j1; 1; 0; 0i 2D3=2 11.4 48.7 1.3 0 0 0 3.2 2.5 0 0 0 0 0 � � � 67.1

Λbð6431Þ 5
2
þ j1; 1; 0; 0i 2D5=2 81.4 8.0 8.3 0 0 0 0.7 9.4 0.3 0 0 0 0 � � � 108.1

Λbð6438Þ 1
2
þ j1; 1; 0; 0i 4D1=2 2.2 23.5 1.1 0 0 0 3.3 4.3 0.1 0 0 0 0 � � � 34.5

Λbð6444Þ 3
2
þ j1; 1; 0; 0i 4D3=2 2.8 75.5 1.2 0 0 0 12.5 2.9 0.1 0 0 0 0 � � � 95.0

Λbð6454Þ 5
2
þ j1; 1; 0; 0i 4D5=2 9.0 95.1 3.7 0 0 0 15.6 4.5 0.1 0 0 0 0 � � � 128.0

Λbð6468Þ 7
2
þ j1; 1; 0; 0i 4D7=2 29.1 59.4 12.1 0 0 0 4.8 16.3 0.7 0 0 0 0 � � � 122.4

Λbð6423Þ 1
2
− j1; 1; 0; 0i 2P1=2 0 0.5 0 0 0 0 0 0 0 0 0 0 0 � � � 0.5

Λbð6429Þ 3
2
− j1; 1; 0; 0i 2P3=2 1.2 0.3 0.1 0 0 0 0 0.1 0 0 0 0 0 � � � 1.7

Λbð6446Þ 1
2
− j1; 1; 0; 0i 4P1=2 0 0.3 0 0 0 0 0 0 0 0 0 0 0 � � � 0.3

Λbð6452Þ 3
2
− j1; 1; 0; 0i 4P3=2 0.1 1.0 0 0 0 0 0.1 0 0 0 0 0 0 � � � 1.2

Λbð6462Þ 5
2
− j1; 1; 0; 0i 4P5=2 0.4 1.3 0.2 0 0 0 0.2 0.2 0 0 0 0 0 � � � 2.3

Λbð6456Þ 3
2
þ j1; 1; 0; 0i 4S3=2 2.3 14.1 1.1 0 0 0 8.2 5.8 0.3 0 0 0 0 � � � 31.8

Λbð6427Þ 1
2
þ j1; 1; 0; 0i 2S1=2 12.2 7.0 1.5 0 0 0 3.5 5.2 0 0 0 0 0 � � � 29.4

Λbð6618Þ 3
2
þ j0; 2; 0; 0i 2D3=2 21.5 53.1 � � � 9.3 0.1 � � � 40.7 � � � 3.1 3.6 0 0 0 � � � 131.4

Λbð6628Þ 5
2
þ j0; 2; 0; 0i 2D5=2 52.9 93.0 � � � 1.0 1.1 � � � 29.2 � � � 7.5 0.5 0 0 0 � � � 185.2

STRONG DECAY WIDTHS AND MASS SPECTRA OF THE 1D, … PHYS. REV. D 110, 114005 (2024)

114005-41



TA
B
L
E
X
X
II
I.

Sa
m
e
as

X
X
II
,
bu
t
fo
r
Ξ b

ðsn
bÞ

st
at
es
.

F
¼

3̄ F
Ξ b

ðsn
bÞ

JP
jl λ
;l

ρ
;k

λ
;k

ρ
i2

Sþ
1
L
J

Λ
b
K

M
eV

Ξ b
π

M
eV

Ξ0 b
π

M
eV

Ξ� b
π

M
eV

Σ b
K

M
eV

Σ� b
K

M
eV

Ξ b
η

M
eV

Λ
b
K

�

M
eV

Ξ b
ρ

M
eV

Ξ0 b
ρ

M
eV

Ξ� b
ρ

M
eV

Σ b
K

�

M
eV

Σ� b
K

�

M
eV

Ξ0 b
η

M
eV

Ξ� b
η

M
eV

Ξ b
η0

M
eV

Ξ0 b
η0

M
eV

Ξ� b
η0

M
eV

Ξ b
ω

M
eV

Ξ0 b
ω

M
eV

Ξ� b
ω

M
eV

Ξ b
ϕ

M
eV

Ξ0 b
ϕ

M
eV

Ξ� b
ϕ

M
eV

Λ
8
B

M
eV

Λ
8
B
�

M
eV

Σ 8
B

M
eV

Λ
� 8
B

M
eV

ΓS
tr
on
g

M
eV

N
¼

0

Ξ b
ð5
8
0
6
Þ1 2þ

j0;
0
;0
;0
i

2 S
1
=2

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0

N
¼

1

Ξ b
ð6
0
7
9
Þ1 2−

j1;
0
;0
;0
i

2 P
1
=2

0
0

0.
2

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0.
2

Ξ b
ð6
0
8
5
Þ3 2−

j1;
0
;0
;0
i

2 P
3
=2

0
0

1.
1

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
1.
1

Ξ b
ð6
2
4
8
Þ1 2−

j0;
1
;0
;0
i

2 P
1
=2

1.
0

0.
4

2.
5

4.
8

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

8.
7

Ξ b
ð6
2
7
1
Þ1 2−

j0;
1
;0
;0
i

4 P
1
=2

1.
1

0.
3

1.
1

3.
5

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

6.
0

Ξ b
ð6
2
5
5
Þ3 2−

j0;
1
;0
;0
i

2 P
3
=2

21
.1

23
.7

20
.5

0.
6

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

65
.9

Ξ b
ð6
2
7
7
Þ3 2−

j0;
1
;0
;0
i

4 P
3
=2

4.
4

5.
0

1.
1

15
.6

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

26
.1

Ξ b
ð6
2
8
7
Þ5 2−

j0;
1
;0
;0
i

4 P
5
=2

26
.9

30
.5

7.
0

4.
1

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

68
.5

N
¼

2

Ξ b
ð6
3
5
4
Þ3 2þ

j2;
0
;0
;0
i

2 D
3
=2

��
�

��
�

0.
3

0.
5

0.
2

0.
8

��
�

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
1.
8

Ξ b
ð6
3
6
4
Þ5 2þ

j2;
0
;0
;0
i

2 D
5
=2

��
�

��
�

0.
8

0.
1

0.
6

0.
1

��
�

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
1.
6

Ξ b
ð6
3
6
0
Þ1 2þ

j0;
0
;1
;0
i

2 S
1
=2

��
�

��
�

1.
7

0.
9

1.
4

1.
4

��
�

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
5.
4

Ξ b
ð6
6
9
9
Þ1 2þ

j0;
0
;0
;1
i

2 S
1
=2

��
�

��
�

7.
2

20
.6

18
.9

41
.8

��
�

34
.8

40
.1

0
0

0
0

1.
4

0.
9

0
0

0
12
.9

0
0

0
0

0
��
�

��
�

��
�

0
17
8.
8

Ξ b
ð6
5
2
4
Þ3 2þ

j1;
1
;0
;0
i

2 D
3
=2

1.
6

2.
1

3.
1

6.
4

7.
7

23
.6

0.
3

1.
0

0
0

0
0

0
0.
1

0
0

0
0

0
0

0
0

0
0

��
�

��
�

��
�

0
45
.9

Ξ b
ð6
5
3
4
Þ5 2þ

j1;
1
;0
;0
i

2 D
5
=2

21
.2

24
.4

19
.3

0.
6

37
.6

2.
3

1.
4

0.
3

0
0

0
0

0
0.
3

0
0

0
0

0
0

0
0

0
0

��
�

��
�

��
�

0
10
7.
4

Ξ b
ð6
5
4
0
Þ1 2þ

j1;
1
;0
;0
i

4 D
1
=2

0.
1

0.
5

0.
9

3.
1

2.
7

11
.1

0.
5

1.
3

0
0

0
0

0
0.
1

0
0

0
0

0
0

0
0

0
0

��
�

��
�

��
�

0
20
.3

Ξ b
ð6
5
4
6
Þ3 2þ

j1;
1
;0
;0
i

4 D
3
=2

1.
6

2.
0

0.
8

12
.2

2.
0

42
.7

0.
3

5.
3

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

��
�

��
�

��
�

0
66
.9

Ξ b
ð6
5
5
6
Þ5 2þ

j1;
1
;0
;0
i

4 D
5
=2

8.
9

10
.2

2.
0

14
.8

4.
0

52
.3

0.
6

7.
3

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

��
�

��
�

��
�

0
10
0.
1

Ξ b
ð6
5
7
0
Þ7 2þ

j1;
1
;0
;0
i

4 D
7
=2

29
.8

34
.2

7.
0

4.
3

14
.4

19
.5

2.
2

2.
2

0
0

0
0

0
0.
2

0
0

0
0

0
0

0
0

0
0

��
�

��
�

��
�

0
11
3.
8

Ξ b
ð6
5
2
6
Þ1 2−

j1;
1
;0
;0
i

2 P
1
=2

0
0

0
0.
1

0
0.
2

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

��
�

��
�

��
�

0
0.
3

Ξ b
ð6
5
3
2
Þ3 2−

j1;
1
;0
;0
i

2 P
3
=2

0.
4

0.
5

0.
3

0
0.
6

0.
1

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

��
�

��
�

��
�

0
1.
9

Ξ b
ð6
5
4
8
Þ1 2−

j1;
1
;0
;0
i

4 P
1
=2

0
0

0
0

0
0.
1

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

��
�

��
�

��
�

0
0.
1

Ξ b
ð6
5
5
4
Þ3 2−

j1;
1
;0
;0
i

4 P
3
=2

0.
1

0.
1

0
0.
1

0
0.
5

0
0.
1

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

��
�

��
�

��
�

0
0.
9

Ξ b
ð6
5
6
4
Þ5 2−

j1;
1
;0
;0
i

4 P
5
=2

0.
5

0.
6

0.
1

0.
2

0.
2

0.
7

0
0.
1

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

��
�

��
�

��
�

0
2.
4

Ξ b
ð6
5
5
8
Þ3 2þ

j1;
1
;0
;0
i

4 S
3
=2

0
0.
3

1.
1

6.
1

3.
3

17
.2

0.
6

4.
0

0
0

0
0

0
0.
1

0
0

0
0

0
0

0
0

0
0

��
�

��
�

��
�

0
32
.7

Ξ b
ð6
5
3
0
Þ1 2þ

j1;
1
;0
;0
i

2 S
1
=2

0.
2

0.
9

4.
8

2.
2

13
.9

7.
0

0.
6

1.
3

0
0

0
0

0
0.
2

0
0

0
0

0
0

0
0

0
0

��
�

��
�

��
�

0
31
.1

Ξ b
ð6
6
9
3
Þ3 2þ

j0;
2
;0
;0
i

2 D
3
=2

��
�

��
�

4.
2

17
.3

9.
1

42
.9

��
�

22
.8

22
.9

0
0

0
0

0.
3

0.
6

0
0

0
7.
3

0
0

0
0

0
��
�

��
�

��
�

0
12
7.
4

Ξ b
ð6
7
0
3
Þ5 2þ

j0;
2
;0
;0
i

2 D
5
=2

��
�

��
�

11
.3

6.
3

24
.9

30
.4

��
�

12
.6

8.
4

0
0

0
0

0.
8

0.
1

0
0

0
2.
6

0
0

0
0

0
��
�

��
�

��
�

0
97
.4

H. GARCÍA-TECOCOATZI et al. PHYS. REV. D 110, 114005 (2024)

114005-42



TA
B
L
E
X
X
IV
.

Pr
ed
ic
te
d
Σ b

ðn
nb

Þs
tr
on
g
pa
rt
ia
l
de
ca
y
w
id
th
s
(i
n
M
eV

).
T
he

fl
av
or

m
ul
tip

le
t
is
de
no
te
d
by

th
e
sy
m
bo
lF

.T
he

fi
rs
t
co
lu
m
n
re
po
rt
s
th
e
ba
ry
on

na
m
e
w
ith

its
pr
ed
ic
te
d
m
as
s,
ca
lc
ul
at
ed

by
us
in
g
th
e
th
re
e-
qu

ar
k
m
od
el
H
am

ilt
on
ia
n
gi
ve
n
in

E
qs
.(
1)

an
d
(2
).
T
he

se
co
nd

co
lu
m
n
di
sp
la
ys

JP
,t
he

th
ir
d
co
lu
m
n
sh
ow

s
th
e
th
re
e-
qu
ar
k
m
od
el

st
at
e,
jl λ
;l

ρ
;k

λ;
k ρ
i,
w
he
re

l λ
;ρ
re
pr
es
en
tt
he

or
bi
ta
la
ng
ul
ar

m
om

en
ta
an
d
k λ

;ρ
de
no
te
th
e
nu
m
be
r
of

no
de
s
of

th
e
λ
an
d
ρ
os
ci
lla
to
rs
.T

he
fo
ur
th

co
lu
m
n
pr
es
en
ts
th
e
sp
ec
tr
os
co
pi
c

no
ta
tio

n
2
Sþ

1
L
J
.T

he
va
lu
e
of

N
¼

n ρ
þ
n λ

di
st
in
gu
is
he
s
th
e
N

¼
0
,1
,2

en
er
gy

ba
nd
s.
St
ar
tin

g
fr
om

th
e
fi
ft
h
co
lu
m
n,
w
e
pr
ov
id
e
th
e
st
ro
ng

pa
rt
ia
ld

ec
ay

w
id
th
s
ca
lc
ul
at
ed

us
in
g

E
q.

(1
7)
.E

ac
h
co
lu
m
n
co
rr
es
po
nd
s
to

an
op
en

fl
av
or

st
ro
ng

de
ca
y
ch
an
ne
l,
an
d
th
e
sp
ec
if
ic

de
ca
y
ch
an
ne
ls
ar
e
in
di
ca
te
d
at

th
e
to
p
of

ea
ch

co
lu
m
n.

T
he

m
as
se
s
of

th
e
de
ca
y

pr
od
uc
ts
ar
e
gi
ve
n
in

Ta
bl
e
X
X
V
II
.T

he
va
lu
es

fo
r
th
e
st
ro
ng

de
ca
y
w
id
th
s
ar
e
gi
ve
n
in

M
eV

.T
he

de
ca
y
w
id
th
s
de
no
te
d
by

0
ar
e
ei
th
er

to
o
sm

al
l
to

be
sh
ow

n
in

th
is
sc
al
e
or

fo
rb
id
de
n
by

ph
as
e
sp
ac
e,
w
hi
le
th
e
de
ca
y
w
id
th
s
de
no
te
d
by

��
�a
re
fo
rb
id
de
n
by

se
le
ct
io
n
ru
le
s.
Fi
na
lly
,t
he

la
st
co
lu
m
n
re
pr
es
en
ts
th
e
su
m
of

th
e
st
ro
ng

pa
rt
ia
ld
ec
ay

w
id
th
s
ov
er

al
l
th
e
de
ca
y
ch
an
ne
ls
.
N

� 1
,
N

� 2
,
N

� 3
,
an
d
N

� 4
re
pr
es
en
t
N
ð1
5
2
0
Þ,
N
ð1
5
3
5
Þ,
N
ð1
6
8
0
Þ,
an
d
N
ð1
7
2
0
Þ,
re
sp
ec
tiv

el
y.

F
¼

6 F
Σ b

ðn
nb

Þ
JP

jl λ
;l

ρ
;k

λ
;k

ρ
i2

Sþ
1
L
J

Σ b
π

M
eV

Σ� b
π

M
eV

Λ
b
π

M
eV

Σ b
η

M
eV

Ξ b
K

M
eV

Σ b
ρ

M
eV

Σ� b
ρ

M
eV

Λ
b
ρ

M
eV

Σ� b
η

M
eV

Σ b
η0

M
eV

Σ� b
η0

M
eV

Ξ0 b
K

M
eV

Ξ� b
K

M
eV

Ξ b
K

�

M
eV

Ξ0 b
K

�

M
eV

Ξ� b
K

�

M
eV

Σ b
ω

M
eV

Σ� b
ω

M
eV

N
B

M
eV

Σ 8
B
s

M
eV

N
B
�

M
eV

Δ
B

M
eV

N
� 1
B

M
eV

N
� 2
B

M
eV

N
� 3
B

M
eV

N
� 4
B

M
eV

ΓS
tr
on
g

M
eV

N
¼

0

Σ b
ð5
8
0
4
Þ1 2þ

j0;
0
;0
;0
i

2 S
1
=2

0
0

3.
9

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
3.
9

Σ b
ð5
8
3
2
Þ3 2þ

j0;
0
;0
;0
i

4 S
3
=2

0
0

10
.0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
10
.0

N
¼

1

Σ b
ð6
1
0
8
Þ1 2−

j1;
0
;0
;0
i

2 P
1
=2

3.
4

20
.1

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

23
.5

Σ b
ð6
1
3
1
Þ1 2−

j1;
0
;0
;0
i

4 P
1
=2

1.
6

11
.1

0.
5

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
13
.2

Σ b
ð6
1
1
4
Þ3 2−

j1;
0
;0
;0
i

2 P
3
=2

27
.2

2.
7

54
.0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
83
.9

Σ b
ð6
1
3
7
Þ3 2−

j1;
0
;0
;0
i

4 P
3
=2

1.
5

44
.1

11
.3

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
56
.9

Σ b
ð6
1
4
7
Þ5 2−

j1;
0
;0
;0
i

4 P
5
=2

9.
4

16
.7

69
.8

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
95
.9

Σ b
ð6
3
0
4
Þ1 2−

j0;
1
;0
;0
i

2 P
1
=2

0.
1

13
4.
1

��
�

0
��
�

0
0

0
0

0
0

0
0

0
0

0
0

0
��
�

0
��
�

0
0

0
0

0
13
4.
2

Σ b
ð6
3
1
1
Þ3 2−

j0;
1
;0
;0
i

2 P
3
=2

67
.1

62
.2

��
�

0
��
�

0
0

0
0

0
0

0
0

0
0

0
0

0
��
�

0
��
�

0
0

0
0

0
12
9.
3

N
¼

2

Σ b
ð6
4
1
5
Þ3 2þ

j2;
0
;0
;0
i

2 D
3
=2

2.
7

4.
2

6.
0

0.
1

0.
6

0
0

1.
0

0.
1

0
0

0
0

0
0

0
0

0
4.
3

0
38
.6

0
0

0
0

0
57
.6

Σ b
ð6
4
2
5
Þ5 2þ

j2;
0
;0
;0
i

2 D
5
=2

7.
3

1.
5

15
.1

0.
3

1.
3

0
0

0.
1

0
0

0
0

0
0

0
0

0
0

11
.0

0
93
.3

0
0

0
0

0
12
9.
9

Σ b
ð6
4
3
1
Þ1 2þ

j2;
0
;0
;0
i

4 D
1
=2

0.
1

6.
7

2.
2

0
0.
5

0
0

2.
3

0.
2

0
0

0
0

0
0

0
0

0
4.
5

0
61
.3

0
0

0
0

0
77
.8

Σ b
ð6
4
3
7
Þ3 2þ

j2;
0
;0
;0
i

4 D
3
=2

0.
7

7.
3

6.
6

0
0.
7

0
0

5.
0

0.
4

0
0

0
0

0
0

0
0

0
18
.7

0
66
.5

0
0

0
0

0
10
5.
9

Σ b
ð6
4
4
8
Þ5 2þ

j2;
0
;0
;0
i

4 D
5
=2

1.
6

6.
6

12
.5

0.
1

1.
2

0
0

4.
1

0.
4

0
0

0
0

0
0

0
0

0
39
.1

0
67
.1

0
0

0
0

0
13
2.
7

Σ b
ð6
4
6
2
Þ7 2þ

j2;
0
;0
;0
i

4 D
7
=2

2.
2

7.
8

18
.5

0.
1

2.
0

0
0

2.
5

0.
2

0
0

0.
1

0
0

0
0

0
0

55
.8

0
56
.0

0
0

0
0

0
14
5.
2

Σ b
ð6
4
2
1
Þ1 2þ

j0;
0
;1
;0
i

2 S
1
=2

8.
5

4.
3

3.
2

0.
6

2.
8

0
0

3.
3

0.
2

0
0

0
0

0
0

0
0

0
7.
9

0
88
.4

0
0

0
0

0
11
9.
2

Σ b
ð6
4
5
0
Þ3 2þ

j0;
0
;1
;0
i

4 S
3
=2

2.
0

10
.5

2.
0

0.
2

3.
4

0
0

8.
6

0.
9

0
0

0.
1

0
0

0
0

0
0

28
.6

0
64
.8

0
0

0
0

0
12
1.
2

Σ b
ð6
8
1
3
Þ1 2þ

j0;
0
;0
;1
i

2 S
1
=2

5.
5

1.
5

81
.7

0.
9

0.
4

35
7.
9

6.
0

1.
3

0.
7

7.
4

1.
8

11
.1

9.
4

36
.4

0
0

18
4.
2

3.
1

��
�

��
�

��
�

��
�

��
�

��
�

0
0

70
9.
8

Σ b
ð6
8
4
2
Þ3 2þ

j0;
0
;0
;1
i

4 S
3
=2

2.
7

8.
7

10
0.
0

0.
1

0
18
.1

49
7.
3

0.
1

0.
9

3.
1

11
.4

2.
1

23
.2

38
.7

0.
8

0
9.
4

25
6.
9

��
�

��
�

��
�

��
�

��
�

��
�

0
0

97
3.
5

Σ b
ð6
6
1
1
Þ3 2þ

j1;
1
;0
;0
i

2 D
3
=2

7.
0

11
7.
8

��
�

1.
3

��
�

9.
0

0.
1

20
9.
2
20
.1

0
0

3.
3

5.
1

0
0

0
3.
3

0
��
�

��
�

��
�

��
�

0
0

0
0

37
6.
2

Σ b
ð6
6
2
1
Þ5 2þ

j1;
1
;0
;0
i

2 D
5
=2

77
.8

77
.0

��
�

8.
3

��
�

1.
7

1.
1

66
.6

2.
9

0
0

14
.6

0.
5

0
0

0
0.
7

0.
4

��
�

��
�

��
�

��
�

0
0

0
0

25
1.
6

Σ b
ð6
6
1
3
Þ1 2−

j1;
1
;0
;0
i

2 P
1
=2

0
2.
2

��
�

0
��
�

0
0

1.
8

0.
2

0
0

0
0

0
0

0
0

0
��
�

��
�

��
�

��
�

0
0

0
0

4.
2

Σ b
ð6
6
1
9
Þ3 2−

j1;
1
;0
;0
i

2 P
3
=2

1.
2

1.
1

��
�

0.
1

��
�

0
0

1.
9

0.
1

0
0

0.
2

0
0

0
0

0
0

��
�

��
�

��
�

��
�

0
0

0
0

4.
6

Σ b
ð6
6
1
7
Þ1 2þ

j1;
1
;0
;0
i

2 S
1
=2

2.
0

1.
5

��
�

1.
5

��
�

9.
0

1.
0

26
.2

3.
5

0
0

6.
1

2.
9

0
0

0
3.
5

0.
3

��
�

��
�

��
�

��
�

0
0

0
0

57
.5

Σ b
ð6
8
0
7
Þ3 2þ

j0;
2
;0
;0
i

2 D
3
=2

49
.8

3.
7

12
0.
5

4.
3

11
.8

21
3.
3

0.
4

2.
2

2.
1

1.
4

1.
2

8.
0

8.
4

13
.6

0
0

10
8.
3

0.
2

��
�

��
�

��
�

��
�

��
�

0
0

0
54
9.
2

Σ b
ð6
8
1
7
Þ5 2þ

j0;
2
;0
;0
i

2 D
5
=2

85
.6

54
.0

16
0.
6
10
.1

25
.4

11
6.
2

1.
4

73
.8

4.
7

3.
6

0.
2

21
.8

2.
4

0.
9

0
0

54
.9

0.
7

��
�

��
�

��
�

��
�

��
�

��
�

0
0

61
6.
3

Σ b
ð6
8
2
4
Þ1 2þ

j0;
2
;0
;0
i

4 D
1
=2

17
.2

15
.6

21
3.
5

0.
7

10
.6

13
.2

67
6.
3

13
.9

5.
0

0.
4

2.
8

0.
2

13
.4

18
.5

0
0

6.
6

34
0.
9

��
�

��
�

��
�

��
�

��
�

��
�

0
0

13
48
.8

Σ b
ð6
8
3
0
Þ3 2þ

j0;
2
;0
;0
i

4 D
3
=2

14
.0

4.
2

13
0.
3

1.
2

13
.5

25
.2

29
1.
0

38
.8

2.
4

0.
6

4.
9

2.
2

15
.4

35
.7

0
0

12
.7

14
8.
4

��
�

��
�

��
�

��
�

��
�

��
�

0
0

74
0.
5

Σ b
ð6
8
4
0
Þ5 2þ

j0;
2
;0
;0
i

4 D
5
=2

13
.6

75
.2

77
.8

2.
0

19
.0

15
.4

29
.5

66
.0

6.
9

1.
0

5.
1

4.
7

13
.4

22
.1

0.
7

0
7.
7

15
.6

��
�

��
�

��
�

��
�

��
�

��
�

0
0

37
5.
7

Σ b
ð6
8
5
4
Þ7 2þ

j0;
2
;0
;0
i

4 D
7
=2

27
.8

17
3.
6
21
1.
6

3.
2

32
.3

32
.3

23
5.
6
26
7.
6
18
.6

1.
9

2.
5

6.
6

14
.1

24
.8

0.
6

0
15
.6

10
9.
8

��
�

��
�

��
�

��
�

��
�

��
�

0
0

11
78
.5

STRONG DECAY WIDTHS AND MASS SPECTRA OF THE 1D, … PHYS. REV. D 110, 114005 (2024)

114005-43



TA
B
L
E
X
X
V
.

Sa
m
e
as

X
X
II
,
bu
t
fo
r
Ξ0 b

ðsn
bÞ

st
at
es
.

F
¼

6 F
Ξ0 b

ðsn
bÞ

JP
jl λ
;l

ρ
;k

λ
;k

ρ
i2

Sþ
1
L
J

Λ
b
K

M
eV

Ξ b
π

M
eV

Ξ0 b
π

M
eV

Ξ� b
π

M
eV

Σ b
K

M
eV

Σ� b
K

M
eV

Ξ b
η

M
eV

Λ
b
K

�

M
eV

Ξ b
ρ

M
eV

Ξ0 b
ρ

M
eV

Ξ� b
ρ

M
eV

Σ b
K

�

M
eV

Σ� b
K

�

M
eV

Ξ0 b
η

M
eV

Ξ� b
η

M
eV

Ξ b
η0

M
eV

Ξ0 b
η0

M
eV

Ξ� b
η0

M
eV

Ξ b
ω

M
eV

Ξ0 b
ω

M
eV

Ξ� b
ω

M
eV

Ξ b
ϕ

M
eV

Ξ0 b
ϕ

M
eV

Ξ� b
ϕ

M
eV

Σ 8
B

M
eV

Ξ 8
B
s

M
eV

Σ 8
B
�

M
eV

Σ 1
0
B

M
eV

ΓS
tr
on
g

M
eV

N
¼

0

Ξ0 b
ð5
9
2
5
Þ1 2þ

j0;
0
;0
;0
i

2 S
1
=2

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0

Ξ0 b
ð5
9
5
3
Þ3 2þ

j0;
0
;0
;0
i

4 S
3
=2

0
0.
2

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0.
2

N
¼

1

Ξ0 b
ð6
1
9
8
Þ1 2−

j1;
0
;0
;0
i

2 P
1
=2

1.
1

0.
5

1.
4

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
3.
0

Ξ0 b
ð6
2
2
0
Þ1 2−

j1;
0
;0
;0
i

4 P
1
=2

1.
8

0.
8

0.
7

0.
4

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

3.
7

Ξ0 b
ð6
2
0
4
Þ3 2−

j1;
0
;0
;0
i

2 P
3
=2

9.
9

11
.2

8.
4

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
29
.5

Ξ0 b
ð6
2
2
6
Þ3 2−

j1;
0
;0
;0
i

4 P
3
=2

2.
1

2.
4

0.
5

2.
6

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

7.
6

Ξ0 b
ð6
2
3
7
Þ5 2−

j1;
0
;0
;0
i

4 P
5
=2

13
.0

14
.6

3.
0

0.
8

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

31
.4

Ξ0 b
ð6
3
6
7
Þ1 2−

j0;
1
;0
;0
i

2 P
1
=2

��
�

��
�

0.
6

44
.8

7.
2

14
4.
0

��
�

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
19
6.
6

Ξ0 b
ð6
3
7
4
Þ3 2−

j0;
1
;0
;0
i

2 P
3
=2

��
�

��
�

22
.8

6.
1

50
.1

18
.2

��
�

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
97
.2

N
¼

2

Ξ0 b
ð6
4
7
3
Þ3 2þ

j2;
0
;0
;0
i

2 D
3
=2

0.
8

0.
9

0.
8

0.
7

1.
6

2.
4

0.
1

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
1.
6

0
4.
8

0
13
.7

Ξ0 b
ð6
4
8
3
Þ5 2þ

j2;
0
;0
;0
i

2 D
5
=2

2.
2

2.
5

2.
0

0.
1

3.
6

0.
4

0.
1

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
3.
6

0
15
.7

0
30
.2

Ξ0 b
ð6
4
8
9
Þ1 2þ

j2;
0
;0
;0
i

4 D
1
=2

0
0

0.
1

1.
0

0.
3

3.
6

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

6.
2

0
13
.5

0
24
.7

Ξ0 b
ð6
4
9
5
Þ3 2þ

j2;
0
;0
;0
i

4 D
3
=2

0.
9

1.
0

0.
2

1.
4

0.
5

5.
1

0.
1

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
8.
5

0
17
.7

0
35
.4

Ξ0 b
ð6
5
0
6
Þ5 2þ

j2;
0
;0
;0
i

4 D
5
=2

1.
9

2.
2

0.
4

1.
3

0.
8

4.
5

0.
1

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
14
.2

0
20
.9

0
46
.3

Ξ0 b
ð6
5
2
0
Þ7 2þ

j2;
0
;0
;0
i

4 D
7
=2

2.
6

3.
0

0.
6

0.
6

1.
3

2.
4

0.
2

0.
1

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

24
.6

0
11
.4

0
46
.8

Ξ0 b
ð6
4
7
9
Þ1 2þ

j0;
0
;1
;0
i

2 S
1
=2

2.
1

2.
8

3.
7

0.
9

7.
8

3.
5

0.
3

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
5.
0

0
21
.2

0
47
.4

Ξ0 b
ð6
5
0
8
Þ3 2þ

j0;
0
;1
;0
i

4 S
3
=2

1.
8

2.
6

0.
9

2.
9

2.
2

10
.2

0.
3

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
0

0
26
.2

0
31
.7

0
79

Ξ0 b
ð6
8
1
8
Þ1 2þ

j0;
0
;0
;1
i

2 S
1
=2

1.
9

0.
2

3.
0

5.
4

7.
4

5.
1

0.
4

12
.7

29
.7

13
3.
6

0
33
1.
3

4.
5

1.
7

0.
9

8.
5

0
0

10
.1

42
.3

0
0.
1

0
0

��
�

��
�

��
�

��
�

59
9

Ξ0 b
ð6
8
4
7
Þ3 2þ

j0;
0
;0
;1
i

4 S
3
=2

3.
4

0.
9

0.
4

11
.7

1.
0

7.
8

0.
2

9.
0

26
.5

9.
4

0
22
.2

50
4.
4

0.
4

2.
4

12
.2

0
0

9.
1

3.
1

0
5.
8

0
0

��
�

��
�

��
�

��
�

63
0.
2

Ξ0 b
ð6
6
4
2
Þ3 2þ

j1;
1
;0
;0
i

2 D
3
=2

��
�

��
�

2.
1

35
.8

5.
4

11
3.
8

��
�

43
.4

25
.7

0
0

0
0

0.
3

0.
2

0
0

0
7.
5

0
0

0
0

0
��
�

0
��
�

0
23
4.
2

Ξ0 b
ð6
6
5
3
Þ5 2þ

j1;
1
;0
;0
i

2 D
5
=2

��
�

��
�

22
.9

4.
4

49
.4

21
.7

��
�

9.
1

5.
3

0
0

0
0

1.
2

0
0

0
0

1.
6

0
0

0
0

0
��
�

0
��
�

0
11
5.
6

Ξ0 b
ð6
6
4
4
Þ1 2−

j1;
1
;0
;0
i

2 P
1
=2

��
�

��
�

0
0.
4

0
1.
6

��
�

0.
3

0.
2

0
0

0
0

0
0

0
0

0
0.
1

0
0

0
0

0
��
�

0
��
�

0
2.
6

Ξ0 b
ð6
6
5
1
Þ3 2−

j1;
1
;0
;0
i

2 P
3
=2

��
�

��
�

0.
4

0.
2

0.
9

0.
8

��
�

0.
4

0.
2

0
0

0
0

0
0

0
0

0
0.
1

0
0

0
0

0
��
�

0
��
�

0
3.
0

Ξ0 b
ð6
6
4
9
Þ1 2þ

j1;
1
;0
;0
i

2 S
1
=2

��
�

��
�

1.
3

7.
7

4.
9

12
.6

��
�

14
.5

13
.2

0
0

0
0

0.
6

0.
1

0
0

0
4.
0

0
0

0
0

0
��
�

0
��
�

0
58
.9

Ξ0 b
ð6
8
1
2
Þ3 2þ

j0;
2
;0
;0
i

2 D
3
=2

13
.5

13
.7

9.
3

5.
9

20
.4

10
.0

0.
8

4.
1

10
.0

57
.7

0
14
5.
2

0.
1

0.
6

0.
7

1.
5

0
0

3.
4

18
.1

0
0

0
0

��
�

��
�

��
�

��
�

31
5.
0

Ξ0 b
ð6
8
2
2
Þ5 2þ

j0;
2
;0
;0
i

2 D
5
=2

22
.0

24
.8

21
.8

5.
0

48
.6

23
.0

2.
0

6.
9

2.
8

11
.1

0
29
.8

1.
0

1.
7

0.
1

3.
7

0
0

0.
9

3.
4

0
0.
1

0
0

��
�

��
�

��
�

��
�

20
8.
7

Ξ0 b
ð6
8
2
8
Þ1 2þ

j0;
2
;0
;0
i

4 D
1
=2

20
.2

17
.4

1.
5

11
.0

3.
1

23
.6

0.
4

9.
1

15
.7

3.
5

0
8.
7

40
4.
9

0
1.
0

1.
6

0
0

5.
3

1.
1

0
1.
1

0
0

��
�

��
�

��
�

��
�

52
9.
2

Ξ0 b
ð6
8
3
4
Þ3 2þ

j0;
2
;0
;0
i

4 D
3
=2

15
.2

15
.4

2.
6

8.
7

5.
8

11
.3

0.
9

18
.5

30
.4

6.
9

0
17
.0

21
2.
1

0.
2

1.
3

2.
2

0
0

10
.2

2.
2

0
2.
7

0
0

��
�

��
�

��
�

��
�

36
3.
6

Ξ0 b
ð6
8
4
5
Þ5 2þ

j0;
2
;0
;0
i

4 D
5
=2

13
.2

16
.4

4.
3

10
.7

9.
6

33
.0

1.
6

13
.8

18
.5

4.
5

0
10
.9

41
.8

0.
4

1.
1

3.
8

0
0

6.
2

1.
4

0
2.
6

0
0

��
�

��
�

��
�

��
�

19
3.
8

Ξ0 b
ð6
8
5
9
Þ7 2þ

j0;
2
;0
;0
i

4 D
7
=2

28
.8

32
.0

6.
7

22
.3

15
.1

89
.3

2.
5

46
.1

38
.1

3.
7

0.
2

10
.2

31
.2

0.
5

0.
8

6.
7

0
0

12
.3

1.
1

0
1.
8

0
0

��
�

��
�

��
�

��
�

34
9.
4

H. GARCÍA-TECOCOATZI et al. PHYS. REV. D 110, 114005 (2024)

114005-44



TABLE XXVI. Same as XXII, but for ΩbðsnbÞ states.
F ¼ 6F
ΩbðssbÞ JP jlλ; lρ; kλ; kρi 2Sþ1LJ

ΞbK
MeV

Ξ0
bK

MeV
Ξ�
bK

MeV
ΞbK�
MeV

Ξ0
bK

�

MeV
Ξ�
bK

�

MeV
Ωbη
MeV

Ω�
bη

MeV
Ωbϕ
MeV

Ω�
bϕ

MeV
Ωbη

0
MeV

Ω�
bη

0

MeV
Ξ8B
MeV

Ξ10B
MeV

ΓStrong

MeV

N ¼ 0
Ωbð6064Þ 1

2
þ j0; 0; 0; 0i 2S1=2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Ωbð6093Þ 3
2
þ j0; 0; 0; 0i 4S3=2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

N ¼ 1
Ωbð6315Þ 1

2
− j1; 0; 0; 0i 2P1=2 4.6 0 0 0 0 0 0 0 0 0 0 0 0 0 4.6

Ωbð6337Þ 1
2
− j1; 0; 0; 0i 4P1=2 10.7 0 0 0 0 0 0 0 0 0 0 0 0 0 10.7

Ωbð6321Þ 3
2
− j1; 0; 0; 0i 2P3=2 24.0 0 0 0 0 0 0 0 0 0 0 0 0 0 24.0

Ωbð6343Þ 3
2
− j1; 0; 0; 0i 4P3=2 6.3 0 0 0 0 0 0 0 0 0 0 0 0 0 6.3

Ωbð6353Þ 5
2
− j1; 0; 0; 0i 4P5=2 40.5 0 0 0 0 0 0 0 0 0 0 0 0 0 40.5

Ωbð6465Þ 1
2
− j0; 1; 0; 0i 2P1=2 � � � 9.8 0 0 0 0 0 0 0 0 0 0 0 0 9.8

Ωbð6471Þ 3
2
− j0; 1; 0; 0i 2P3=2 � � � 53.5 0 0 0 0 0 0 0 0 0 0 0 0 53.5

N ¼ 2
Ωbð6568Þ 3

2
þ j2; 0; 0; 0i 2D3=2 2.4 1.6 0 0 0 0 0 0 0 0 0 0 0 0 4.0

Ωbð6578Þ 5
2
þ j2; 0; 0; 0i 2D5=2 6.2 3.5 0 0 0 0 0 0 0 0 0 0 0 0 9.7

Ωbð6584Þ 1
2
þ j2; 0; 0; 0i 4D1=2 0.5 0.3 0.1 0 0 0 0 0 0 0 0 0 0 0 0.9

Ωbð6590Þ 3
2
þ j2; 0; 0; 0i 4D3=2 2.6 0.5 0.3 0 0 0 0 0 0 0 0 0 0 0 3.4

Ωbð6600Þ 5
2
þ j2; 0; 0; 0i 4D5=2 5.5 0.8 0.4 0 0 0 0 0 0 0 0 0 1.0 0 7.7

Ωbð6614Þ 7
2
þ j2; 0; 0; 0i 4D7=2 7.7 1.3 0.2 0 0 0 0.1 0 0 0 0 0 8.2 0 17.5

Ωbð6574Þ 1
2
þ j0; 0; 1; 0i 2S1=2 11.3 8.9 0 0 0 0 0 0 0 0 0 0 0 0 20.3

Ωbð6602Þ 3
2
þ j0; 0; 1; 0i 4S3=2 11.4 2.7 1.2 0 0 0 0 0 0 0 0 0 1.44 0 16.8

Ωbð6874Þ 1
2
þ j0; 0; 0; 1i 2S1=2 5.2 36.1 27.1 107.6 166.8 0 37.5 17.9 0 0 0 0 � � � � � � 398.3

Ωbð6902Þ 3
2
þ j0; 0; 0; 1i 4S3=2 2.2 7.4 66.5 107.1 18.2 0 9.2 46.6 0 0 0 0 � � � � � � 257.3

Ωbð6718Þ 3
2
þ j1; 1; 0; 0i 2D3=2 � � � 8.5 61.6 22.3 0 0 3.7 19.8 0 0 0 0 � � � 0 115.9

Ωbð6728Þ 5
2
þ j1; 1; 0; 0i 2D5=2 � � � 55.3 5.4 6.0 0 0 13.8 1.8 0 0 0 0 � � � 0 82.3

Ωbð6720Þ 1
2
− j1; 1; 0; 0i 2P1=2 � � � 0 0.7 0.2 0 0 0 0.2 0 0 0 0 � � � 0 1.1

Ωbð6726Þ 3
2
− j1; 1; 0; 0i 2P3=2 � � � 1.1 0.4 0.2 0 0 0.2 0.1 0 0 0 0 � � � 0 2.0

Ωbð6724Þ 1
2
þ j1; 1; 0; 0i 2S1=2 � � � 13.7 24.7 16.0 0 0 8.2 9.9 0 0 0 0 � � � 0 72.5

Ωbð6868Þ 3
2
þ j0; 2; 0; 0i 2D3=2 27.3 19.1 20.1 33.1 59.4 0 8.5 12.4 0 0 0 0 � � � � � � 179.9

Ωbð6878Þ 5
2
þ j0; 2; 0; 0i 2D5=2 58.4 51.2 6.8 3.1 12.1 0 22.0 3.0 0 0 0 0 � � � � � � 156.6

Ωbð6884Þ 1
2
þ j0; 2; 0; 0i 4D1=2 23.1 0.6 32.1 46.2 4.7 0 0.3 19.1 0 0 0 0 � � � � � � 126.1

Ωbð6890Þ 3
2
þ j0; 2; 0; 0i 4D3=2 30.7 5.2 35.2 88.4 9.8 0 2.3 23.4 0 0 0 0 � � � � � � 195.0

Ωbð6900Þ 5
2
þ j0; 2; 0; 0i 4D5=2 44.2 11.0 31.1 53.0 7.4 0 4.9 19.9 0 0 0 0 � � � � � � 171.5

Ωbð6914Þ 7
2
þ j0; 2; 0; 0i 4D7=2 74.1 15.6 37.0 74.7 4.6 0 6.8 17.7 0 0 0 0 � � � � � � 230.5
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APPENDIX G: ELECTROMAGNETIC
TRANSITION AMPLITUDES

In the nonrelativistic approximation, the transition
operator describing an electromagnetic decay is given by
the following electromagnetic Hamiltonian, as shown in
Sec. IV:

Hem ¼ 2

ffiffiffi
π

k

r X3
j¼1

μj

�
ksj;−Ûj −

1

2
T̂j;−

�
; ðG1Þ

where Ûj ¼ e−ik⃗·r⃗j and T̂j;− ¼ pj;−Ûj þ Ûjpj;−.

1. Evaluation of the T̂j; − matrix elements

The matrix elements of the tensor operators, T̂j;−, can be
expressed as a sum of the matrix elements of the Ûj

operators, as we will show in the following.
In order to achieve it, we have to calculate the action of

the pρ;� and pλ;� ladder operators on the states. In the
following subsection, we will calculate the action of these
two operators.

2. Ladder operators

In coordinate representation, the pj;� ladder operators of
the jth quark are

hr⃗0jpj;�jr⃗i ¼ hr⃗0jpj;x � ipj;yjr⃗i

¼
�
−i

∂

∂x
� i

�
−i

∂

∂y

��
j
δ3ðr⃗0 − r⃗Þ

¼ −i
�
∂

∂x
� i

∂

∂y

�
j
δ3ðr⃗0 − r⃗Þ; ðG2Þ

which can be written in spherical coordinates as

hr⃗0jpj;�jr⃗i ¼
�
−i

e−iφ cos θ
r

∂

∂θ
� e−iφ

r sin θ
∂

∂φ
− ie−iφ sin θ

∂

∂r

�
j
δ3ðr⃗0 − r⃗Þ: ðG3Þ

The previous equation imply for the pρ;� and pλ;� ladder operators

hρ⃗0jpρ;�jρ⃗i ¼
�
−i

e−iφ cos θ
ρ

∂

∂θ
� e−iφ

ρ sin θ
∂

∂φ
− ie−iφ sin θ

∂

∂ρ

�
δ3ðρ⃗0 − ρ⃗Þ; ðG4Þ

hλ⃗0jpλ;�jλ⃗i ¼
�
−i

e−iφ cos θ
λ

∂

∂θ
� e−iφ

λ sin θ
∂

∂φ
− ie−iφ sin θ

∂

∂λ

�
δ3ðλ⃗0 − λ⃗Þ: ðG5Þ

TABLE XXVII. Masses as from PDG [1] of the final baryon
and meson states used in the calculation of the decay widths.

Mass in GeV

mπ 0.13725� 0.00295
mK 0.49564� 0.00279
mη 0.54786� 0.00002
mη0 0.95778� 0.00006
mρ 0.77518� 0.00045
mK� 0.89555� 0.00100
mω 0.78266� 0.00002
mϕ 1.01946� 0.00002
mB 5.27966� 0.00012
mBs

5.36692� 0.00010
mB� 5.32471� 0.00021
mN 0.93891� 0.00091
mNð1520Þ 1.51500� 0.00500
mNð1535Þ 1.53000� 0.01500
mNð1680Þ 1.68500� 0.00500
mNð1720Þ 1.72000� 0.03500
mΔ 1.23200� 0.00200
mΛ 1.11568� 0.00001
mΛð1520Þ 1.51900� 0.00010
mΞ8

1.31820� 0.00360
mΞ10

1.53370� 0.00250
mΣ8

1.11932� 0.00340
mΣ10

1.38460� 0.00460
mΛb

5.61960� 0.00010
mΞb

5.79700� 0.00060
mΞ0

b
5.93502� 0.00005

mΞ�
b

6.07800� 0.00006
mΣb

5.81056� 0.00025
mΣ�

b
5.83032� 0.00030

mΩb
6.04520� 0.00120

mΩ�
b

6.09300� 0.00060
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As an example, we evaluate the action of the pρ operators on the ground state hρ⃗; λ⃗jpρ;�j0; 0; 0; 0; 0; 0i as follows

hρ⃗; λ⃗jpρ;�j0; 0; 0; 0; 0; 0i ¼
Z

d3ρ⃗0d3λ⃗0hρ⃗; λ⃗jpρ;�jρ⃗0; λ⃗0ihρ⃗0; λ⃗0j0; 0; 0; 0; 0; 0i

¼
�
−i

e−iφ cos θ
ρ

∂

∂θ
� e−iφ

ρ sin θ
∂

∂φ
− ie−iφ sin θ

∂

∂ρ

�
1

33=4

�
ωρmρ

π

�3
4

�
ωλmλ

π

�3
4

exp

�
−
ωρmρρ⃗

2

2
−
ωλmλλ⃗

2

2

�

¼ ∓iðωρmρÞ1=2ψ0;1;�1;0;0;0ðρ⃗; λ⃗Þ; ðG6Þ

where, in the second line, we use the fact that the pρ;� operators are diagonal in coordinate space, i.e.

hρ⃗; λ⃗jpρ;�jρ⃗0; λ⃗0i ¼
�
−i

e−iφ cos θ
ρ

∂

∂θ
� e−iφ

ρ sin θ
∂

∂φ
− ie−iφ sin θ

∂

∂ρ

�
δ3ðρ⃗ − ρ⃗0Þδ3ðλ⃗ − λ⃗0Þ: ðG7Þ

We have a similar expression for pλ. The results for the other cases are reported below.

hρ⃗; λ⃗jpλ;�j0; 0; 0; 0; 0; 0i ¼ ∓iðωλmλÞ1=2ψ0;0;0;0;1;�1ðρ⃗; λ⃗Þ; ðG8Þ

hρ⃗; λ⃗jpρ;�j0; 0; 0; 0; 0; 0i ¼ ∓iðωρmρÞ1=2ψ0;1;�1;0;0;0ðρ⃗; λ⃗Þ; ðG9Þ

hρ⃗; λ⃗jpλ;�j0; 1; mlρ ; 0; 0; 0i ¼ ∓iðωλmλÞ1=2ψ0;1;mlρ ;0;1;�1ðρ⃗; λ⃗Þ; ðG10Þ

hρ⃗; λ⃗jpρ;�j0; 0; 0; 0; 1; mlλi ¼ ∓iðωρmρÞ1=2ψ0;1;�1;0;1;mlλ
ðρ⃗; λ⃗Þ; ðG11Þ

hρ⃗; λ⃗jpρ;−j0; 1; 1; 0; 0; 0i ¼
iðωρmρÞ1=2ffiffiffi

3
p ψ0;2;0;0;0;0ðρ⃗; λ⃗Þ

þiðωρmρÞ1=2ψ0;0;0;0;0;0ðρ⃗; λ⃗Þ þ i

ffiffiffi
2

3

r
ðωρmρÞ1=2ψ1;0;0;0;0;0ðρ⃗; λ⃗Þ; ðG12Þ

hρ⃗; λ⃗jpρ;−j0; 1;−1; 0; 0; 0i ¼ i
ffiffiffi
2

p
ðωρmρÞ1=2ψ0;2;−2;0;0;0ðρ⃗; λ⃗Þ; ðG13Þ

hρ⃗; λ⃗jpρ;−j0; 1; 0; 0; 0; 0i ¼ iðωρmρÞ1=2ψ0;2;−1;0;0;0ðρ⃗; λ⃗Þ; ðG14Þ

hρ⃗; λ⃗jpλ;−j0; 0; 0; 0; 1; 1i ¼
iðωλmλÞ1=2ffiffiffi

3
p ψ0;0;0;0;2;0ðρ⃗; λ⃗Þ

þiðωλmλÞ1=2ψ0;0;0;0;0;0ðρ⃗; λ⃗Þ þ i

ffiffiffi
2

3

r
ðωλmλÞ1=2ψ0;0;0;1;0;0ðρ⃗; λ⃗Þ; ðG15Þ

hρ⃗; λ⃗jpλ;−j0; 0; 0; 0; 1;−1i ¼ i
ffiffiffi
2

p
ðωλmλÞ1=2ψ0;0;0;0;2;−2ðρ⃗; λ⃗Þ; ðG16Þ

hρ⃗; λ⃗jpλ;−j0; 0; 0; 0; 1; 0i ¼ iðωλmλÞ1=2ψ0;0;0;0;2;−1ðρ⃗; λ⃗Þ: ðG17Þ

3. Matrix elements of T̂j;− operators

We apply the previous formulas to evaluate the matrix elements of the T̂1;−, T̂2;−, and T̂3;− operators in the harmonic
oscillator basis. We begin by evaluating the matrix elements for the ρ states. For the operator T̂1;− we obtain
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h0; 0; 0; 0; 0; 0jT̂1;−j0; 1; mlρ; 0; 0; 0i ¼
ffiffiffi
1

2

r
h0; 0; 0; 0; 0; 0jpρ;−Û1 þ Û1pρ;−j0; 1; 1; 0; 0; 0i

þ
ffiffiffi
1

6

r
h0; 0; 0; 0; 0; 0jpλ;−Û1 þ Û1pλ;−j0; 1; 1; 0; 0; 0i

¼
ffiffiffi
1

2

r
iðωρmρÞ1=2½h0; 1; 1; 0; 0; 0jÛ1j0; 1; 1; 0; 0; 0i

þ
ffiffiffi
1

3

r
h0; 0; 0; 0; 0; 0jÛ1j0; 2; 0; 0; 0; 0i þ h0; 0; 0; 0; 0; 0jÛ1j0; 0; 0; 0; 0; 0i

þ
ffiffiffi
2

3

r
h0; 0; 0; 0; 0; 0jÛ1j1; 0; 0; 0; 0; 0i� þ

ffiffiffi
1

6

r
iðωλmλÞ1=2

× ½h0; 0; 0; 0; 1; 1jÛ1j0; 1; 1; 0; 0; 0i þ h0; 0; 0; 0; 0; 0jÛ1j0; 1; 1; 0; 1;−1i�

¼ i
ffiffiffi
2

p
ðωρmρÞ1=2 exp

�
−k2

8

�
1

ωρmρ
þ 3m2

b

ωλmλð2mρ þmbÞ2
��

δmlρ ;1
: ðG18Þ

For T̂2;− we obtain

h0; 0; 0; 0; 0; 0jT̂2;−j0; 1; mlρ; 0; 0; 0i ¼ −
ffiffiffi
1

2

r
h0; 0; 0; 0; 0; 0jpρ;−Û2 þ Û2pρ;−j0; 1; 1; 0; 0; 0i

þ
ffiffiffi
1

6

r
h0; 0; 0; 0; 0; 0jpλ;−Û2 þ Û2pλ;−j0; 1; 1; 0; 0; 0i

¼ −
ffiffiffi
1

2

r
iðωρmρÞ1=2½h0; 1; 1; 0; 0; 0jÛ2j0; 1; 1; 0; 0; 0i

þ
ffiffiffi
1

3

r
h0; 0; 0; 0; 0; 0jÛ2j0; 2; 0; 0; 0; 0i þ h0; 0; 0; 0; 0; 0jÛ2j0; 0; 0; 0; 0; 0i

þ
ffiffiffi
2

3

r
h0; 0; 0; 0; 0; 0jÛ2j1; 0; 0; 0; 0; 0i� þ

ffiffiffi
1

6

r
iðωλmλÞ1=2

× ½h0; 0; 0; 0; 1; 1jÛ2j0; 1; 1; 0; 0; 0i þ h0; 0; 0; 0; 0; 0jÛ2j0; 1; 1; 0; 1;−1i�

¼ −i
ffiffiffi
2

p
ðωρmρÞ1=2 exp

�
−k2

8

�
1

ωρmρ
þ 3m2

b

ωλmλð2mρ þmbÞ2
��

δmlρ ;1
: ðG19Þ

Finally, for T̂3;− we obtain

h0; 0; 0; 0; 0; 0jT̂3;−j0; 1; mlρ; 0; 0; 0i ¼ −
ffiffiffi
2

3

r
h0; 0; 0; 0; 0; 0jpλ;−Û3 þ Û3pλ;−j0; 1; 1; 0; 0; 0i

¼ −
ffiffiffi
2

3

r
½iðωλmλÞ1=2h0; 0; 0; 0; 1; 1jÛ3j0; 1; 1; 0; 0; 0i

þ iðωλmλÞ1=2h0; 0; 0; 0; 0; 0jÛ3j0; 1; 1; 0; 1;−1i�
¼ 0: ðG20Þ
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Analog computations are performed for the λ states. For T̂1;− we obtain

h0; 0; 0; 0; 0; 0jT̂1;−j0; 0; 0; 0; 1; mlλi ¼
ffiffiffi
1

6

r
h0; 0; 0; 0; 0; 0jpλ;−Û1 þ Û1pλ;−j0; 0; 0; 0; 1; 1i

þ
ffiffiffi
1

2

r
h0; 0; 0; 0; 0; 0jpρ;−Û1 þ Û1pρ;−j0; 0; 0; 0; 1; 1i

¼
ffiffiffi
1

6

r
iðωλmλÞ1=2½h0; 0; 0; 0; 1; 1jÛ1j0; 0; 0; 0; 1; 1i

þ
ffiffiffi
1

3

r
h0; 0; 0; 0; 0; 0jÛ1j0; 0; 0; 0; 2; 0i þ h0; 0; 0; 0; 0; 0jÛ1j0; 0; 0; 0; 0; 0i

þ
ffiffiffi
2

3

r
h0; 0; 0; 0; 0; 0jÛ1j0; 0; 0; 1; 0; 0i� þ

ffiffiffi
1

2

r
iðωρmρÞ1=2

× ½h0; 1; 1; 0; 0; 0jÛ1j0; 0; 0; 0; 1; 1i þ h0; 0; 0; 0; 0; 0jÛ1j0; 1;−1; 0; 1; 1i�

¼ i

ffiffiffi
2

3

r
ðωλmλÞ1=2 exp

�
−k2

8

�
1

ωρmρ
þ 3m2

b

ωλmλð2mρ þmbÞ2
��

δmlλ
;1: ðG21Þ

Next, for T̂2;− we obtain

h0; 0; 0; 0; 0; 0jT̂2;−j0; 0; 0; 0; 1; mlλi ¼
ffiffiffi
1

6

r
h0; 0; 0; 0; 0; 0jpλ;−Û2 þ Û2pλ;−j0; 0; 0; 0; 1; 1i

−
ffiffiffi
1

2

r
h0; 0; 0; 0; 0; 0jpρ;−Û2 þ Û2pρ;−j0; 0; 0; 0; 1; 1i

¼
ffiffiffi
1

6

r
iðωλmλÞ1=2½h0; 0; 0; 0; 1; 1jÛ2j0; 0; 0; 0; 1; 1i

þ
ffiffiffi
1

3

r
h0; 0; 0; 0; 0; 0jÛ2j0; 0; 0; 0; 2; 0i þ h0; 0; 0; 0; 0; 0jÛ2j0; 0; 0; 0; 0; 0i

þ
ffiffiffi
2

3

r
h0; 0; 0; 0; 0; 0jÛ2j0; 0; 0; 1; 0; 0i� −

ffiffiffi
1

2

r
iðωρmρÞ1=2

× ½h0; 1; 1; 0; 0; 0jÛ2j0; 0; 0; 0; 1; 1i þ h0; 0; 0; 0; 0; 0jÛ2j0; 1;−1; 0; 1; 1i�

¼ i

ffiffiffi
2

3

r
ðωλmλÞ1=2 exp

�
−k2

8

�
1

ωρmρ
þ 3m2

b

ωλmλð2mρ þmbÞ2
��

δmlλ
;1: ðG22Þ

Finally, for T̂3;− we obtain

h0; 0; 0; 0; 0; 0jT̂3;−j0; 0; 0; 0; 1; mlλi ¼ −
ffiffiffi
2

3

r
h0; 0; 0; 0; 0; 0jpλ;−Û3 þ Û3pλ;−j0; 0; 0; 0; 1; 1i

¼ −
ffiffiffi
2

3

r
iðωλmλÞ1=2½h0; 0; 0; 0; 1; 1jÛ3j0; 0; 0; 0; 1; 1i

þ 1ffiffiffi
3

p h0; 0; 0; 0; 0; 0jÛ3j0; 0; 0; 0; 2; 0i þ h0; 0; 0; 0; 0; 0jÛ3j0; 0; 0; 0; 0; 0i

þ
ffiffiffi
2

3

r
h0; 0; 0; 0; 0; 0jÛ3j0; 0; 0; 1; 0; 0i�

¼ −2i
ffiffiffi
2

3

r
ðωλmλÞ1=2 exp

�
−3k2m2

ρ

2ωλmλð2mρ þmbÞ2
�
δmlλ

;1: ðG23Þ
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