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“The scientist finds his rewards in what Henri Poincaré calls the joy of comprehension, and not in the

possibilities of application to which any discovery may lead.”

Albert Einstein
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Abstract

The objective of this research is to investigate the properties of singly heavy baryons within

the framework of the constituent quark model. This study focuses on calculating the mass

spectra and the strong and electromagnetic decay widths for singly bottom baryons, as well as

the electromagnetic decay widths for singly charmed baryons. The mass spectra are computed

using a quark model, while the 3P0 model is employed to analyze the open-flavor strong de-

cay channels of singly bottom baryons. The electromagnetic decay widths for singly bottom

baryons are calculated up to the second shell states using the Hamiltonian of electromagnetic

interactions in the nonrelativistic approximation. For singly charmed baryons, the electromag-

netic decay widths are specifically determined for the Ξc P-wave states. A novel method is

introduced for the calculation of electromagnetic decay widths. This innovative approach en-

ables the completely analytical evaluation of transition amplitudes without introducing any

additional approximations used in previous articles in the heavy baryon sector. Notably, this

work represents the first theoretical study of the electromagnetic decays of Dρ-wave states, ρλ

mixed states, and radially excited ρ and λ states.

Resumen
El objetivo de esta investigación es estudiar las propiedades de los bariones con un solo quark

pesado dentro del marco del modelo de quarks constituyentes. Este estudio se centra en el cál-

culo de los espectros de masa y de las anchuras de decaimiento fuerte y electromagnético para

los bariones con un quark bottom, así como en las anchuras de decaimiento electromagnético

para los bariones con un quark charm. Los espectros de masa se calculan utilizando un modelo

de quarks, mientras que para analizar los canales de sabor abierto en la desintegración fuerte

de los bariones con un quark bottom se emplea el modelo 3P0. Las anchuras de decaimiento

electromagnético para los bariones con un quark bottom se calculan desde los estados bases

hasta los estados de la segunda banda de energía utilizando el Hamiltoniano de las interac-

ciones electromagnéticas en la aproximación no relativista. Para los bariones con un quark

charm, las anchuras de decaimiento electromagnético se determinan específicamente para los

estados P-wave del Ξc.

Se introduce un método novedoso para el cálculo de las anchuras de decaimiento electromag-

nético. Este innovador enfoque permite la evaluación completamente analítica de las ampli-

tudes de transición sin necesidad de introducir aproximaciones adicionales como las utilizadas

en artículos previos en el sector de los bariones pesados. En particular, este trabajo representa

el primer estudio teórico de los decaimientos electromagnéticos de los estados Dρ-wave, los

estados mixtos ρλ y los estados excitados radialmente en ρ y λ.
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Riassunto
L’obiettivo di questa ricerca è investigare le proprietà dei barioni con un singolo quark pesante

nel contesto del modello a quark costituenti. Questo studio si concentra sul calcolo degli spettri

di massa e delle larghezze di decadimento forte ed elettromagnetico per i barioni con un singolo

quark bottom , nonché delle larghezze di decadimento elettromagnetico per i barioni con un

singolo quark charm. Gli spettri di massa sono calcolati utilizzando un modello a quark, men-

tre per analizzare i canali di sapore aperti per il decadimento forte dei barioni con un singolo

quark bottom viene impiegato il modello 3P0. Le larghezze di decadimento elettromagnetico

per i barioni bottom con un singolo quark pesante sono calcolate fino agli stati della seconda

shell utilizzando l’Hamiltoniana delle interazioni elettromagnetiche nell’approssimazione non

relativistica. Per i barioni charmati con un singolo quark pesante, le larghezze di decadimento

elettromagnetico sono determinate specificamente per gli stati P-wave della Ξc.

Viene introdotto un metodo innovativo per il calcolo delle larghezze di decadimento elettro-

magnetico. Questo approccio innovativo consente la valutazione completamente analitica delle

ampiezze di transizione senza introdurre alcuna ulteriore approssimazione rispetto a quelle

utilizzate nei precedenti articoli sul settore dei barioni pesanti. In particolare, questo lavoro

rappresenta il primo studio teorico dei decadimenti elettromagnetici degli stati Dρ-wave, degli

stati misti ρλ e degli stati eccitati radialmente ρ e λ.
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Chapter 1

Introduction

Particle physics, which investigates the fundamental constituents of matter and their interac-

tions, is built upon the framework of the Standard Model (SM). This theory describes three

of the four fundamental interactions of the universe: electromagnetic, weak and strong inter-

actions. The strong interaction, responsible for binding quarks and gluons, is governed by

Quantum Chromodynamics (QCD) [1, 2].

The strength of the strong interaction is characterized by a coupling constant that, at low en-

ergies, is significantly larger than those associated with the electromagnetic and weak inter-

actions. QCD displays interesting behaviors across different energy scales. At high energies,

asymptotic freedom causes the coupling between quarks and gluons to weaken, enabling the

use of perturbative techniques for theoretical calculations. Conversely, at low energies, where

the interaction becomes strongly coupled, perturbative methods break down. In this nonper-

turbative regime, confinement emerges, giving rise to the formation of hadrons.

To study systems in the nonperturbative regime, theoretical approaches relying on nonper-

turbative models have been developed. In this work, a constituent quark model (CQM) is

employed to explore the properties and phenomenology of hadronic systems.

Hadron physics [3] is the study of subatomic particles known as hadrons, which are composed

of quarks and gluons bound together by the strong force. The behavior of hadrons is fun-

damentally governed by the strong interaction. Within the Quark Model (QM), hadrons are

classified based on their constituent quark content [4].

According to the QM [5, 6], conventional hadrons are categorized as either mesons, which

consist of quark-antiquark pairs (qq̄), or baryons, made up of three constituent quarks (qqq).

In the same work, Gell-Mann also postulated the existence of unconventional configurations,

such as mesons composed of the combination (qqq̄q̄), etc., or baryons containing the configu-

ration (qqqqq̄), etc. These configurations, now referred to as exotic hadrons, include states like

tetraquarks (qqq̄q̄) and pentaquarks (qqqqq̄). Some of these exotic states have been experimen-

tally observed by the LHCb Collaboration [7–10].

The internal structure of hadrons is highly complex. At low energies, their properties can be ef-

fectively described using effective degrees of freedom such as spin, isospin, flavor, and spatial
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degrees of freedom. These effective parameters provide valuable insight into the nonperturba-

tive dynamics of the strong interaction.

The goal of the present work is to study the phenomenology of singly heavy baryons. These

baryons consist of two light quarks and a single heavy quark, which can be either charm

or bottom (qqc and qqc with q = u, dors). The experimental search for singly heavy baryon

states poses significant challenges, as their production requires accelerators capable of reach-

ing higher energies. As a result, only a limited number of these states have been discovered,

with many remaining to be observed in the future.

Some of the states discovered to date have been observed by experiments such as the CERN-

ISR experiment (R415) [11], the CDF Collaboration [12–16], the D0 Collaboration [17, 18], the

CMS Collaboration [19, 20], the LHCb Collaboration [21–30], and the Belle Collaboration [31,

32], among others.

The study of the mass spectra and decay properties of singly heavy baryons is essential for ad-

vancing our understanding of hadron physics. In this work, the focus is on calculating the mass

spectra as well as the strong and electromagnetic decay widths of singly bottom baryons. In the

charm sector, only the electromagnetic decay widths of singly charmed baryons are analyzed,

as their mass spectra and strong decays were previously studied in reference [33].

From a theoretical perspective, numerous studies have investigated the mass spectra and decay

properties of singly heavy baryons using various models [34–82]. The mass spectra and decay

properties are among the main magnitudes that are useful for making consistent assignments

of hadronic states. A reliable approach for identifying these states involves matching the ex-

perimental data with theoretical predictions for mass spectra and decay widths. This matching

process is a key focus of the present study.

This thesis focuses on the spectroscopy of heavy baryons and their strong and electromagnetic

decays. The work presented here is the result of a study conducted in collaboration with the

members of our Research Group, with my primary contributions centered on the calculations

of the electromagnetic decays of singly heavy baryons (Chapters 3, 4, 5).

The thesis begins with an Introduction 1 that provides a brief review of the subject and outlines

the main objectives of the study. The rest of this document is organized as follows:

Chapter 2 discusses theoretical aspects of hadron physics that are essential for a better under-

standing of the rest of the thesis. It also presents the mass spectra and strong decays of singly

bottom baryons. The masses are calculated using the model introduced in reference [83], which

incorporates a three-dimensional harmonic oscillator Hamiltonian supplemented by a pertur-

bation term that includes spin, spin-orbit, isospin, and flavor-dependent contributions. The

strong decays are computed by means of the 3P0 model [33, 84–88]. The calculated masses and

strong decay widths are compared with results from other theoretical works and experimental

values from the Particle Data Group (PDG) [89]. The discussions and results regarding singly

bottom baryons reported in this chapter have been published in Physical Review D [90].
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Chapter 3 is devoted to the calculation of the electromagnetic decay widths of singly bottom

baryons, specifically transitions from ground and P-wave states to ground states. These decay

widths are computed using the electromagnetic interaction Hamiltonian within the nonrela-

tivistic approximation. The analytical expressions of the transition amplitudes evaluation in

the spatial space are also given. To calculate these expressions a novel method for evaluating

transition amplitudes analytically and exactly is employed. This method, introduced in refer-

ence [90], is presented in detail in Appendix A. Electromagnetic decays are particularly signif-

icant in scenarios where strong decays are forbidden. The discussions and results presented in

this Chapter have been published in Physical Review D [90].

Chapter 4 presents a study of the electromagnetic decay widths of singly bottom baryons, fo-

cusing on transitions from second-shell states to ground and P-wave states. These calculations

follow the procedure used in Chapter 3 to evaluate the transition amplitudes. Notably, this

work marks the first study of the electromagnetic decays of Dρ-wave states, ρλ mixed states,

and ρ and λ radially excited states. The discussions and results reported in this Chapter are be-

ing prepared for publication in two separated articles: one for the Λb and Ξb baryons, belonging

to the flavor anti-triplet (3̄F) [91], and another one for the Σb, Ξ′
b and Ωb baryons, belonging to

the flavor sextet (6F) [92].

Chapter 5 exposes the study of the electromagnetic decay widths of the Ξc baryons, focusing

on transitions from P-wave states to ground states. These calculations are also based on the

procedure used in Chapter 3 for the evaluation of the transition amplitudes. The theoretical

results obtained for the Ξc(2790)+/0 and Ξc(2815)+/0 states are in good agreement with the

recent data reported by the Belle Collaboration [93]. This agreement highlights the accuracy

of the methodology used to evaluate the transition amplitudes, which avoids introducing ad-

ditional approximations and provides more precise decay width predictions. The discussions

and results reported in this Chapter have been submitted to Physics Letters B and are available

on arXiv [94].

The Conclusions 6 summarize the key findings and general results obtained from this research.

Appendix A provides detailed calculations of the matrix elements in the flavor, spin, and spa-

tial spaces for the electromagnetic decay widths.
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Chapter 2

Singly bottom baryons spectroscopy

and strong decays

This Chapter provides a brief review of some key topics relevant in the field of Hadron Physics,

with a particular focus on heavy baryons. It introduces the theoretical foundations necessary

for understanding the subsequent chapters of this thesis, aiming to make the document more

self-contained. Additionally, the calculations of the mass spectra and strong decay widths for

singly bottom baryons within the framework of the Quark Model are presented.

Singly bottom baryons consist of two light quarks and a single bottom quark (qqb, where q =

u, d, or s). The experimental search for these baryons is challenging due to the high energies

required to produce them, necessitating advanced particle accelerators. As a result, only a

limited number of singly bottom baryon states have been discovered and most of them have

yet to be observed in the future. According to the PDG [89], only 23 singly bottom baryons

are currently listed (27 when accounting for different charge states). Furthermore, the lack of

precise information about their quantum numbers makes it difficult to distinguish between

three-quark structures and quark-diquark configurations.

The Λ0
b baryon was first observed in 1981 by the CERN-ISR experiment (R415) [11], with a

statistical significance of 6σ. This initial observation was later confirmed in 1991 by the R422

experiment [95] and the UA1 Collaboration [96], which reported the state with statistical signif-

icances of approximately 4σ and 5σ, respectively. Subsequent confirmations came from several

other experiments, including the ALEPH Collaboration in 1996 [97] with 3.3σ, the DELPHI

Collaboration [98], the CDF Collaboration in 2014 [16], and the LHCb Collaboration in both

2014 [22] and 2017 [24]. The Ξ−
b baryon was first observed in 2007 by the D0 Collaboration

[17] and the CDF Collaboration [12]. In the same year, the CDF Collaboration also reported the

discovery of the Σ±
b and Σ

∗,±
b baryons with a statistical significance exceeding 5.2σ [13], later

confirming these findings in 2012 [15]. The ground state Ω−
b baryon was discovered in 2008

by the D0 Collaboration [18] with 5.4σ and subsequently confirmed by the CDF Collaboration

[99]. The ground state of the Ξ0
b baryon was observed by the CDF Collaboration in 2011 [14].

In 2012, the CMS Collaboration discovered an excited state, most likely corresponding to the

partner of the Ξ′
b with JP = 3/2+, which is denoted as Ξ∗

b , with a statistical significance ex-

ceeding 5σ [19]. In the same year, the LHCb Collaboration [21] reported the discovery of two
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narrow P-wave Λ0
b baryons, identified as Λb(5912)0 and Λb(5920)0, with significances of 5.2σ

and 10.2σ, respectively. These findings were confirmed one year later by the CDF Collaboration

[100]. The Ξ
′−
b baryon was discovered, and the observation of the Ξ∗−

b state was confirmed in

2015 by the LHCb Collaboration [23]. The LHCb Collaboration reported in 2018 the discovery

of an excited Ξb state, denoted as Ξb(6227)− [25], along with two excited Σb states, identified as

Σb(6097)± [26]. Two D-wave Λ0
b candidates, Λb(6146)0 and Λb(6152)0, were discovered by the

LHCb in 2020 [101]. In the same year, the LHCb collaboration [27] observed four narrow peaks

in the Ξ0
bK− invariant mass spectrum, corresponding to the Ωb(6316), Ωb(6330), Ωb(6340), and

Ωb(6350) states. Also in 2020, the CMS Collaboration [20] reported the first evidence for the

Λb(6070) baryon, a result later confirmed by the LHCb Collaboration [28] with a significance

exceeding 7σ. In 2021, the Ξb(6100)− baryon was discovered by the CMS Collaboration [102].

Additionally, in the same year, the LHCb Collaboration [29] announced the discovery of two

new Ξb states, identified as Ξb(6327)0 and Ξb(6333)0. More recently, in 2023, the LHCb Collab-

oration [30] discovered two additional states, Ξb(6087)0 and Ξb(6095)0.

From a theoretical perspective, numerous studies have explored the mass spectra and strong

decays of singly bottom baryons. The pioneering work of Capstick and Isgur in 1986 [34, 35]

was the first published study to use quark model predictions to compute the mass spectra of

Λb and Σb baryons in the bottom sector. In 1992, E. Bagan et al. [36] conducted the first QCD

spectral sum rule calculations, also focusing on the Σb and Λb baryons. In 1995, R. Roncaglia

et al. [37] estimated the masses of ground-state singly bottom baryons using the Feynman-

Hellmann theorem. A year later, in 1996, B. Silvestre-Brac [38] computed the mass spectra of Λb,

Σb, Ξb, Ξ′b, and Ωb baryons using a nonrelativistic quark model. In the same year, K. C. Bowler

et al. [39] provided lattice QCD-based estimates for the masses of ground state singly bottom

baryons. That same year, E. Jenkins [40] studied the masses of ground state bottom baryons by

applying a combined expansion in 1/mQ, 1/Nc, and SU(3) flavor symmetry breaking within

the heavy quark effective theory. In 2002, N. Mathur et al. [41] employed quenched lattice

nonrelativistic QCD to calculate the masses of ground state singly bottom baryons. In 2004,

C. Albertus et al. [42] utilized a Faddeev approach to study the ground states of the singly

heavy baryons. This model was later extended in references [43–45] to investigate the excited

states of singly heavy baryons. Some other examples of the recent literature on theoretical

investigations of the heavy baryon spectroscopy are the following: references [46, 47] use the

relativistic quark-diquark description; references [48–50] use the non-relativistic quark model

(NRQM); reference [51] use the Regge phenomenology; references [52–55] use the Hypercentral

Constituent Quark Model(HCQM) and reference [56] applies it to study the excited Ωb states;

references [57–61] use the QCD sum rules (QCDSR); and reference [62] employs the symmetry-

preserving Schwinger-Dyson equation approach. More discussions employing other models

can be found in references [63–68]. For more references, see the review articles [103–108].

Apart from the mass spectra, the decay properties are one of the main physical quantities that

are useful when making a consistent assignment of hadrons. A reliable approach to identify-

ing these states involves matching experimental data with the predicted values for both mass

spectra and decay widths.
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To date, only a limited number of studies have addressed the strong decays of singly bottom

baryons [69–81, 109–112]. Among these, the majority have utilized the constituent quark model

[69–81]. In 2010, the decay widths of the Ξb ground and P-wave excited states were calculated

in reference [69] by means of the 3P0 model, with masses taken from Karliner [49] and the PDG.

References [70, 71, 73, 74] employed the Elementary Emission Model (EEM) to compute strong

decay widths. In 2020, after the discovery of Σb(6097) by LHCb [26], the strong decay widths

of P-wave Σb states were calculated in reference [74] within the framework of the χQM. Ad-

ditionally, references [75–80] used masses from reference [47] to compute strong decay widths

via the 3P0 model. The Σ
(∗)
b → Λbπ strong decay widths were also calculated using the MIT

bag model in reference [109]. A study of the Σb → Λbπ and Σ
(∗)
b → Λbπ decays, based on

the partial conservation of the axial current, was conducted in reference [110]. The P-wave Ωb

states were investigated using light-cone sum rules within HQET in reference [111]. The strong

decay widths of the Σb, Σ∗
b , Ξ′

b, and Ξ∗
b ground states were analyzed within chiral effective the-

ory in reference [112]. However, none of these studies [69–81, 109–112] addressed decays into

bottom baryon–vector meson channels or bottom meson–octet/decuplet baryon channels.

The large number of missing states makes the bottom sector particularly intriguing. Conse-

quently, the primary objective of the study presented in this chapter is to provide predictions

for the 1D, 2P, and 2S singly bottom baryons that remain undiscovered. In particular, the study

focuses on calculating their partial strong decay widths, including decay channels that have

not been explored in the existing literature.

2.1 Quantum Chromodynamics

Quantum Chromodynamics is the theory that describes the strong interactions [113]. It is a

Quantum Field Theory characterized by the symmetry group SU(3)c, which is non-Abelian,

making QCD a non-Abelian gauge theory. The force carriers of QCD are called gluons, and

the associated charge is known as "color." The most important properties of QCD are color

confinement, asymptotic freedom, and chiral symmetry breaking.

The QCD Lagrangian is given by [114]:

LQCD = −1
4

Gµν aG
µν
a + q̄i

(

i /Dµ ij − m δij

)

qj +
θQCD

32π2 g2
s Gµν aG̃

µν
a . (2.1)

Here, the non-Abelian gluon field strength tensor Gµν is defined as:

Gµν a = ∂µGν a − ∂νGµ a − gs fabcGb
µGc

ν, (2.2)

where Gµ a are the gluon fields, indexed by a, b, and c running from 1 to 8, and fabc are the

structure constants of SU(3). The functions qi(x) represent the quark fields, where the color

indexes i and j run from 1 to 3.
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The symbol /Dµ denotes the gauge covariant derivative in Dirac slash notation, expressed as
/Dµ = γµ(Dµ) where γµ are the gamma matrices. The gauge covariant derivative for quarks is

defined as:

(

Dµ

)

ij
= ∂µδij − igs (Ta)ij Gµ a, (2.3)

which couples the quark fields to the gluon fields with a coupling strength gs via the SU(3)c

generators for quarks in the fundamental representation. These generators are explicitly given

by Ta = λa/2, where the λa (a = 1 . . . 8) are the Gell-Mann matrices. The parameter θQCD is a

dimensionless constant, and the dual field strength tensor is defined as:

G̃
µν
a =

1
2

ϵµνρσGρσ a. (2.4)

At low energies, the strong interaction is characterized by a coupling constant significantly

larger than those of the electromagnetic and weak interactions. In this nonperturbative regime,

where the interaction becomes strongly coupled, confinement occurs, resulting in the formation

of hadrons. To study hadronic systems under these conditions, theoretical approaches based

on nonperturbative models, such as the constituent quark model, are required.

Although QCD is a relativistic quantum field theory, its low-energy regime is effectively de-

scribed by massive constituent quarks. The velocities of these constituent quarks inside hadrons

are relatively small compared to the speed of light, making relativistic corrections less signif-

icant. Consequently, the non-relativistic quark model, which often employs a harmonic os-

cillator potential to describe quark confinement, provides an effective framework for studying

baryon structure and spectra while capturing essential low-energy features of hadronic physics.

2.2 Quark Model

The quark model is a theoretical framework used to explain the behavior of subatomic particles

called hadrons, such as protons and neutrons. It was developed in the 1960s by Murray Gell-

Mann [5] and George Zweig [6] to explain the increasingly complex list of stable hadrons and

hadronic resonances that had been discovered in the new particle accelerators of the 1950s and

1960s [113]. It postulates that hadrons are composed of smaller particles called quarks. This

model has since become a cornerstone of particle physics. According to the model, quarks

come in six different flavors: up, down, charm, strange, top, and bottom. Each flavor has a

corresponding antiparticle, which has the opposite charge.

The quarks are also characterized by their spin and their color charge. The spin can be either

up or down, and the color charge comes in three different types: red, green, and blue. Quarks

can combine in different ways to form hadrons, which are particles that are bound together

by the strong force. The QM has been successful in explaining many properties of hadrons,

such as their masses and decay modes. However, there are still many unanswered questions

about the nature of quarks and how they interact with each other. Despite these challenges, the
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quark model remains an important tool for understanding the behavior of hadrons. The QM is

an active area of research, and it continues to play a central role in particle physics.

2.3 Singly bottom baryons wave functions

As previously mentioned, singly bottom baryons consist of one bottom quark and two light

quarks. This section presents the construction of the wave functions for these baryonic states.

The discussion begins with the total baryon wave function, which incorporates the color, flavor,

spin, and spatial degrees of freedom. Regarding the spatial degrees of freedom, two schemes

are employed: the first considers singly bottom baryons as three-quark systems, while the

second describes them as quark-diquark systems (a more detailed explanation will be provided

in Section 2.3.3). Following this, the spin, flavor, and spatial wave functions are discussed in

detail. Finally, a general overview of the baryon states is provided, addressing both the three-

quark and quark-diquark schemes.

Within the three-quark scheme, singly bottom baryons are described as systems consisting of

three quarks in the configuration qqb, where q represents the light quarks (u, d, or s) and b

denotes the bottom quark.

The wave function for a generic baryon A in the three-quark scheme is expressed as

Ψ
Tot
A,JA,MJA

= θcϕA ∑
MSA

,MLA

⟨SA, MSA
, LA, MLA

|JA, MJA
⟩χSA,MSA

⊗ ΨA,LA,MLA
(⃗r1, r⃗2, r⃗3), (2.5)

where

θc =
1√
6
(rgb − rbg + gbr − grb + brg − bgr) (2.6)

is the SUc(3) color singlet; ϕA, χSA,MSA
, and ΨA,LA,MLA

(⃗r1, r⃗2, r⃗3) are the flavor, spin and spatial

wave functions, respectively.

In the quark-diquark scheme, singly bottom baryon states are modeled as a bD system, where

b represents the bottom quark and D denotes the diquarks (DΛ, DΞ, DΣ, DΞ′ , and DΩ) corre-

sponding to the Λb, Ξb, Σb, Ξ′
b, and Ωb baryons, respectively.

In this scheme, the wave function for a generic baryon A is expressed as

Ψ
Tot
A,JA,MJA

= θcϕA ∑
MSA

,MLA

⟨SA, MSA
, LA, MLA

|JA, MJA
⟩χSA,MSA

⊗ ΨA,LA,MLA
(⃗r1, r⃗2), (2.7)

where θc, given by eq. (2.6) is the color singlet wave function of SUc(3). ϕA, χSA,MSA
, and

ΨA,LA,MLA
(⃗r1, r⃗2) are the flavor, spin and spatial wave functions, respectively. In this scheme,

the two constituent light quarks are treated as a correlated pair, forming a diquark with no

internal spatial excitations.
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2.3.1 Spin wave functions of singly bottom baryons

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

χρ1/2 :
∣

∣

∣

∣

1
2

,
1
2

〉

ρ

=
1√
2
(| ↑↓↑⟩ − | ↓↑↑⟩) , (2.8)

χρ−1/2 :
∣

∣

∣

∣

1
2

,−1
2

〉

ρ−
=

1√
2
(| ↑↓↓⟩ − | ↓↑↓⟩) , (2.9)

χλ1/2 :
∣

∣

∣

∣

1
2

,
1
2

〉

λ

=
1√
6
(2| ↑↑↓⟩ − | ↑↓↑⟩ − | ↓↑↑⟩) , (2.10)

χλ−1/2 :
∣

∣

∣

∣

1
2

,−1
2

〉

λ−
=

1√
6
(| ↑↓↓⟩ − | ↓↑↓⟩ − 2| ↓↓↑⟩) , (2.11)

χs3/2 :
∣

∣

∣

∣

3
2

,
3
2

〉

s

= | ↑↑↑⟩, (2.12)

χs1/2 :
∣

∣

∣

∣

3
2

,
1
2

〉

s

=
1√
3
(| ↑↑↓⟩+ | ↑↓↑⟩+ | ↓↑↑⟩) , (2.13)

χs−1/2 :
∣

∣

∣

∣

3
2

,−1
2

〉

s

=
1√
3
(| ↑↓↓⟩+ | ↓↑↓⟩+ | ↓↓↑⟩) , (2.14)

χs−3/2 :
∣

∣

∣

∣

3
2

,−3
2

〉

s

= | ↓↓↓⟩. (2.15)

The mixed symmetric cases (eqs. 2.8-2.11) and the symmetric ones (eqs. 2.12-2.15) exhibit

symmetry properties under the permutation group S3 [115]. The functions χρ1/2 and χρ−1/2

are anti-symmetric under the interchange of the first two quarks, while on the contrary, χλ1/2 ,

χλ−1/2 , χs3/2 , χs1/2 , χs−1/2 and χs−3/2 are all symmetric under the same interchange.

2.3.2 Flavor wave functions of singly bottom baryons

In the bottom sector, the 3̄F-plet and the 6F-plet representations of the flavor wave functions

are considered. Next, the flavor wave functions of a singly bottom baryon A and its isospin

quantum numbers |A, I, MI⟩ are given [90]:

3̄F-plet

ϕΞ−
b

: |Ξ−
b , 1/2,−1/2⟩ =

1√
2
(|dsb⟩ − |sdb⟩), (2.16)

ϕΞ0
b

: |Ξ0
b, 1/2, 1/2⟩ =

1√
2
(|usb⟩ − |sub⟩), (2.17)

ϕΛ0
b

: |Λ0
b, 0, 0⟩ =

1√
2
(|udb⟩ − |dub⟩). (2.18)
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6F-plet

ϕΩ−
b

: |Ω−
b , 0, 0⟩ : = |ssb⟩, (2.19)

ϕΞ′−
b

: |Ξ′−
b , 1/2,−1/2⟩ =

1√
2
(|dsb⟩+ |sdb⟩), (2.20)

ϕΞ′0
b

: |Ξ′0
b , 1/2, 1/2⟩ =

1√
2
(|usb⟩+ |sub⟩), (2.21)

ϕΣ+
b

: |Σ+
b , 1, 1⟩ = |uub⟩, (2.22)

ϕΣ0
b

: |Σ0
b, 1, 0⟩ =

1√
2
(|udb⟩+ |dub⟩), (2.23)

ϕΣ−
b

: |Σ−
b , 1,−1⟩ = |ddb⟩. (2.24)

It can be seen that the functions of the 3̄F-plet are anti-symmetric under the interchange of

the first two quarks, whereas, the functions of the 6F-plet are symmetric under the same inter-

change of the two light quarks.

2.3.3 Spatial wave functions of singly bottom baryons

In this study, a harmonic oscillator quark model is employed to calculate the masses as well as

the strong and electromagnetic decay widths of singly bottom baryons. This model assumes

that the potential confining the quarks inside a baryon is a harmonic oscillator potential [4,

116].

Spatial wave functions in the three quark scheme

The harmonic oscillator Hamiltonian for the three body system describing baryons in Cartesian

coordinates can be written as

H =
| p⃗1|2
2m1

+
| p⃗2|2
2m2

+
| p⃗3|2
2mb

+
1
2

Kb |⃗r1 − r⃗2|2 +
1
2

Kb |⃗r1 − r⃗3|2 +
1
2

Kb |⃗r2 − r⃗3|2, (2.25)

where r⃗j and p⃗j, with j = 1, 2, 3 are the coordinate and momentum of the j-th quark, respec-

tively and Kb is the spring constant.

To describe the relative motion of the elements of the system the following coordinate system

is used:

ρ⃗ =
1√
2
(⃗r1 − r⃗2) , λ⃗ =

1√
6
(⃗r1 + r⃗2 − 2⃗r3) , R⃗ =

mρ (⃗r1 + r⃗2) + mb⃗r3

2mρ + mb
, (2.26)

where ρ⃗ and λ⃗ are known as the Jacobi coordinates [4, 33, 83, 90], R⃗ is the center of mass

coordinate, mρ is defined as mρ ≡ (m1 + m2)/2 with m1 and m2 being the masses of the light

quarks and mb is the mass of the bottom quark. Here the ρ⃗ coordinate describes the relative

motion of the light quark pair while the λ⃗ coordinate describes the relative motion between the

light quark pair and the bottom quark, as depicted in Fig. 2.1. Then, the coordinates of the
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quarks are given by the following expressions

r⃗1 = R⃗ +
1√
2

ρ⃗ +

√

3
2 mb

2mρ + mb
λ⃗, r⃗2 = R⃗ − 1√

2
ρ⃗ +

√

3
2 mb

2mρ + mb
λ⃗, r⃗3 = R⃗ −

√
6mρ

2mρ + mb
λ⃗, (2.27)

where the differential volume is given by

d3⃗r1d3⃗r2d3⃗r3 = 3
√

3d3ρ⃗d3⃗λd3R⃗. (2.28)

FIGURE 2.1: The ρ⃗ and λ⃗ coordinates for the singly-bottom baryons. The quarks 1 and 2 represent the
light quarks and the quark 3 is the bottom quark.

In this coordinate system the Hamiltonian of eq. (2.25) can be rewritten as

H =
|P⃗|2
2M

+
| p⃗ρ|2
2mρ

+
| p⃗λ|2
2mλ

+
3
2

Kb |⃗ρ|2 +
3
2

Kb |⃗λ|2, (2.29)

where the masses M and mλ are defined as

M ≡ 2mρ + mb, mλ ≡ 3mρmb

2mρ + mb
. (2.30)

The momenta are defined as

P⃗ = M
dR⃗

dt
, p⃗ρ = mρ

d⃗ρ

dt
, p⃗λ = mλ

d⃗λ

dt
, (2.31)

which in a more explicit way can be written as

p⃗ρ =
1√
2
( p⃗1 − p⃗2), p⃗λ =

3√
6

mb( p⃗1 + p⃗2)− 2mρ p⃗3

2mρ + mb
, P⃗ = p⃗1 + p⃗2 + p⃗3, (2.32)

and from these last equations the momentum of each constituent quark is given by

p⃗1 =
mρ

M
P⃗ +

1√
2

p⃗ρ +
1√
6

p⃗λ, p⃗2 =
mρ

M
P⃗ − 1√

2
p⃗ρ +

1√
6

p⃗λ, p⃗3 =
mb

M
P⃗ −

√

2
3

p⃗λ. (2.33)
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The spatial wave function in the coordinate representation is expressed as

ΨA,LA,MLA
(⃗r1, r⃗2, r⃗3) =

1
(2π)3/2 eiR⃗·P⃗ψrel

kρ,lρ,mlρ ,kλ,lλ,mlλ
(⃗ρ, λ⃗), (2.34)

where ψrel
kρ,lρ,mlρ ,kλ,lλ,mlλ

(⃗ρ, λ⃗) is the relative wave function and is given by

ψrel
kρ,lρ,mlρ ,kλ,lλ,mlλ

(⃗ρ, λ⃗) =
1

33/4 ∑
mlρ ,mlλ

⟨lρ, mlρ , lλ, mlλ |LA, MLA
⟩ψkρ,lρ,mlρ ,kλ,lλ,mlλ

(⃗ρ, λ⃗). (2.35)

In the above expression, ψkρ,lρ,mlρ ,kλ,lλ,mlλ
(⃗ρ, λ⃗) represents the harmonic oscillator wave func-

tions. These wave functions can be expressed as the product of the harmonic oscillator wave

functions in the ρ⃗ and λ⃗ coordinates in the following way

ψkρ,lρ,mlρ ,kλ,lλ,mlλ
(⃗ρ, λ⃗) = ψkρ,lρ,mlρ

(⃗ρ)⊗ ψkλ,lλ,mlλ
(⃗λ). (2.36)

The wave functions of each harmonic oscillator can be written, as it is commonly done in the

literature, in terms of their radial and angular parts as

ψkρ(λ),lρ(λ),mlρ(λ)
(⃗ρ(⃗λ)) = Rkρ(λ) lρ(λ) (⃗ρ(⃗λ))Y

mlρ(λ)

lρ(λ)
(ρ̂(λ̂)), (2.37)

where the radial part for the ρ⃗ coordinate is given by

Rkρ lρ (⃗ρ) =

√

√

√

√

α3
ρkρ!2lρ+kρ+2

√
π(2lρ + 2kρ + 1)!!

e−
1
2 α2

ρρ2
(αρρ)lρ L

lρ+
1
2

kρ

(

ρ2α2
ρ

)

, (2.38)

and for the λ⃗ coordinate is

Rkλ lλ (⃗λ) =

√

α3
λkλ!2lλ+kλ+2

√
π(2lλ + 2kλ + 1)!!

e−
1
2 α2

λλ2
(αλλ)lλ L

lλ+
1
2

kλ

(

λ2α2
λ

)

, (2.39)

here La
k(x) are the generalized Laguerre polynomials. The αρ(λ) are related to the harmonic

oscillator frequencies, ωρ(λ), through the relations α2
ρ(λ) = ωρ(λ)mρ(λ). Thus, αρ(λ) depend on

the harmonic oscillator constant Kb and the quark masses, which are fitted to reproduce the

bottom baryon mass spectra (see Tab. 2.1). As a result, the harmonic oscillator wave functions

do not contain any free parameters.

Spatial wave functions in the quark-diquark scheme

In the quark-diquark scheme the following coordinate system is used [33, 90]:

r⃗ = r⃗1 − r⃗2, R⃗ =
mD⃗r1 + mb⃗r2

mD + mb
, (2.40)
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where r⃗1 and r⃗2 are the diquark and bottom quark coordinates, R⃗ is the center of mass coordi-

nate, and mD and mb are the diquark and bottom quark masses.

FIGURE 2.2: The r⃗ coordinate for the singly bottom baryons in the quark-diquark scheme. The D repre-
sents the diquark structure made of the 2 light quarks and the quark b is the bottom quark.

The spatial wave functions in the coordinate representation are given by

ΨA,LA,MLA
(⃗r) =

1
(2π)3/2 eiR⃗·P⃗ ψkr ,lr ,mlr

(⃗r), (2.41)

where ψkr ,lr ,mlr
(⃗r) are the harmonic oscillator wave functions, which can be expressed in terms

of their radial and angular parts in the form

ψkr ,lr ,mlr
(⃗r) = Rkr lr (⃗r)Y

mlr

lr
(r̂),

(2.42)

with the radial part being

Rkr lr (⃗r) =

√

α3
r kr!2lr+kr+2

√
π(2lr + 2kr + 1)!!

e−
1
2 α2

r r2
(αrr)

lr L
lr+

1
2

kr

(

r2α2
r

)

, (2.43)

where, in the same way as for the three-quark scheme, La
k(x) are the generalized Laguerre

polynomials, and αr is related to the harmonic oscillator frequency, ωr, through the relation

α2
r = ωrmr. Thus, αr depend on the harmonic oscillator constant Kb and the diquark and

bottom masses, which are fitted to reproduce the bottom baryon mass spectra (see Tab. 2.1).

2.3.4 General description of states within the three quark scheme

As previously mentioned, in the three quark scheme, the spatial degrees of freedom are ex-

pressed in terms of the Jacobi coordinates ρ and λ, which describes the excitations within the

light quark pair, and between the light quark pair and the bottom quark, respectively (see Fig.

2.1).

A three-quark quantum state, written as
∣

∣lλ, lρ, kλ, kρ

〉

, is defined by its total angular momen-

tum J = Ltot + Stot, where Ltot = lρ + lλ is the orbital angular momentum and Stot = S12 + 1/2

is the internal spin, which is the sum of the light quark spin, S12 = S1 + S2, and the b quark
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spin (1/2), and the number of nodes is kλ,ρ. In addition, we assign the flavor multiplet (spec-

ified by the symbol F ), and the spectroscopic notation 2S+1LJ to each of them in order define

these states with more precision.

Now, the possible states for the two different flavor representations available for the singly

bottom baryons will be constructed.

The states from the ground to the excited states up to the second energy band (N = 2), with

N = nρ + nλ, and nρ(λ) = 2kρ(λ) + lρ(λ) will be considered, in order to find S-, P-, D-wave

bottom baryon states.

The symmetric F = 6F multiplet for the three-quark model

The Ωb, Ξ′
b, and Σb baryons form a flavor sextet in the bottom baryon sector. These bottom

baryons have a symmetric flavor wave function and, in combination with the anti-symmetric

color wave function, the final product wave function is anti-symmetric. This fact implies that

the product of the spatial and spin wave functions should be symmetric.

- In the energy band N = 0, in which lρ = lλ = 0, the spatial wave function of the two

light quarks is symmetric implying that their spin-flavor wave function has to be symmetric,

meaning that S12 = 1. Hence, the ground state baryons made up of a light quark pair with spin

symmetric configuration S12 = 1, fill one 6 F-plet with total spin J = Stot =
1
2 (shown on the

center of Fig. 2.3), and one 6 F-plet with total spin J = Stot =
3
2 (shown on the right-hand side

of Fig. 2.3).

- For the energy band N = 1, there are two different possibilities. If lρ = 0 and lλ = 1, the

spatial wave function is symmetric under the interchange of light quarks, implying that their

spin-flavor function is also symmetric. This spatial wave function must be coupled with two

possible spin configurations, Stot = 1/2, 3/2, with Ltot = 1, yielding five Pλ-wave excitations,

Jtot = 1 + 3/2 = 1/2, 3/2, 1/2, 3/2, 5/2. If lρ = 1 and lλ = 0, the spatial wave function

is anti-symmetric under the interchange of light quarks implying that the spin wave function

should be anti-symmetric, meaning S12 = 0, which yields to two Pρ-wave states obtained from

Jtot = 1 + 1/2 = 1/2, 3/2.

- In the energy band N = 2, there are three possible cases: the pure λ−excitations, lρ = 0 and

lλ = 2, the pure ρ−excitations, lρ = 2 and lλ = 0, and the mixed case lρ = 1 and lλ = 1.

In both the pure λ−excitations and pure ρ−excitations 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 = 0 and lλ = 2, then Ltot = 2 is coupled with two possible spin configurations, Stot =
1
2 , 3

2 ,

giving six Dλ-wave excitations. If lρ = 2 and lλ = 0, in a similar way we have six Dρ-wave

excitations.

When lρ = 1 and lλ = 1 there are three possible values of the angular momentum Ltot = 0, 1, 2.

These values are combined with Stot = 1
2 that come from the light quark spin configuration
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S12 = 0, producing in this way five possible states: two D-wave states, two P-wave states, and

one ground state.

Additionally, there are two possible radial excitation modes in this energy band, kρ = 0, kλ = 1,

and kρ = 1, kλ = 0, both corresponding to a symmetric light quark wave function since Ltot =

lρ + lλ = 0. If kρ = 0 and kλ = 1, in the case of the 6 F-plet baryons, Ltot = 0 is combined with

J = Stot =
1
2 , 3

2 producing two λ-radial excitations. In a similar way, if kρ = 1 and kλ = 1, in

this case we have two ρ-radial excitations.

The anti-symmetric 3F-plet for the three-quark model

The Λb and Ξb baryons form a flavor anti-triplet in the bottom baryon sector. These bottom

baryons have an anti-symmetric flavor wave function, which, in combination with the anti-

symmetric color wave function, produces a symmetric combination. This implies that the

product of the spatial and spin wave functions should be anti-symmetric.

- For the energy band N = 0, in which (lρ = lλ = 0), the spatial wave function of the two light

quarks is symmetric, thus the spin-flavor wave function should be anti-symmetric. Therefore,

we can only combine the anti-symmetric 3̄ F-plet with anti-symmetric-spin configuration S12 =

0. This means that the ground state baryons made up of a light quark pair with anti-symmetric

spin configuration S12 = 0 fill an anti-symmetric 3̄ F-plet with total spin J = Stot =
1
2 (shown

on the left-hand side of Fig. 2.3).

- For the energy band N = 1, there are two different possibilities. If lρ = 0 and lλ = 1, we

have a symmetric spatial wave function implying that their spin-flavor wave function is also

symmetric. Thus, for the 3̄ F-plet baryons, the angular momentum Ltot = 1 is only coupled with

one spin configuration, Stot =
1
2 that comes from the light quark spin configuration S12 = 0,

constructing two Pλ-wave excitations. In the case when lρ = 1 and lλ = 0, the spatial wave

function is anti-symmetric under the interchange of the light quarks implying that the two

light quark spin-flavor wave function are also anti-symmetric, hence Ltot = 1 is coupled with

Stot =
1
2 , 3

2 yielding to five Pρ-wave states.

- In the energy band N = 2, just like for the 6 F-plet, there are three possibilities: the pure

λ-excitations, the pure ρ-excitations, and the mixed case. In both the lρ = 0, lλ = 2 and

lρ = 2, lλ = 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. In the case where

lρ = 0 and lλ = 2, we have that Ltot = 2 is coupled with Stot = 1
2 giving two Dλ-wave

excitations. If lρ = 2 and lλ = 0, in a similar way we have two Dρ-wave excitations.

When lρ = 1 and lλ = 1 there are again three possible values of the angular momentum

(Ltot = 0, 1, 2). In the case of the baryons on the anti-triplet, they are combined with Stot =
1
2 , 3

2

that comes from the light quark spin configuration S12 = 1, producing a total of thirteen mixed

excited states: six D-wave states, five P-wave states, and two ground states.

In addition, there are two possible radial excitation modes, kρ = 0, kλ = 1, and kρ = 1, kλ = 0,

corresponding both of them to a symmetric wave function because Ltot = lρ + lλ = 0. In the
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case with kρ = 0 and kλ = 1 the total orbital angular momentum Ltot = 0 is combined with

Stot = 1
2 producing one λ-radial excitation and, if kρ = 1 and kλ = 1 there is one ρ-radial

excitation.

FIGURE 2.3: The singly bottom baryons belong to two SU f (3) flavor representations: the flavor anti-
triplet 3̄F and the flavor sextet 6F. Specifically, for ground states, the 3̄F-plet, shown on the left side, has
spin-parity JP = 1

2

+
. The 6F-plet has two spin configurations: one with JP = 1

2

+
, shown in the center,

and another with JP = 3
2

+
, shown on the right side.

2.3.5 General description of states within the quark-diquark scheme

In the quark-diquark scheme, the two constituent light quarks of the diquark are considered to

be correlated and they have no internal spatial excitations (lρ = 0). Then, the quark-diquark

states are a subset of the three quark states that were discussed in the previous section. The

quark-diquark Hamiltonian is expressed in terms of one spatial coordinate r with an associated

reduced mass µ.

A quark-diquark quantum state, written as |lr, kr⟩, is defined by its total angular momentum

Jtot =Ltot + Stot, where Ltot = lr is the orbital angular momentum and Stot = S12 + 1/2 is the

internal spin and the number of nodes is kr. We also report for each state, like for the three quark

scheme, the information about the total spin, orbital angular momentum and total angular

momentum using the spectroscopic notation.

The symmetric 6F-multiplet for the quark-diquark model

When the Σb, Ξ′
b, and Ωb baryons are considered as quark-diquark systems, it is hypothesized

that the system is within the limit where the diquark internal spatial excitations are higher

in energy than the scale of the resonances studied [33]. Since the hadron has to be colorless,

the diquark transforms as a 3̄ under the SUc(3) group, in this way, the product of the spin

and flavor wave functions of the diquark should be symmetric. The flavor wave functions are

symmetric, then, only combinations with axial-vector diquarks (S12 = 1) can be made.

- In the energy band N = 0, the total orbital momentum Ltot = 0, and therefore Jtot = Stot =

1/2, 3/2, resulting in two ground states.
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- In the band N = 1, Ltot = 1 has to be coupled with Stot = 1/2, 3/2, then yields to five P-wave

excitations.

- In the energy band N = 2, Ltot = 2, and this value is combined with Stot = 1/2, 3/2, resulting

in six D-wave states.

In addition, there is a radial excitation kr = 1 with Ltot = 0, then Jtot = Stot = 1/2, 3/2, and

therefore there are two radial excited states.

The anti-symmetric 3̄F-plet for the quark-diquark model

When the Λb and Ξb baryons are described as quark-diquark systems, exactly as for the 6F-

plet described in the above subsection (2.3.5), the diquark presents an S-wave configuration

because of the absence internal spatial excitations (lρ = 0). In this case, the diquark is also 3̄

in the SUc(3) representation, thus the spin-flavor wave functions of the diquark configuration

have to be symmetric. In the 3̄f-plet representation, the flavor wave function is antisymmetric,

therefore, the spin wave function of the diquark corresponds to a scalar configuration (S12 = 0).

- For the energy band N = 0, the total orbital momentum Ltot = 0, then, only exists one ground

state Jtot = Stot = 1/2.

- In the band N = 1, Ltot = 1 has to be combined with Stot = 1/2. This combinations yields

two P-wave states.

- In the band N = 2, Ltot = 1, which, in combination with Stot = 1/2, it yields to two D-wave

states.

- Finally, there exists a radial excitation kr = 1, corresponding only to one state because of the

fact that Ltot = 0.

2.4 Mass spectra of the singly bottom baryons

The masses of the singly bottom baryons are calculated using the model introduced in ref-

erence [83]. This model is based on a three-dimensional harmonic oscillator Hamiltonian,

supplemented by a perturbation term that accounts for spin, spin-orbit, isospin, and flavor-

dependent contributions. The baryon masses are obtained as the eigenvalues of the following

Hamiltonian:

H = Hh.o. + aS S2
tot + aSL Stot · Ltot + aI I2 + aF Ĉ2(SUF(3)). (2.44)

Here, Hh.o. represents the sum of the masses of the constituent quarks and the harmonic oscil-

lator Hamiltonian. The terms Stot, Ltot, I and Ĉ2(SUF(3)) correspond to the spin, orbital angu-

lar momentum, isospin, and the SUF(3) Casimir operators, respectively. These operators are

weighted by the model parameters aS, aSL, aI, and aF.
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2.4.1 Mass spectra within the three-quark scheme

As previously mentioned, when baryons are treated as three-quark systems, the harmonic os-

cillator term in eq. (2.44), Hh.o., is expressed using the Jacobi coordinates, ρ and λ, along with

their conjugate momenta, pρ and pλ, as follows

H
3q
h.o. =

3

∑
j=1

mj +
p2

ρ

2mρ
+

p2
λ

2mλ
+

1
2

mρω2
ρρ

2 +
1
2

mλω2
λλ

2. (2.45)

Here, mj denotes the mass of the j-th quark, where j = 1, 2 corresponds to the masses of the

light quarks, and m3 represents the mass of the bottom quark. The frequencies of the ρ- and

λ-oscillators are given by ωρ =
√

3Kb
mρ

and ωλ =
√

3Kb
mλ

, respectively. The eigenstates of the

Hamiltonian in eq. (2.45) are provided in Subsection 2.3.3, and its eigenvalues are given by

E
3q
h.o. =

3

∑
j=1

mj + ωρ nρ + ωλ nλ. (2.46)

The standard definitions for the harmonic oscillator quantum numbers are used: nρ(λ) =

2kρ(λ) + lρ(λ), where kρ(λ) = 0, 1, ... represents the number of nodes (radial excitations) in the

ρ(λ)-oscillator, and lρ(λ) = 0, 1, ... corresponds to the orbital angular momentum of the ρ(λ)-

oscillator.

In the three-quark model, the eigenvalues of the Hamiltonian given in eq. (2.44) can be ex-

pressed as follows [33, 83, 90]:

E3q =
3

∑
j=1

mj + ωρnρ + ωλnλ + aS [Stot(Stot + 1)] + aSL
1
2

[

J(J + 1)− Ltot(Ltot + 1)− Stot(Stot + 1)
]

+ aI [I(I + 1)] + aF
1
3
[p(p + 3) + q(q + 3) + pq] , (2.47)

which is the mass formula used to calculate the spectra in this model. It can be observed that

the model is completely analytical, meaning that the Hamiltonian of eq. (2.44), together with

eq. (2.45), is completely diagonal in the harmonic oscillator, spin, flavor, and color bases.

In the above expression, the spin-dependent term induces a splitting between states with dif-

ferent total spin, Stot. The contribution of this term is smaller for bottom baryons compared

to the charm baryon sector [90], which is consistent with Heavy Quark Spin Symmetry. The

spin-orbit interaction, which is generally negligible in light baryons [34, 46], plays a fundamen-

tal role in describing the mass patterns of heavy-light baryons [83]. Specifically, the spin-orbit

term splits states with different total angular momentum, J. Furthermore, the effect of the

flavor-dependent term is to split the baryons belonging to the flavor sextet, 6F, characterized

by (p, q) = (2, 0), from those in the anti-triplet, 3̄F, with (p, q) = (0, 1).
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The mass formula given in eq. (2.47) can be employed to calculate the mass splitting between

states within the same multiplet:

m(A)− m(A′) = m1 + m2 − m′
1 − m′

2 + ωρnρ + ωλnλ − (ω′
ρn′

ρ + ω′
λn′

λ)

+ aS
[

Stot(Stot + 1)− S′
tot(S

′
tot + 1)

]

+ aSL
1
2

[

J(J + 1)− Ltot(Ltot + 1)− Stot(Stot + 1)− J′(J′ + 1)

+ L′
tot(L′

tot + 1) + S′
tot(S

′
tot + 1)

]

+ aI
[

I(I + 1)− I′(I′ + 1)
]

. (2.48)

By applying this formula and utilizing the parameter values from reference [33], the following

result is obtained:

m(2S+1(Ωc)J)− m(2S+1(Ξ′
c)J) = 115 ± 30 MeV ,

.

This result is consistent with the experimental mass splitting reported by the LHCb collabora-

tion [117] in the charm sector for baryons belonging to the flavor 6F-plet

m(Ωc(3050))− m(Ξ′
c(2923)) ≃ m(Ωc(3065))− m(Ξ′

c(2939))

≃ m(Ωc(3090))− m(Ξ′
c(2965)) ≃ 125 MeV. (2.49)

Thus, a similar pattern is expected in the bottom sector, suggesting that the results obtained

using equal-spacing rules could serve as a useful guide for future experimental searches in this

sector.

For instance, the Pλ-wave excited states follow the equal-spacing rules given by:

m(2S+1(Ωb)J)− m(2S+1(Ξ′
b)J) = ms − mn + ωΩb

λ − ωΞb
λ − 3

4
aI ≃ 117 ± 20 MeV, (2.50)

m(2S+1(Ξ′
b)J)− m(2S+1(Σb)J) = ms − mn + ωΞb

λ − ωΣb
λ − 5

4
aI ≃ 100 ± 26 MeV, (2.51)

m(2S+1(Ξb)J)− m(2S+1(Λb)J) = ms − mn + ωΞb
λ − ωΣb

λ +
3
4

aI ≃ 161 ± 30 MeV . (2.52)

For Pρ-wave excited states the expressions

m(2S+1(Ωb)J)− m(2S+1(Ξ′
b)J) = ms − mn + ωΩb

ρ − ωΞb
ρ − 3

4
aI ≃ 98 ± 20 MeV, (2.53)

m(2S+1(Ξ′
b)J)− m(2S+1(Σb)J) = ms − mn + ωΞb

ρ − ωΣb
ρ − 5

4
aI ≃ 63 ± 26 MeV, (2.54)

m(2S+1(Ξb)J)− m(2S+1(Λb)J) = ms − mn + ωΞb
ρ − ωΣb

ρ +
3
4

aI ≃ 134 ± 30 MeV , (2.55)

are obtained. The Dλ-wave excited states follow the equal-spacing rules given by:

m(2S+1(Ωb)J)− m(2S+1(Ξ′
b)J) = ms − mn + 2(ωΩb

λ − ωΞb
λ )− 3

4
aI ≃ 95 ± 36 MeV, (2.56)
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m(2S+1(Ξ′
b)J)− m(2S+1(Σb)J) = ms − mn + 2(ωΞb

λ − ωΣb
λ )− 5

4
aI ≃ 58 ± 41 MeV, (2.57)

m(2S+1(Ξb)J)− m(2S+1(Λb)J) = ms − mn + 2(ωΞb
λ − ωΣb

λ ) +
3
4

aI ≃ 129 ± 26 MeV . (2.58)

For the Dρ-wave excited states the relations

m(2S+1(Ωb)J)− m(2S+1(Ξ′
b)J) = ms − mn + 2(ωΩb

ρ − ωΞb
ρ )− 3

4
aI ≃ 56 ± 48 MeV, (2.59)

m(2S+1(Ξ′
b)J)− m(2S+1(Σb)J) = ms − mn + 2(ωΞb

ρ − ωΣb
ρ )− 5

4
aI ≃ 4 ± 40 MeV, (2.60)

m(2S+1(Ξb)J)− m(2S+1(Λb)J) = ms − mn + 2(ωΞb
ρ − ωΣb

ρ ) +
3
4

aI ≃ 75 ± 40 MeV , (2.61)

are obtained.

All of these calculations are performed using the parameters listed in Table 2.1, with the values

of ωBb
λ,ρ computed for each bottom baryon using eq. (2.46). It is important to note that only three

distinct labels: Ωb, Ξb, and Σb are used, since the relationships ωΞb = ωΞ′
b and ωΣb = ωΛb hold

due to their identical quark content.

2.4.2 Mass spectra within the quark-diquark scheme

When baryons are modeled as quark-diquark systems, the harmonic oscillator term of eq. (2.44)

(Hh.o.) can be expressed using a single relative coordinate, r = r1 − r2, and the corresponding

conjugate momentum, pr = mbpD−mDpb

mb+mD
[118].

In this framework (see Figure 2.2), the two light quarks are treated as a single diquark entity

that interacts with the heavy quark. Consequently, the term Hh.o. in eq. (2.44) can be rewritten

in terms of the relative coordinate r and its conjugate momentum pr as follows:

H
qD
h.o. = mD + mb +

p2
r

2µ
+

1
2

µω2
rr

2, (2.62)

where mD and mb represent the masses of the diquark and the bottom quark, respectively, and

µ = mbmD
mb+mD

denotes the reduced mass of the system.

The eigenstates of the Hamiltonian given in eq. (2.62) are presented in subsection 2.3.3 (eq.

(2.41)), and its corresponding eigenvalues are

E
qD
h.o. = mD + mb + ωr nr; with ωr =

√

3Kb

µ
, (2.63)

where nr = 2kr + lr, with kr = 0, 1, . . . representing the number of nodes, and lr = 0, 1, . . .

denoting the orbital angular momentum of the r-oscillator.

In this scheme, the eigenvalues of the Hamiltonian given in eq. (2.44) are expressed as
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EqD = mD + mb + ωr nr + aS [Stot(Stot + 1)] + aSL
1
2

[

J(J + 1)− Ltot(Ltot + 1)− Stot(Stot + 1)
]

+ aI [I(I + 1)] + aF
1
3
[p(p + 3) + q(q + 3) + pq] , (2.64)

which is the mass formula used to calculate the mass spectra within this scheme.

2.4.3 Parameter determination and uncertainties

In this study, the masses of singly bottom baryons are analyzed by fitting the theoretical pre-

dictions obtained from eqs. (2.47) and (2.64) to the experimentally observed values. The aim of

this fitting procedure is to determine the values of the constituent quark and diquark masses

(mu,d, ms, mb, mDΣ,Λ , mDΞ
, and mDΩ

), as well as the model parameters (aS, aSL, aI, aF, and Kb), in

such a way that the sum of the squared differences between the predicted and experimental

baryon masses is minimized. This approach corresponds to the least-squares method.

Experimental measurements of baryon masses include both statistical and systematic uncer-

tainties. Furthermore, the three quark model presented in eq. (2.47) as well as the quark di-

quark model presented in eq. (2.64) offer approximate descriptions of sinlgy bottom baryons.

To account for potential deviations between the models predictions and experimental data, a

model uncertainty, denoted as σmod, is introduced for each model. The computation of σmod

follows the procedure outlined in reference [89], and is adjusted to ensure that the χ2/NDF

value approaches unity, with NDF being the number of degrees of freedom. The χ2 value is

calculated using the following expression:

χ2 = ∑
i

(Mmod,i − Mexp,i)
2

σ2
mod + σ2

exp,i
. (2.65)

Here, Mmod,i denotes the predicted masses of the singly bottom baryons, Mexp,i represents the

corresponding experimental masses used in the fitting procedure, and σexp,i are their associated

uncertainties. For the three-quark model, a model uncertainty of σmod = 12 MeV is determined,

while for the quark-diquark model, σmod = 20 MeV is obtained. The model parameters were

extracted by fitting only 13 out of the 23 experimentally observed states. The resulting parame-

ters for the bottom baryon masses are listed in Table 2.1. The predictions show good agreement

with the experimental data, yielding a root-mean-square deviation of 9.6 MeV.

Comparing the parameters aS, aSL, aI and aF from Table 2.1 with the corresponding results

reported in reference [33] for the charm sector, it is observed that the values of aI and aF are

very close in both sectors. In contrast, the values of aS and aSL are considerably smaller in the

bottom sector. Specifically, for the parameter aS, which appears in the spin-spin interaction

term, it is obtained from the fit in the bottom sector a value of aS = 10+2
−3 MeV, notably lower

than the corresponding value of aS = 23 ± 3 MeV found in reference [33] for the charm sector.

This reduction is consistent with the expectations of Heavy Quark Spin Symmetry, effectively
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TABLE 2.1: Table from [90] (APS copyright). Fitted parameters for the three-quark scheme (second column)
and the quark-diquark scheme (third column). The symbol "..." indicates that the parameter is absent in
that scheme.

Parameter Three-quark value Quark-diquark value
mb 4930+12

−12 MeV 4677+100
−64 MeV

ms 464+6
−6 MeV · · ·

mn 299+10
−10 MeV · · ·

mDΩ
· · · 1331+59

−92 MeV
mDΞ

· · · 1185+61
−92 MeV

mDΣ,Λ · · · 1045+55
−94 MeV

Kb 0.0254+0.0012
−0.0012 GeV3 0.0245+0.0023

−0.0023 GeV3

aS 10+2
−3 MeV 8+2

−3 MeV
aSL 4+2

−2 MeV 6+3
−1 MeV

aI 36+7
−7 MeV 19+3

−2 MeV
aF 60+6

−5 MeV 13+6
−3 MeV

accounting for the fact that the spin-spin interaction is inversely proportional to the product

of the interacting quark masses. Regarding the spin-orbit interaction parameter aSL, the value

obtained from the fit is aSL = 4 ± 2 MeV, approximately four times smaller than the charm

sector value of aSL = 18 ± 5 MeV [33]. The observed reduction in aSL from charm to bottom

sector is also consistent with theoretical expectations, since the spin-orbit term aSLStot · Ltot is a

relativistic interaction and thus suppressed for heavier quark masses.

A statistical simulation using error propagation is performed to incorporate both experimen-

tal and model uncertainties into the fitting procedure. This approach involves randomly sam-

pling the experimental masses of singly bottom baryons from Gaussian distributions, where the

means correspond to the central experimental values and the widths are given by the quadratic

sum of the experimental and model uncertainties. The fitting process is repeated 104 times,

where in each iteration it is used a sampled mass corresponding to an experimentally observed

state included in the fit. The resulting distributions of the fitted model parameters are approxi-

mately Gaussian. The model parameters obtained from the 104 fits have Gaussian distributions,

where the parameter values are the means of these distributions and the parameter uncertain-

ties are defined as the difference from the distribution quantiles at the 68% confidence level to

obtain its confidence interval (C.I.). This methodology is known as Monte Carlo bootstrap un-

certainty propagation [119, 120]. The fitting and uncertainty propagation are performed using

the MINUIT [121] minimization library and NUMPY [122] for numerical computations.

The thirteen masses and their respective uncertainties used in the fit are taken from the PDG [89],

and are indicated with the superscript "a" in Tables 2.2–2.6.

2.4.4 Results of the mass spectra

The results for the masses of singly bottom baryons are presented in Tables 2.2–2.6. The fourth

column of these tables reports the theoretical masses calculated using the three-quark model

Hamiltonian given in eq. (2.47), including their associated uncertainties. The sixth column
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TABLE 2.2: Table from [90] (APS copyright). Predicted Λb(nnb) 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,

∣

∣lλ, lρ, kλ, kρ

〉

, where lλ and lρ are the orbital angular momenta and kλ, kρ the number of nodes of
the λ and ρ oscillators, with N = nρ + nλ. The second column displays the spectroscopic notation 2S+1LJ

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. (2.47)) and their total strong decay widths are
shown, respectively. The fifth column contains the h.o. quark-diquark model state, |lr, kr⟩, where lr is
the orbital angular momentum and kr denotes the number of nodes, and N = nr. The sixth column
contains the quark-diquark predicted masses (eq. (2.64)). Our theoretical results are compared with the
experimental masses and the decay widths from PDG [89] in the seventh and ninth columns, respec-
tively. 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. The superscript a

indicates the experimental mass and decay width values included in the fits.

F = 3̄F Three-quark Quark-diquark Three-quark

Λb(nnb) Predicted Predicted Exp. Predicted Exp.

|lλ, lρ, kλ, kρ⟩ 2S+1LJ JP Mass (MeV) |lr , kr⟩ Mass (MeV) Mass (MeV) ΓStrong (MeV) Γ (MeV)

N = 0

| 0 , 0 , 0 , 0 ⟩ 2S1/2
1
2

+
5613+9

−9 | 0 , 0 ⟩ 5611+15
−16 5619.60 ± 0.17 a 0 ≈ 0

N = 1

| 1 , 0 , 0 , 0 ⟩ 2P1/2
1
2

−
5918+8

−8 | 1 , 0 ⟩ 5916+11
−12 5912.19 ± 0.17 a 0 < 0.25

| 1 , 0 , 0 , 0 ⟩ 2P3/2
3
2

−
5924+8

−8 | 1 , 0 ⟩ 5925+12
−12 5920.09 ± 0.17 a 0 < 0.19

| 0 , 1 , 0 , 0 ⟩ 2P1/2
1
2

−
6114+10

−10 · · · · · · 6072.3 ± 2.9 67+16
−16 72 ± 11

| 0 , 1 , 0 , 0 ⟩ 4P1/2
1
2

−
6137+14

−14 · · · · · · † 36+8
−8 †

| 0 , 1 , 0 , 0 ⟩ 2P3/2
3
2

−
6121+10

−10 · · · · · · † 85+21
−21 †

| 0 , 1 , 0 , 0 ⟩ 4P3/2
3
2

−
6143+12

−12 · · · · · · † 128+31
−31 †

| 0 , 1 , 0 , 0 ⟩ 4P5/2
5
2

−
6153+14

−14 · · · · · · † 74+19
−19 †

N = 2

| 2 , 0 , 0 , 0 ⟩ 2D3/2
3
2

+
6225+13

−13 | 2 , 0 ⟩ 6224+20
−20 6146.2 ± 0.4 13+5

−5 2.9 ± 1.3

| 2 , 0 , 0 , 0 ⟩ 2D5/2
5
2

+
6235+13

−13 | 2 , 0 ⟩ 6239+20
−20 6152.5 ± 0.4 18+12

−13 2.1 ± 0.9

| 0 , 0 , 1 , 0 ⟩ 2S1/2
1
2

+
6231+12

−12 | 0 , 1 ⟩ 6233+20
−20 † 29+14

−14 †

| 0 , 0 , 0 , 1 ⟩ 2S1/2
1
2

+
6624+21

−21 · · · · · · † 130+32
−32 †

| 1 , 1 , 0 , 0 ⟩ 2D3/2
3
2

+
6421+16

−16 · · · · · · † 67+17
−17 †

| 1 , 1 , 0 , 0 ⟩ 2D5/2
5
2

+
6431+17

−17 · · · · · · † 108+28
−28 †

| 1 , 1 , 0 , 0 ⟩ 4D1/2
1
2

+
6438+22

−22 · · · · · · † 34+9
−9 †

| 1 , 1 , 0 , 0 ⟩ 4D3/2
3
2

+
6444+19

−19 · · · · · · † 95+25
−25 †

| 1 , 1 , 0 , 0 ⟩ 4D5/2
5
2

+
6454+17

−17 · · · · · · † 128+34
−33 †

| 1 , 1 , 0 , 0 ⟩ 4D7/2
7
2

+
6468+23

−22 · · · · · · † 122+34
−34 †

| 1 , 1 , 0 , 0 ⟩ 2P1/2
1
2

−
6423+16

−16 · · · · · · † 0.5+0.1
−0.1 †

| 1 , 1 , 0 , 0 ⟩ 2P3/2
3
2

−
6429+17

−17 · · · · · · † 1.7+0.5
−0.5 †

| 1 , 1 , 0 , 0 ⟩ 4P1/2
1
2

−
6446+19

−18 · · · · · · † 0.3+0.1
−0.1 †

| 1 , 1 , 0 , 0 ⟩ 4P3/2
3
2

−
6452+17

−17 · · · · · · † 1.2+0.3
−0.3 †

| 1 , 1 , 0 , 0 ⟩ 4P5/2
5
2

−
6462+19

−19 · · · · · · † 2+1
−1 †

| 1 , 1 , 0 , 0 ⟩ 4S3/2
3
2

+
6456+17

−18 · · · · · · † 32+8
−8 †

| 1 , 1 , 0 , 0 ⟩ 2S1/2
1
2

+
6427+16

−16 · · · · · · † 29+7
−7 †

| 0 , 2 , 0 , 0 ⟩ 2D3/2
3
2

+
6618+20

−20 · · · · · · † 131+33
−32 †

| 0 , 2 , 0 , 0 ⟩ 2D5/2
5
2

+
6628+21

−22 · · · · · · † 185+49
−49 †
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TABLE 2.3: Table from [90] (APS copyright). Same as Table 2.2, but for Ξb(snb) states. The recently discov-
ered Ξb(6087) [30], 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 reference [30]. The recently discovered Ξb(6095)0 [30] has
been considered by us as the neutral partner of Ξb(6100)− reported by the PDG, and in this Table we
reported its width as from LHCb [30].

F = 3̄F Three-quark Quark-diquark Three-quark

Ξb(snb) Predicted Predicted Exp. Predicted Exp.

|lλ, lρ, kλ, kρ⟩ 2S+1LJ JP Mass (MeV) |lr , kr⟩ Mass (MeV) Mass (MeV) ΓStrong (MeV) Γ (MeV)

N = 0

| 0 , 0 , 0 , 0 ⟩ 2S1/2
1
2

+
5806+9

−9 | 0 , 0 ⟩ 5801+16
−16 5794.5 ± 0.6 a 0 ≈ 0

N = 1

| 1 , 0 , 0 , 0 ⟩ 2P1/2
1
2

−
6079+9

−9 | 1 , 0 ⟩ 6082+15
−16 6087.2 ± 0.8 0.2+0.1

−0.2 2.4 ± 0.6

| 1 , 0 , 0 , 0 ⟩ 2P3/2
3
2

−
6085+9

−9 | 1 , 0 ⟩ 6092+15
−15 6100.3 ± 0.6 a 1.1+0.6

−0.6 0.9 ± 0.4

| 0 , 1 , 0 , 0 ⟩ 2P1/2
1
2

−
6248+11

−11 · · · · · · † 9+2
−2 †

| 0 , 1 , 0 , 0 ⟩ 4P1/2
1
2

−
6271+15

−15 · · · · · · † 6+1
−2 †

| 0 , 1 , 0 , 0 ⟩ 2P3/2
3
2

−
6255+11

−11 · · · · · · † 66+16
−16 †

| 0 , 1 , 0 , 0 ⟩ 4P3/2
3
2

−
6277+14

−14 · · · · · · † 26+7
−7 †

| 0 , 1 , 0 , 0 ⟩ 4P5/2
5
2

−
6287+15

−15 · · · · · · † 68+16
−16 †

N = 2

| 2 , 0 , 0 , 0 ⟩ 2D3/2
3
2

+
6354+13

−13 | 2 , 0 ⟩ 6368+24
−21 6327.3 ± 2.5 1.9+0.8

−0.8 < 2.2

| 2 , 0 , 0 , 0 ⟩ 2D5/2
5
2

+
6364+13

−13 | 2 , 0 ⟩ 6383+23
−21 6332.7 ± 2.5 1.5+0.5

−0.5 < 1.6

| 0 , 0 , 1 , 0 ⟩ 2S1/2
1
2

+
6360+12

−13 | 0 , 1 ⟩ 6377+23
−21 † 5+2

−2 †

| 0 , 0 , 0 , 1 ⟩ 2S1/2
1
2

+
6699+19

−19 · · · · · · † 179+28
−28 †

| 1 , 1 , 0 , 0 ⟩ 2D3/2
3
2

+
6524+16

−16 · · · · · · † 46+12
−12 †

| 1 , 1 , 0 , 0 ⟩ 2D5/2
5
2

+
6534+17

−17 · · · · · · † 108+27
−27 †

| 1 , 1 , 0 , 0 ⟩ 4D1/2
1
2

+
6540+22

−22 · · · · · · † 20+5
−5 †

| 1 , 1 , 0 , 0 ⟩ 4D3/2
3
2

+
6546+19

−19 · · · · · · † 67+18
−18 †

| 1 , 1 , 0 , 0 ⟩ 4D5/2
5
2

+
6556+17

−18 · · · · · · † 100+26
−26 †

| 1 , 1 , 0 , 0 ⟩ 4D7/2
7
2

+
6570+22

−22 · · · · · · † 114+30
−30 †

| 1 , 1 , 0 , 0 ⟩ 2P1/2
1
2

−
6526+16

−16 · · · · · · † 0.3+0.1
−0.1 †

| 1 , 1 , 0 , 0 ⟩ 2P3/2
3
2

−
6532+16

−16 · · · · · · † 2+1
−1 †

| 1 , 1 , 0 , 0 ⟩ 4P1/2
1
2

−
6548+19

−19 · · · · · · † 0.2+0.1
−0.1 †

| 1 , 1 , 0 , 0 ⟩ 4P3/2
3
2

−
6554+18

−17 · · · · · · † 0.9+0.3
−0.3 †

| 1 , 1 , 0 , 0 ⟩ 4P5/2
5
2

−
6564+19

−19 · · · · · · † 3+1
−1 †

| 1 , 1 , 0 , 0 ⟩ 4S3/2
3
2

+
6558+18

−18 · · · · · · † 33+8
−8 †

| 1 , 1 , 0 , 0 ⟩ 2S1/2
1
2

+
6530+16

−16 · · · · · · † 31+7
−8 †

| 0 , 2 , 0 , 0 ⟩ 2D3/2
3
2

+
6693+20

−19 · · · · · · † 127+31
−31 †

| 0 , 2 , 0 , 0 ⟩ 2D5/2
5
2

+
6703+20

−20 · · · · · · † 98+25
−25 †
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TABLE 2.4: Table from [90] (APS copyright). Same as Table 2.2, but for Σb(nnb) states.

F = 6F Three-quark Quark-diquark Three-quark

Σb(nnb) Predicted Predicted Exp. Predicted Exp.

|lλ, lρ, kλ, kρ⟩ 2S+1LJ JP Mass (MeV) |lr , kr⟩ Mass (MeV) Mass (MeV) ΓStrong (MeV) Γ (MeV)

N = 0

| 0 , 0 , 0 , 0 ⟩ 2S1/2
1
2

+
5804+8

−8 | 0 , 0 ⟩ 5811+13
−14 5813.1 ± 0.3 a 4+2

−2 5.0 ± 0.5

| 0 , 0 , 0 , 0 ⟩ 4S3/2
3
2

+
5832+8

−8 | 0 , 0 ⟩ 5835+14
−13 5832.5 ± 0.5 a 10+3

−3 9.9 ± 0.9 a

N = 1

| 1 , 0 , 0 , 0 ⟩ 2P1/2
1
2

−
6108+10

−10 | 1 , 0 ⟩ 6098+14
−13 6096.9 ± 1.8 a 24+6

−6 30 ± 7

| 1 , 0 , 0 , 0 ⟩ 4P1/2
1
2

−
6131+12

−13 | 1 , 0 ⟩ 6113+15
−14 † 13+3

−3 †

| 1 , 0 , 0 , 0 ⟩ 2P3/2
3
2

−
6114+10

−10 | 1 , 0 ⟩ 6107+14
−14 † 84+20

−20 †

| 1 , 0 , 0 , 0 ⟩ 4P3/2
3
2

−
6137+10

−10 | 1 , 0 ⟩ 6122+14
−13 † 57+14

−14 †

| 1 , 0 , 0 , 0 ⟩ 4P5/2
5
2

−
6147+12

−12 | 1 , 0 ⟩ 6137+15
−14 † 96+23

−23 †

| 0 , 1 , 0 , 0 ⟩ 2P1/2
1
2

−
6304+13

−13 · · · · · · † 134+31
−32 †

| 0 , 1 , 0 , 0 ⟩ 2P3/2
3
2

−
6311+13

−13 · · · · · · † 129+32
−32 †

N = 2

| 2 , 0 , 0 , 0 ⟩ 2D3/2
3
2

+
6415+15

−15 | 2 , 0 ⟩ 6388+22
−22 † 58+15

−15 †

| 2 , 0 , 0 , 0 ⟩ 2D5/2
5
2

+
6425+16

−16 | 2 , 0 ⟩ 6404+22
−22 † 130+33

−33 †

| 2 , 0 , 0 , 0 ⟩ 4D1/2
1
2

+
6431+21

−21 | 2 , 0 ⟩ 6393+22
−22 † 78+19

−20 †

| 2 , 0 , 0 , 0 ⟩ 4D3/2
3
2

+
6437+17

−17 | 2 , 0 ⟩ 6403+21
−21 † 106+27

−27 †

| 2 , 0 , 0 , 0 ⟩ 4D5/2
5
2

+
6448+15

−15 | 2 , 0 ⟩ 6418+20
−21 † 133+33

−33 †

| 2 , 0 , 0 , 0 ⟩ 4D7/2
7
2

+
6462+20

−20 | 2 , 0 ⟩ 6440+23
−22 † 145+38

−39 †

| 0 , 0 , 1 , 0 ⟩ 2S1/2
1
2

+
6421+15

−15 | 0 , 1 ⟩ 6397+22
−21 † 119+29

−29 †

| 0 , 0 , 1 , 0 ⟩ 4S3/2
3
2

+
6450+15

−15 | 0 , 1 ⟩ 6421+20
−21 † 121+30

−30 †

| 0 , 0 , 0 , 1 ⟩ 2S1/2
1
2

+
6813+24

−24 · · · · · · † 710+156
−184 †

| 0 , 0 , 0 , 1 ⟩ 4S3/2
3
2

+
6842+24

−23 · · · · · · † 973+243
−243 †

| 1 , 1 , 0 , 0 ⟩ 2D3/2
3
2

+
6611+19

−19 · · · · · · † 376+93
−95 †

| 1 , 1 , 0 , 0 ⟩ 2D5/2
5
2

+
6621+20

−20 · · · · · · † 252+67
−66 †

| 1 , 1 , 0 , 0 ⟩ 2P1/2
1
2

−
6613+19

−19 · · · · · · † 4+1
−1 †

| 1 , 1 , 0 , 0 ⟩ 2P3/2
3
2

−
6619+20

−20 · · · · · · † 5+1
−1 †

| 1 , 1 , 0 , 0 ⟩ 2S1/2
1
2

+
6617+19

−19 · · · · · · † 58+15
−16 †

| 0 , 2 , 0 , 0 ⟩ 2D3/2
3
2

+
6807+23

−23 · · · · · · † 549+130
−130 †

| 0 , 2 , 0 , 0 ⟩ 2D5/2
5
2

+
6817+24

−25 · · · · · · † 616+172
−170 †

| 0 , 2 , 0 , 0 ⟩ 4D1/2
1
2

+
6824+27

−27 · · · · · · † 1349+320
−321 †

| 0 , 2 , 0 , 0 ⟩ 4D3/2
3
2

+
6830+24

−24 · · · · · · † 741+176
−175 †

| 0 , 2 , 0 , 0 ⟩ 4D5/2
5
2

+
6840+23

−23 · · · · · · † 376+90
−89 †

| 0 , 2 , 0 , 0 ⟩ 4D7/2
7
2

+
6854+28

−28 · · · · · · † 1178+331
−334 †
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TABLE 2.5: Table from [90] (APS copyright). Same as Table 2.2, but for Ξ′
b(snb) states.

F = 6F Three-quark Quark-diquark Three-quark

Ξ′
b(snb) Predicted Predicted Exp. Predicted Exp.

|lλ, lρ, kλ, kρ⟩ 2S+1LJ JP Mass (MeV) |lr , kr⟩ Mass (MeV) Mass (MeV) ΓStrong (MeV) Γ (MeV)

N = 0

| 0 , 0 , 0 , 0 ⟩ 2S1/2
1
2

+
5925+6

−6 | 0 , 0 ⟩ 5927+13
−13 5935.02 ± 0.05 a 0 < 0.08

| 0 , 0 , 0 , 0 ⟩ 4S3/2
3
2

+
5953+7

−7 | 0 , 0 ⟩ 5951+13
−14 5953.8 ± 0.6 a 0.2+0.1

−0.1 0.90 ± 0.18

N = 1

| 1 , 0 , 0 , 0 ⟩ 2P1/2
1
2

−
6198+7

−7 | 1 , 0 ⟩ 6199+14
−15 † 3+1

−1 †

| 1 , 0 , 0 , 0 ⟩ 4P1/2
1
2

−
6220+10

−10 | 1 , 0 ⟩ 6213+14
−14 † 4+1

−1 †

| 1 , 0 , 0 , 0 ⟩ 2P3/2
3
2

−
6204+7

−7 | 1 , 0 ⟩ 6208+14
−14 † 29+7

−7 †

| 1 , 0 , 0 , 0 ⟩ 4P3/2
3
2

−
6226+7

−7 | 1 , 0 ⟩ 6223+14
−13 † 8+2

−2 †

| 1 , 0 , 0 , 0 ⟩ 4P5/2
5
2

−
6237+10

−10 | 1 , 0 ⟩ 6238+14
−14 6227.9 ± 1.6 31+8

−8 19.9 ± 2.6

| 0 , 1 , 0 , 0 ⟩ 2P1/2
1
2

−
6367+9

−9 · · · · · · † 197+48
−49 †

| 0 , 1 , 0 , 0 ⟩ 2P3/2
3
2

−
6374+10

−10 · · · · · · † 97+24
−24 †

N = 2

| 2 , 0 , 0 , 0 ⟩ 2D3/2
3
2

+
6473+12

−12 | 2 , 0 ⟩ 6474+20
−22 † 14+5

−5 †

| 2 , 0 , 0 , 0 ⟩ 2D5/2
5
2

+
6483+13

−13 | 2 , 0 ⟩ 6489+21
−22 † 30+11

−11 †

| 2 , 0 , 0 , 0 ⟩ 4D1/2
1
2

+
6489+18

−18 | 2 , 0 ⟩ 6479+22
−22 † 25+10

−10 †

| 2 , 0 , 0 , 0 ⟩ 4D3/2
3
2

+
6495+14

−14 | 2 , 0 ⟩ 6488+21
−21 † 35+12

−12 †

| 2 , 0 , 0 , 0 ⟩ 4D5/2
5
2

+
6506+11

−11 | 2 , 0 ⟩ 6504+20
−21 † 46+13

−13 †

| 2 , 0 , 0 , 0 ⟩ 4D7/2
7
2

+
6520+18

−18 | 2 , 0 ⟩ 6526+20
−22 † 47+14

−14 †

| 0 , 0 , 1 , 0 ⟩ 2S1/2
1
2

+
6479+11

−12 | 0 , 1 ⟩ 6483+21
−22 † 47+14

−14 †

| 0 , 0 , 1 , 0 ⟩ 4S3/2
3
2

+
6508+12

−12 | 0 , 1 ⟩ 6507+20
−21 † 79+26

−26 †

| 0 , 0 , 0 , 1 ⟩ 2S1/2
1
2

+
6818+19

−19 · · · · · · † 599+149
−149 †

| 0 , 0 , 0 , 1 ⟩ 4S3/2
3
2

+
6847+19

−19 · · · · · · † 630+157
−157 †

| 1 , 1 , 0 , 0 ⟩ 2D3/2
3
2

+
6642+15

−15 · · · · · · † 234+59
−60 †

| 1 , 1 , 0 , 0 ⟩ 2D5/2
5
2

+
6653+17

−17 · · · · · · † 116+30
−29 †

| 1 , 1 , 0 , 0 ⟩ 2P1/2
1
2

−
6644+15

−15 · · · · · · † 3+1
−1 †

| 1 , 1 , 0 , 0 ⟩ 2P3/2
3
2

−
6651+16

−16 · · · · · · † 3+1
−1 †

| 1 , 1 , 0 , 0 ⟩ 2S1/2
1
2

+
6649+15

−15 · · · · · · † 59+14
−14 †

| 0 , 2 , 0 , 0 ⟩ 2D3/2
3
2

+
6812+19

−19 · · · · · · † 315+81
−85 †

| 0 , 2 , 0 , 0 ⟩ 2D5/2
5
2

+
6822+20

−20 · · · · · · † 209+54
−55 †

| 0 , 2 , 0 , 0 ⟩ 4D1/2
1
2

+
6828+22

−22 · · · · · · † 529+156
−151 †

| 0 , 2 , 0 , 0 ⟩ 4D3/2
3
2

+
6834+20

−20 · · · · · · † 364+94
−93 †

| 0 , 2 , 0 , 0 ⟩ 4D5/2
5
2

+
6845+19

−19 · · · · · · † 194+48
−47 †

| 0 , 2 , 0 , 0 ⟩ 4D7/2
7
2

+
6859+24

−24 · · · · · · † 349+98
−98 †
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TABLE 2.6: Table from [90] (APS copyright). Same as Table 2.2, but for Ωb(ssb) states.

F = 6F Three-quark Quark-diquark Three-quark

Ωb(ssb) Predicted Predicted Exp. Predicted Exp.

|lλ, lρ, kλ, kρ⟩ 2S+1LJ JP Mass (MeV) |lr , kr⟩ Mass (MeV) Mass (MeV) ΓStrong (MeV) Γ (MeV)

N = 0

| 0 , 0 , 0 , 0 ⟩ 2S1/2
1
2

+
6064+8

−8 | 0 , 0 ⟩ 6059+13
−12 6045.2 ± 1.2 a 0 ≈ 0

| 0 , 0 , 0 , 0 ⟩ 4S3/2
3
2

+
6093+9

−8 | 0 , 0 ⟩ 6083+13
−14 † 0 †

N = 1

| 1 , 0 , 0 , 0 ⟩ 2P1/2
1
2

−
6315+7

−7 | 1 , 0 ⟩ 6318+9
−10 6315.6 ± 0.6 a 5+1

−1 < 4.2

| 1 , 0 , 0 , 0 ⟩ 4P1/2
1
2

−
6337+10

−10 | 1 , 0 ⟩ 6333+11
−11 6330.3 ± 0.6 a 11+3

−3 < 4.7

| 1 , 0 , 0 , 0 ⟩ 2P3/2
3
2

−
6321+8

−8 | 1 , 0 ⟩ 6328+10
−10 6339.7 ± 0.6 24+6

−6 < 1.8

| 1 , 0 , 0 , 0 ⟩ 4P3/2
3
2

−
6343+7

−7 | 1 , 0 ⟩ 6342+10
−10 6349.8 ± 0.6 6+2

−2 < 3.2

| 1 , 0 , 0 , 0 ⟩ 4P5/2
5
2

−
6353+11

−11 | 1 , 0 ⟩ 6358+11
−10 † 40+10

−10 †

| 0 , 1 , 0 , 0 ⟩ 2P1/2
1
2

−
6465+9

−8 · · · · · · † 10+2
−2 †

| 0 , 1 , 0 , 0 ⟩ 2P3/2
3
2

−
6471+10

−10 · · · · · · † 54+14
−14 †

N = 2

| 2 , 0 , 0 , 0 ⟩ 2D3/2
3
2

+
6568+11

−11 | 2 , 0 ⟩ 6581+14
−15 † 4+1

−1 †

| 2 , 0 , 0 , 0 ⟩ 2D5/2
5
2

+
6578+12

−12 | 2 , 0 ⟩ 6596+15
−15 † 10+2

−2 †

| 2 , 0 , 0 , 0 ⟩ 4D1/2
1
2

+
6584+17

−17 | 2 , 0 ⟩ 6585+17
−17 † 1.0+0.3

−0.3 †

| 2 , 0 , 0 , 0 ⟩ 4D3/2
3
2

+
6590+13

−13 | 2 , 0 ⟩ 6595+16
−16 † 3+1

−1 †

| 2 , 0 , 0 , 0 ⟩ 4D5/2
5
2

+
6600+10

−10 | 2 , 0 ⟩ 6610+15
−15 † 8+2

−2 †

| 2 , 0 , 0 , 0 ⟩ 4D7/2
7
2

+
6614+18

−18 | 2 , 0 ⟩ 6632+17
−16 † 18+10

−9 †

| 0 , 0 , 1 , 0 ⟩ 2S1/2
1
2

+
6574+11

−11 | 0 , 1 ⟩ 6590+15
−15 † 20+6

−6 †

| 0 , 0 , 1 , 0 ⟩ 4S3/2
3
2

+
6602+11

−11 | 0 , 1 ⟩ 6614+15
−15 † 17+6

−6 †

| 0 , 0 , 0 , 1 ⟩ 2S1/2
1
2

+
6874+17

−17 · · · · · · † 398+119
−119 †

| 0 , 0 , 0 , 1 ⟩ 4S3/2
3
2

+
6902+17

−17 · · · · · · † 257+64
−64 †

| 1 , 1 , 0 , 0 ⟩ 2D3/2
3
2

+
6718+14

−14 · · · · · · † 116+39
−39 †

| 1 , 1 , 0 , 0 ⟩ 2D5/2
5
2

+
6728+15

−15 · · · · · · † 82+22
−23 †

| 1 , 1 , 0 , 0 ⟩ 2P1/2
1
2

−
6720+14

−14 · · · · · · † 1.1+0.4
−0.4 †

| 1 , 1 , 0 , 0 ⟩ 2P3/2
3
2

−
6726+15

−15 · · · · · · † 2+1
−1 †

| 1 , 1 , 0 , 0 ⟩ 2S1/2
1
2

+
6724+14

−14 · · · · · · † 72+21
−21 †

| 0 , 2 , 0 , 0 ⟩ 2D3/2
3
2

+
6868+17

−17 · · · · · · † 180+56
−54 †

| 0 , 2 , 0 , 0 ⟩ 2D5/2
5
2

+
6878+19

−19 · · · · · · † 157+39
−39 †

| 0 , 2 , 0 , 0 ⟩ 4D1/2
1
2

+
6884+21

−21 · · · · · · † 126+31
−32 †

| 0 , 2 , 0 , 0 ⟩ 4D3/2
3
2

+
6890+18

−18 · · · · · · † 195+47
−47 †

| 0 , 2 , 0 , 0 ⟩ 4D5/2
5
2

+
6900+17

−17 · · · · · · † 172+41
−41 †

| 0 , 2 , 0 , 0 ⟩ 4D7/2
7
2

+
6914+23

−23 · · · · · · † 230+62
−63 †
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TABLE 2.7: Table from [90] (APS copyright). Comparison of our predicted three-quark Λb(nnb) masses
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,

∣

∣lλ, lρ, kλ, kρ

〉

, 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 2S+1LJ for each state. The third column reports our predicted masses, computed
within the three-quark model. Our results are compared with those of references [50] (fourth column),
[57, 59, 60] (fifth column), [48] (sixth column), [65] (seventh column), [68] (eighth column), [44] (ninth
column), [42] (tenth column), and [35] (eleventh column). Our theoretical results are also compared with
the experimental masses as from PDG [89] (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.

Λb(snb) F = 3̄F This NRQM QCDSR NRQM χQM LQCD CQC NRQM RQM

|lλ, lρ, kλ, kρ⟩ 2S+1LJ work [50] [57, 59, 60] [48] [65] [68] [44] [42] [35] Exp.

N = 0

| 0 , 0 , 0 , 0 ⟩ 2S1/2 5613+9
−9 5618 5637 5612 5620 5667 5624 5629 5585 5619.60 ± 0.17

N = 1

| 1 , 0 , 0 , 0 ⟩ 2P1/2 5918+8
−8 5938 6010 5939 5914 ... 5947 ... 5912 5912.19 ± 0.17

| 1 , 0 , 0 , 0 ⟩ 2P3/2 5924+8
−8 5939 6010 5941 5927 ... ... ... 5920 5920.09 ± 0.17

| 0 , 1 , 0 , 0 ⟩ 2P1/2 6114+10
−10 6236 ... 6180 6207 ... 6245 ... 6100 †

| 0 , 1 , 0 , 0 ⟩ 4P1/2 6137+14
−14 6273 5870 ... 6233 ... ... ... 6165 †

| 0 , 1 , 0 , 0 ⟩ 2P3/2 6121+10
−10 6273 ... 6191 ... ... ... ... 6185 †

| 0 , 1 , 0 , 0 ⟩ 4P3/2 6143+12
−12 6285 5880 ... ... ... ... ... 6190 †

| 0 , 1 , 0 , 0 ⟩ 4P5/2 6153+14
−14 6289 ... 6206 ... ... ... ... 6205 †

N = 2

| 2 , 0 , 0 , 0 ⟩ 2D3/2 6225+13
−13 6211 6010 6181 6172 ... 6388 ... 6145 6146.2 ± 0.4

| 2 , 0 , 0 , 0 ⟩ 2D5/2 6235+13
−13 6212 6010 6183 6178 ... ... ... 6165 6152.5 ± 0.4

| 0 , 0 , 1 , 0 ⟩ 2S1/2 6231+12
−12 6153 ... 6107 6121 ... 6106 ... 6045 †

| 0 , 0 , 0 , 1 ⟩ 2S1/2 6624+21
−21 ... ... ... ... ... ... ... ... †

| 1 , 1 , 0 , 0 ⟩ 2D3/2 6421+16
−16 6488 ... 6401 ... ... ... ... ... †

| 1 , 1 , 0 , 0 ⟩ 2D5/2 6431+17
−17 6530 6560 6422 ... ... ... ... ... †

| 1 , 1 , 0 , 0 ⟩ 4D1/2 6438+22
−22 6467 ... ... ... ... ... ... ... †

| 1 , 1 , 0 , 0 ⟩ 4D3/2 6444+19
−19 6511 6360 ... ... ... ... ... ... †

| 1 , 1 , 0 , 0 ⟩ 4D5/2 6454+17
−17 6539 6360 ... ... ... ... ... ... †

| 1 , 1 , 0 , 0 ⟩ 4D7/2 6468+23
−22 ... 6560 6433 ... ... ... ... ... †

| 1 , 1 , 0 , 0 ⟩ 2P1/2 6423+16
−16 ... ... ... ... ... ... ... 6260 †

| 1 , 1 , 0 , 0 ⟩ 2P3/2 6429+17
−17 ... ... ... ... ... ... ... 6265 †

| 1 , 1 , 0 , 0 ⟩ 4P1/2 6446+19
−18 ... 6220 ... ... ... ... ... 6470 †

| 1 , 1 , 0 , 0 ⟩ 4P3/2 6452+17
−17 ... 6230 ... ... ... ... ... 6510 †

| 1 , 1 , 0 , 0 ⟩ 4P5/2 6462+19
−19 ... ... ... ... ... ... ... 6360 †

| 1 , 1 , 0 , 0 ⟩ 4S3/2 6456+17
−18 ... ... ... ... ... ... ... ... †

| 1 , 1 , 0 , 0 ⟩ 2S1/2 6427+16
−16 ... ... ... ... ... ... ... ... †

| 0 , 2 , 0 , 0 ⟩ 2D3/2 6618+20
−20 ... 6520 ... ... ... 6637 ... ... †

| 0 , 2 , 0 , 0 ⟩ 2D5/2 6628+21
−22 ... 6520 ... ... ... ... ... ... †
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TABLE 2.8: Table from [90] (APS copyright). Same as Table 2.7, but for Ξb(snb) states.

Ξb(snb) F = 3̄F This NRQM QCDSR NRQM χQM LQCD CQC NRQM RQM

|lλ, lρ, kλ, kρ⟩ 2S+1LJ work [50] [57, 59, 60] [48] [65] [68] [44] [42] [35] Exp.

N = 0

| 0 , 0 , 0 , 0 ⟩ 2S1/2 5806+9
−9 ... 5780 5844 5796 5901 5801 5800 ... 5794.5 ± 0.6

N = 1

| 1 , 0 , 0 , 0 ⟩ 2P1/2 6079+9
−9 ... 6270 6108 6069 ... 6109 ... ... †

| 1 , 0 , 0 , 0 ⟩ 2P3/2 6085+9
−9 ... 6280 6110 6080 ... ... ... ... 6100.3 ± 0.6

| 0 , 1 , 0 , 0 ⟩ 2P1/2 6248+11
−11 ... ... ... 6084 ... 6223 ... ... †

| 0 , 1 , 0 , 0 ⟩ 4P1/2 6271+15
−15 ... 6060 ... 6540 ... ... ... ... †

| 0 , 1 , 0 , 0 ⟩ 2P3/2 6255+11
−11 ... ... ... ... ... ... ... ... †

| 0 , 1 , 0 , 0 ⟩ 4P3/2 6277+14
−14 ... 6070 ... 6554 ... ... ... ... †

| 0 , 1 , 0 , 0 ⟩ 4P5/2 6287+15
−15 ... ... 6312 ... ... ... ... ... †

N = 2

| 2 , 0 , 0 , 0 ⟩ 2D3/2 6354+13
−13 ... 6190 6294 6307 ... ... ... ... 6327.3 ± 2.5

| 2 , 0 , 0 , 0 ⟩ 2D5/2 6364+13
−13 ... 6190 6333 6313 ... ... ... ... 6332.7 ± 2.5

| 0 , 0 , 1 , 0 ⟩ 2S1/2 6360+12
−13 ... ... ... 6260 ... 6258 ... ... †

| 0 , 0 , 0 , 1 ⟩ 2S1/2 6699+19
−19 ... ... ... ... ... ... ... ... †

| 1 , 1 , 0 , 0 ⟩ 2D3/2 6524+16
−16 ... ... ... ... ... ... ... ... †

| 1 , 1 , 0 , 0 ⟩ 2D5/2 6534+17
−17 ... 6860 ... ... ... ... ... ... †

| 1 , 1 , 0 , 0 ⟩ 4D1/2 6540+22
−22 ... ... ... ... ... ... ... ... †

| 1 , 1 , 0 , 0 ⟩ 4D3/2 6546+19
−19 ... 6840 ... ... ... ... ... ... †

| 1 , 1 , 0 , 0 ⟩ 4D5/2 6556+17
−18 ... 6840 ... ... ... ... ... ... †

| 1 , 1 , 0 , 0 ⟩ 4D7/2 6570+22
−22 ... 6860 6524 ... ... ... ... ... †

| 1 , 1 , 0 , 0 ⟩ 2P1/2 6526+16
−16 ... ... ... ... ... ... ... ... †

| 1 , 1 , 0 , 0 ⟩ 2P3/2 6532+16
−16 ... ... ... ... ... ... ... ... †

| 1 , 1 , 0 , 0 ⟩ 4P1/2 6548+19
−19 ... 6820 ... ... ... ... ... ... †

| 1 , 1 , 0 , 0 ⟩ 4P3/2 6554+18
−17 ... 6820 ... ... ... ... ... ... †

| 1 , 1 , 0 , 0 ⟩ 4P5/2 6564+19
−19 ... ... ... ... ... ... ... ... †

| 1 , 1 , 0 , 0 ⟩ 4S3/2 6558+18
−18 ... ... ... ... ... ... ... ... †

| 1 , 1 , 0 , 0 ⟩ 2S1/2 6530+16
−16 ... ... ... ... ... ... ... ... †

| 0 , 2 , 0 , 0 ⟩ 2D3/2 6693+20
−19 ... 6570 ... ... ... ... ... ... †

| 0 , 2 , 0 , 0 ⟩ 2D5/2 6703+20
−20 ... 6570 ... ... ... ... ... ... †
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TABLE 2.9: Table from [90] (APS copyright). Same as Table 2.7, but for Σb(nnb) states.

Σb(nnb) F = 6F This NRQM QCDSR NRQM χQM LQCD CQC NRQM RQM

|lλ, lρ, kλ, kρ⟩ 2S+1LJ work [50] [57, 59, 60] [48] [65] [68] [44] [42] [35] Exp.

N = 0

| 0 , 0 , 0 , 0 ⟩ 2S1/2 5804+8
−8 5823 5809 5833 5810 5820 5807 5844 5795 5813.1 ± 0.3

| 0 , 0 , 0 , 0 ⟩ 4S3/2 5832+8
−8 5845 5835 5858 5829 5836 5829 5874 5805 5832.5 ± 0.5

N = 1

| 1 , 0 , 0 , 0 ⟩ 2P1/2 6108+10
−10 6127 ... 6099 6043 ... 6103 ... 6070 6096.9 ± 1.8

| 1 , 0 , 0 , 0 ⟩ 4P1/2 6131+12
−13 6135 6020 6106 6065 ... ... ... 6070 †

| 1 , 0 , 0 , 0 ⟩ 2P3/2 6114+10
−10 6132 ... 6101 6079 ... ... ... 6070 †

| 1 , 0 , 0 , 0 ⟩ 4P3/2 6137+10
−10 6141 5960 6105 6117 ... ... ... 6085 †

| 1 , 0 , 0 , 0 ⟩ 4P5/2 6147+12
−12 6144 5980 6172 6129 ... ... ... 6090 †

| 0 , 1 , 0 , 0 ⟩ 2P1/2 6304+13
−13 6246 5910 ... ... ... 6241 ... 6170 †

| 0 , 1 , 0 , 0 ⟩ 2P3/2 6311+13
−13 6246 5920 ... ... ... ... ... 6180 †

N = 2

| 2 , 0 , 0 , 0 ⟩ 2D3/2 6415+15
−15 6356 ... 6308 6316 ... 6260 ... 6250 †

| 2 , 0 , 0 , 0 ⟩ 2D5/2 6425+16
−16 6397 ... 6325 6341 ... ... ... 6325 †

| 2 , 0 , 0 , 0 ⟩ 4D1/2 6431+21
−21 6343 ... ... 6304 ... ... ... 6300 †

| 2 , 0 , 0 , 0 ⟩ 4D3/2 6437+17
−17 6393 ... ... 6330 ... ... ... 6320 †

| 2 , 0 , 0 , 0 ⟩ 4D5/2 6448+15
−15 6402 ... 6328 6365 ... ... ... 6335 †

| 2 , 0 , 0 , 0 ⟩ 4D7/2 6462+20
−20 ... ... 6333 6373 ... ... ... 6340 †

| 0 , 0 , 1 , 0 ⟩ 2S1/2 6421+15
−15 6395 ... 6294 6274 ... 6247 ... 6290 †

| 0 , 0 , 1 , 0 ⟩ 4S3/2 6450+15
−15 ... ... ... 6286 ... ... ... ... †

| 0 , 0 , 0 , 1 ⟩ 2S1/2 6813+24
−24 ... ... ... ... ... ... ... 6400 †

| 0 , 0 , 0 , 1 ⟩ 4S3/2 6842+24
−23 ... ... ... ... ... ... ... ... †

| 1 , 1 , 0 , 0 ⟩ 2D3/2 6611+19
−19 ... ... ... ... ... ... ... ... †

| 1 , 1 , 0 , 0 ⟩ 2D5/2 6621+20
−20 6505 ... ... ... ... ... ... ... †

| 1 , 1 , 0 , 0 ⟩ 2P1/2 6613+19
−19 ... ... ... ... ... ... ... 6440 †

| 1 , 1 , 0 , 0 ⟩ 2P3/2 6619+20
−20 ... ... ... ... ... ... ... 6445 †

| 1 , 1 , 0 , 0 ⟩ 2S1/2 6617+19
−19 ... ... ... ... ... ... ... ... †

| 0 , 2 , 0 , 0 ⟩ 2D3/2 6807+23
−23 ... ... ... ... ... ... ... ... †

| 0 , 2 , 0 , 0 ⟩ 2D5/2 6817+24
−25 ... ... ... ... ... ... ... ... †

| 0 , 2 , 0 , 0 ⟩ 4D1/2 6824+27
−27 ... ... ... ... ... ... ... ... †

| 0 , 2 , 0 , 0 ⟩ 4D3/2 6830+24
−24 ... ... ... ... ... ... ... ... †

| 0 , 2 , 0 , 0 ⟩ 4D5/2 6840+23
−23 ... ... ... ... ... ... ... ... †

| 0 , 2 , 0 , 0 ⟩ 4D7/2 6854+28
−28 ... ... 6554 ... ... ... ... 6535 †
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TABLE 2.10: Table from [90] (APS copyright). Same as Table 2.7, but for Ξ′
b(snb) states.

Ξ′
b(snb) F = 6F This NRQM QCDSR NRQM χQM LQCD CQC NRQM RQM

|lλ, lρ, kλ, kρ⟩ 2S+1LJ work [50] [57, 59, 60] [48] [65] [68] [44] [42] [35] Exp.

N = 0

| 0 , 0 , 0 , 0 ⟩ 2S1/2 5925+6
−6 ... 5903 5958 5934 5946 5939 5939 ... 5935.02 ± 0.05

| 0 , 0 , 0 , 0 ⟩ 4S3/2 5954+7
−7 ... ... ... 5952 ... 5961 5970 ... 5953.8 ± 0.6

N = 1

| 1 , 0 , 0 , 0 ⟩ 2P1/2 6198+7
−7 ... ... 6192 6164 ... ... ... ... †

| 1 , 0 , 0 , 0 ⟩ 4P1/2 6220+10
−10 ... 6240 ... 6183 ... ... ... ... †

| 1 , 0 , 0 , 0 ⟩ 2P3/2 6204+7
−7 ... ... 6194 6195 ... ... ... ... †

| 1 , 0 , 0 , 0 ⟩ 4P3/2 6227+7
−7 ... 6170 ... 6227 ... ... ... ... †

| 1 , 0 , 0 , 0 ⟩ 4P5/2 6237+10
−10 ... 6180 6204 6238 ... ... ... ... 6227.9 ± 1.6

| 0 , 1 , 0 , 0 ⟩ 2P1/2 6367+9
−9 ... 6110 ... ... ... ... ... ... †

| 0 , 1 , 0 , 0 ⟩ 2P3/2 6373+10
−10 ... 6110 ... ... ... ... ... ... †

N = 2

| 2 , 0 , 0 , 0 ⟩ 2D3/2 6473+12
−12 ... ... 5982 6423 ... ... ... ... †

| 2 , 0 , 0 , 0 ⟩ 2D5/2 6483+13
−13 ... ... 6402 6444 ... ... ... ... †

| 2 , 0 , 0 , 0 ⟩ 4D1/2 6489+18
−18 ... ... ... 6411 ... ... ... ... †

| 2 , 0 , 0 , 0 ⟩ 4D3/2 6495+14
−14 ... ... ... 6434 ... ... ... ... †

| 2 , 0 , 0 , 0 ⟩ 4D5/2 6506+11
−11 ... ... ... 6465 ... ... ... ... †

| 2 , 0 , 0 , 0 ⟩ 4D7/2 6520+18
−18 ... ... 6405 6472 ... ... ... ... †

| 0 , 0 , 1 , 0 ⟩ 2S1/2 6479+11
−12 ... ... ... 6381 ... 6360 ... ... †

| 0 , 0 , 1 , 0 ⟩ 4S3/2 6508+12
−11 ... ... ... 6392 ... ... ... ... †

| 0 , 0 , 0 , 1 ⟩ 2S1/2 6818+19
−19 ... ... ... ... ... ... ... ... †

| 0 , 0 , 0 , 1 ⟩ 4S3/2 6847+19
−19 ... ... ... ... ... ... ... ... †

| 1 , 1 , 0 , 0 ⟩ 2D3/2 6642+15
−15 ... ... ... ... ... ... ... ... †

| 1 , 1 , 0 , 0 ⟩ 2D5/2 6653+16
−16 ... ... ... ... ... ... ... ... †

| 1 , 1 , 0 , 0 ⟩ 2P1/2 6644+15
−15 ... ... ... ... ... ... ... ... †

| 1 , 1 , 0 , 0 ⟩ 2P3/2 6650+16
−16 ... ... ... ... ... ... ... ... †

| 1 , 1 , 0 , 0 ⟩ 2S1/2 6648+15
−15 ... ... ... ... ... ... ... ... †

| 0 , 2 , 0 , 0 ⟩ 2D3/2 6812+19
−19 ... ... ... ... ... ... ... ... †

| 0 , 2 , 0 , 0 ⟩ 2D5/2 6822+20
−20 ... ... ... ... ... ... ... ... †

| 0 , 2 , 0 , 0 ⟩ 4D1/2 6828+22
−22 ... ... ... ... ... ... ... ... †

| 0 , 2 , 0 , 0 ⟩ 4D3/2 6834+20
−20 ... ... ... ... ... ... ... ... †

| 0 , 2 , 0 , 0 ⟩ 4D5/2 6845+19
−19 ... ... ... ... ... ... ... ... †

| 0 , 2 , 0 , 0 ⟩ 4D7/2 6859+24
−25 ... ... ... ... ... ... ... ... †
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TABLE 2.11: Table from [90] (APS copyright). Same as Table 2.7, but for Ωb(ssb) states.

Ωb(ssb) F = 6F This NRQM QCDSR NRQM χQM LQCD CQC NRQM RQM

|lλ, lρ, kλ, kρ⟩ 2S+1LJ work [50] [57, 59, 60] [48] [65] [68] [44] [42] [35] Exp.

N = 0

| 0 , 0 , 0 , 0 ⟩ 2S1/2 6064+8
−8 6076 6036 6081 6047 6014 6056 6030 ... 6045.2 ± 1.2

| 0 , 0 , 0 , 0 ⟩ 4S3/2 6093+9
−8 6094 6063 6102 6064 6019 6079 6061 ... †

N = 1

| 1 , 0 , 0 , 0 ⟩ 2P1/2 6315+7
−7 6333 ... 6301 6273 ... 6340 ... ... 6315.6 ± 0.6

| 1 , 0 , 0 , 0 ⟩ 4P1/2 6337+10
−10 6340 6500 6312 6290 ... ... ... ... 6330.3 ± 0.6

| 1 , 0 , 0 , 0 ⟩ 2P3/2 6321+8
−8 6336 ... 6304 6301 ... ... ... ... 6339.7 ± 0.6

| 1 , 0 , 0 , 0 ⟩ 4P3/2 6343+7
−7 6344 6430 6311 6329 ... ... ... ... 6349.8 ± 0.6

| 1 , 0 , 0 , 0 ⟩ 4P5/2 6353+11
−11 6345 6430 6311 6339 ... ... ... ... †

| 0 , 1 , 0 , 0 ⟩ 2P1/2 6465+9
−8 6437 6340 ... ... ... 6458 ... ... †

| 0 , 1 , 0 , 0 ⟩ 2P3/2 6471+10
−10 6438 6340 ... ... ... ... ... ... †

N = 2

| 2 , 0 , 0 , 0 ⟩ 2D3/2 6568+11
−11 6528 ... 6478 6522 ... 6493 ... ... †

| 2 , 0 , 0 , 0 ⟩ 2D5/2 6578+12
−12 6561 ... 6492 6541 ... ... ... ... †

| 2 , 0 , 0 , 0 ⟩ 4D1/2 6584+17
−17 6517 ... ... 6511 ... ... ... ... †

| 2 , 0 , 0 , 0 ⟩ 4D3/2 6590+13
−13 6559 ... ... 6532 ... ... ... ... †

| 2 , 0 , 0 , 0 ⟩ 4D5/2 6600+10
−10 6566 ... 6494 6559 ... ... ... ... †

| 2 , 0 , 0 , 0 ⟩ 4D7/2 6614+18
−18 ... ... 6497 6567 ... ... ... ... †

| 0 , 0 , 1 , 0 ⟩ 2S1/2 6574+11
−11 6561 ... 6472 6480 ... 6479 ... ... †

| 0 , 0 , 1 , 0 ⟩ 4S3/2 6602+11
−11 ... ... ... 6491 ... ... ... ... †

| 0 , 0 , 0 , 1 ⟩ 2S1/2 6874+17
−17 ... ... ... ... ... ... ... ... †

| 0 , 0 , 0 , 1 ⟩ 4S3/2 6902+17
−17 ... ... ... ... ... ... ... ... †

| 1 , 1 , 0 , 0 ⟩ 2D3/2 6718+14
−14 ... ... ... ... ... ... ... ... †

| 1 , 1 , 0 , 0 ⟩ 2D5/2 6728+15
−15 6657 ... ... ... ... ... ... ... †

| 1 , 1 , 0 , 0 ⟩ 2P1/2 6720+14
−14 ... ... ... ... ... ... ... ... †

| 1 , 1 , 0 , 0 ⟩ 2P3/2 6726+15
−15 ... ... ... ... ... ... ... ... †

| 1 , 1 , 0 , 0 ⟩ 2S1/2 6724+14
−14 ... ... ... ... ... ... ... ... †

| 0 , 2 , 0 , 0 ⟩ 2D3/2 6868+17
−17 ... ... ... ... ... ... ... ... †

| 0 , 2 , 0 , 0 ⟩ 2D5/2 6878+19
−19 ... ... ... ... ... ... ... ... †

| 0 , 2 , 0 , 0 ⟩ 4D1/2 6884+21
−21 ... ... ... ... ... ... ... ... †

| 0 , 2 , 0 , 0 ⟩ 4D3/2 6890+18
−18 ... ... ... ... ... ... ... ... †

| 0 , 2 , 0 , 0 ⟩ 4D5/2 6900+17
−17 ... ... ... ... ... ... ... ... †

| 0 , 2 , 0 , 0 ⟩ 4D7/2 6914+23
−23 ... ... 6667 ... ... ... ... ... †
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presents the theoretical masses obtained within the quark-diquark model using the Hamilto-

nian in eq. (2.64). In the seventh column, the corresponding experimental values, as reported

by the PDG [89], are listed. Additionally, a comparison between our theoretical predictions and

the experimental data [89] is shown in Figs. 2.4–2.8, for both the three-quark and quark-diquark

models.

It can be observed that our mass predictions show good agreement with the available experi-

mental data. It is noteworthy that the model presented in reference [83] relies on a relatively

small number of parameters. The fit is performed using the data from only 13 of the 23 well-

established singly bottom baryons states; these states are indicated with the superscript "a" in

Tables 2.2–2.6. Therefore, the remaining states constitute predictions of the model.

Furthermore, Tables 2.7–2.11 present a comparison between our predicted mass spectra and

previous three-quark model studies, including the NRQM [42, 48, 50], QCDSR [57, 59, 60],

χQM [65], and LQCD [68]. However, these previous works did not provide the explicit internal

structure of the baryon states, specifying only their flavor content and total angular momentum

J. As a result, a tentative assignment was made based on the mass values and total spin J.

Due to the limited available data, it is not possible to draw definitive conclusions regarding the

differences in the predictions of each model. It is important to emphasize that validating the

model proposed in reference [83] requires the identification of singly bottom baryon multiplets

through additional experimental observations.

FIGURE 2.4: Figure taken from [90] (APS copyright). Λb mass spectra and tentative quantum number
assignments based on the three-quark model Hamiltonian of Eqs. 2.44 and 2.45 (left) and based on the
quark-diquark model Hamiltonian of Eqs. 2.44 and 2.62 (right). The theoretical predictions and their
uncertainties (blue lines and bands) are compared with the experimental results (red lines and bands)
given in the PDG [89]. The experimental errors are too small to be reported on this energy scale.

2.5 Strong decay widths

It is worth noting that the experimentally measured decay widths include contributions from

strong, electromagnetic, and weak interactions. However, the dominant contribution typically

arises from the strong decay process.
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FIGURE 2.5: Figure taken from [90] (APS copyright). Same as Figure 2.4, but for Ξb states.

FIGURE 2.6: Figure taken from [90] (APS copyright). Same as Figure 2.4, but for Σb states.

FIGURE 2.7: Figure taken from [90] (APS copyright). Same as Figure 2.4, but for Ξ′
b states.
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FIGURE 2.8: Figure taken from [90] (APS copyright). Same as Figure 2.4, but for Ωb states.

In this section, the open-flavor strong decay widths of the singly bottom baryons are investi-

gated. The decay widths in the three-quark picture are computed using the 3P0 model. In this

framework, the transition operator is defined as follows [33, 84, 85, 87, 88, 123]:

T† = −3γ0

∫

dp4 dp5 δ(p4 + p5)C45 F45 [χ45 × Y1(p4 − p5)]
(0)
0 b†

4(p4) d†
5(p5), (2.66)

where γ0 is the pair-creation strength, and b†
4(p4) and d†

5(p5) denote the creation operators

for a quark and an antiquark with momenta p4 and p5, respectively. The created 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 = 1 and a solid harmonic Y1(p4 − p5), reflecting the

fact that the quark and antiquark are in a relative P-wave.

In the framework of the 3P0 model, the decay of the baryon A occurs via the creation of a qq̄

pair from the vacuum. This pair subsequently recombines with the remaining quarks to form

an outgoing baryon B and a meson C, as illustrated in Fig. 2.9.

The total strong decay width of a singly bottom baryon A is given by the sum of the partial

widths corresponding to its decays into all open-flavor channels BC. This can be expressed as:

ΓStrong = ∑
BC

ΓStrong(A → BC), (2.67)

where the strong partial decay widths ΓStrong(A → BC) are calculated using

ΓStrong(A → BC) =
2πγ2

0

2JA + 1
ΦA→BC ∑

MJA
,MJB

∣

∣MMJA
,MJB

∣

∣

2 , (2.68)

here, ΦA→BC is the phase space factor [88, 123] and the transition amplitude

MMJA
,MJB = ⟨ΨBΨC|T†|ΨA⟩, (2.69)

is calculated using the eigenstates of the Hamiltonian operator in eq. (2.45), denoted by ΨA, ΨB
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a)

b)

FIGURE 2.9: Figure taken from [90] (APS copyright). The 3P0 pair-creation model. The blue 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.

and ΨC, which correspond to harmonic oscillator wave functions. In the above equation, T†

is the 3P0 transition operator defined in eq. (2.66). In eq. (2.68), the summation runs over the

third components MJA
and MJB

of the total angular momenta JA and JB of baryons A and B,

respectively.

As previously mentioned, the harmonic oscillator wave functions do not depend on any free

parameters, and the parameters αρ(λ) depend on the harmonic oscillator constant Kb and the

quark masses. In the Λb and Σb sectors, the values are αρ = 381 MeV and αλ = 487 MeV. For

the Ξb and Ξ
′
b sectors, the parameters are αρ = 403 MeV and αλ = 512 MeV, while in the Ωb

sector, they are αρ = 425 MeV and αλ = 536 MeV. The only free parameter in the 3P0 model is

the pair-creation strength γ0, which is fitted to reproduce the experimental strong decay width

of the channel Σ∗
b → Λbπ [89]. The resulting value is γ0 = 21 ± 3. All other strong decay

widths presented in this work are therefore predictions of the model.

In the computation of the strong decay widths, an additional parameter R, which is related

to the meson size, is employed. In this study, the value R = 2.1 GeV−1 is adopted [33, 124,

125]. The decay widths are calculated for the 1S, 1P, 1D, 2P, and 2S singly bottom baryons.

The available open-flavor decay channels include multiplets of light pseudoscalar and vector

mesons, as well as heavy bottom mesons. The flavor wave functions of the baryons and mesons

are provided in Appendices B and C of reference [90], respectively. The corresponding flavor

couplings, given by FA→BC = ⟨ϕBϕC|ϕ0ϕA⟩, are listed in Appendix D of the same reference.

The masses of the decay products used in the calculations are compiled in Table 2.12.

2.5.1 Results of strong decay widths

Our theoretical strong decay widths are presented in the eighth column of Tables 2.2-2.6. These

results show good agreement with the experimental values reported in the ninth column of the
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TABLE 2.12: Table from [90] (APS copyright). Masses as from PDG [89] 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
mη′ 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

mN(1520) 1.51500 ± 0.00500
mN(1535) 1.53000 ± 0.01500
mN(1680) 1.68500 ± 0.00500
mN(1720) 1.72000 ± 0.03500

m∆ 1.23200 ± 0.00200
mΛ 1.11568 ± 0.00001

mΛ(1520) 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
mΞ′

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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same tables [89]. This level of agreement is particularly noteworthy given that the 3P0 model

includes only a single free parameter.

Additionally, our theoretical predictions are compared with previous studies based on vari-

ous models, including the NRQM [69], χQM [70, 71], and other implementations of the 3P0

model [75–77, 79, 80, 83, 126]. These comparisons are shown in Tables 2.13-2.17. From these

tables, it can be observed that the previous studies considered only a subset of the possible

meson channels in their calculations.

TABLE 2.13: Table from [90] (APS copyright). Comparison of our predicted Λb(nnb) 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,

∣

∣lλ, lρ, kλ, kρ

〉

, 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 2S+1LJ . 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 references [76] (fourth column), [71] (fifth column), and [80] (sixth column).
Our theoretical results are also compared with the experimental decay widths from PDG [89] (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.

Λb(nnb) F = 3̄F This work [76] [71] [80] Exp.
|lλ, lρ, kλ, kρ⟩ 2S+1LJ Γ (MeV) Γ (MeV) Γ (MeV) Γ (MeV) Γ (MeV)

Channels Σbπ, Σ∗
b π, Λbη, Σbρ Σbπ, Σ∗

b π Σbπ, Σ∗
b π Σbπ, Σ∗

b π
Σ∗

b ρ, Λbη, Λbω, ΞbK
Ξ′

bK, Ξ∗
b K, ΞbK∗

Ξ′
bK∗, Ξ∗

b K∗, NB
N = 0

| 0 , 0 , 0 , 0 ⟩ 2S1/2 0 ... ... ... ≈ 0
N = 1

| 1 , 0 , 0 , 0 ⟩ 2P1/2 0 ... ... ... < 0.25
| 1 , 0 , 0 , 0 ⟩ 2P3/2 0 ... ... ... < 0.19
| 0 , 1 , 0 , 0 ⟩ 2P1/2 67 ... ... ... †
| 0 , 1 , 0 , 0 ⟩ 4P1/2 36 523 ... ... †
| 0 , 1 , 0 , 0 ⟩ 2P3/2 85 460 ... ... †
| 0 , 1 , 0 , 0 ⟩ 4P3/2 128 4 ... ... †
| 0 , 1 , 0 , 0 ⟩ 4P5/2 74 3 ... ... †

N = 2
| 2 , 0 , 0 , 0 ⟩ 2D3/2 13 ... 9 ... 2.9 ± 1.3
| 2 , 0 , 0 , 0 ⟩ 2D5/2 18 ... 9 ... 2.1 ± 0.9
| 0 , 0 , 1 , 0 ⟩ 2S1/2 29 9 ... 36 †
| 0 , 0 , 0 , 1 ⟩ 2S1/2 130 ... ... ... †
| 1 , 1 , 0 , 0 ⟩ 2D3/2 67 ... ... ... †
| 1 , 1 , 0 , 0 ⟩ 2D5/2 108 ... ... ... †
| 1 , 1 , 0 , 0 ⟩ 4D1/2 34 ... ... ... †
| 1 , 1 , 0 , 0 ⟩ 4D3/2 95 ... ... ... †
| 1 , 1 , 0 , 0 ⟩ 4D5/2 128 ... ... ... †
| 1 , 1 , 0 , 0 ⟩ 4D7/2 122 ... ... ... †
| 1 , 1 , 0 , 0 ⟩ 2P1/2 0 ... ... ... †
| 1 , 1 , 0 , 0 ⟩ 2P3/2 2 ... ... ... †
| 1 , 1 , 0 , 0 ⟩ 4P1/2 0 ... ... ... †
| 1 , 1 , 0 , 0 ⟩ 4P3/2 1 ... ... ... †
| 1 , 1 , 0 , 0 ⟩ 4P5/2 2 ... ... ... †
| 1 , 1 , 0 , 0 ⟩ 4S3/2 32 ... ... ... †
| 1 , 1 , 0 , 0 ⟩ 2S1/2 29 ... ... ... †
| 0 , 2 , 0 , 0 ⟩ 2D3/2 131 ... ... ... †
| 0 , 2 , 0 , 0 ⟩ 2D5/2 185 ... ... ... †

Furthermore, the strong partial decay widths ΓStrong(A → BC) for an initial baryon A de-

caying into a final baryon B and a meson C, across all open-flavor channels, are presented in

Tables 2.18-2.22. The partial decay widths obtained in this study provide valuable input for
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TABLE 2.14: Table from [90] (APS copyright). Comparison of our predicted Ξb(snb) 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,

∣

∣lλ, lρ, kλ, kρ

〉

, 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 2S+1LJ . 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 references [69] (fourth column), [71] (fifth column), [70] (sixth column), [77]
(seventh column), [79] (eighth column), and [126] (ninth column). The experimental widths, as from
PDG [89], 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.

Ξb(snb) F = 3̄F This work [69] [71] [70] [77] [79] [126] Exp.
|lλ, lρ, kλ, kρ⟩ 2S+1LJ Γ (MeV) Γ (MeV) Γ (MeV) Γ (MeV) Γ (MeV) Γ (MeV) Γ (MeV) Γ (MeV)

Channels ΛbK, Ξbπ, Ξ′
bπ Ξbπ Ξ′

bπ Ξ′
bπ Ξ′

bπ Ξbπ ΣbK̄, Ξ′
bπ

Ξ∗
b π, ΣbK, Σ∗

b K Ξ′
bπ Ξ∗

b π Ξ∗
b π Ξ∗

b π Ξ′
bπ Σ∗

b K̄, Ξ∗
b π

Ξbη, ΛbK∗, Ξbρ ΣbK ΣbK Ξ∗
b π ΛbK̄, Ξbπ

Ξ′
bρ, Ξ∗

b ρ, ΣbK∗ Σ∗
b K Σ∗

b K Ξbη
Σ∗

b K∗, Ξ′
bη, Ξ∗

b η
Ξbη′, Ξ′

bη′, Ξ∗
b η′

Ξbω, Ξ′
bω, Ξ∗

b ω
Ξbϕ, Ξ′

bϕ, Ξ∗
b ϕ

Λ8B, Λ8B∗, Σ8B
Λ∗

8 B
N = 0

| 0 , 0 , 0 , 0 ⟩ 2S1/2 0 ... ... ... ... ... 0 ≈ 0
N = 1

| 1 , 0 , 0 , 0 ⟩ 2P1/2 0 11 ... 3 18 4 0 †
| 1 , 0 , 0 , 0 ⟩ 2P3/2 1 ≈ 0 ... 3 16 3 0 < 1.9
| 0 , 1 , 0 , 0 ⟩ 2P1/2 9 223 ... ... ... ... 0.55 †
| 0 , 1 , 0 , 0 ⟩ 4P1/2 6 10 ... ... ... ... 0.36 †
| 0 , 1 , 0 , 0 ⟩ 2P3/2 66 ... ... ... ... ... 1.90 †
| 0 , 1 , 0 , 0 ⟩ 4P3/2 26 ... ... ... ... ... 1.90 †
| 0 , 1 , 0 , 0 ⟩ 4P5/2 68 ... ... ... ... ... 2.16 †

N = 2
| 2 , 0 , 0 , 0 ⟩ 2D3/2 2 ... 7 ... 7 ... 0.19 < 2.2
| 2 , 0 , 0 , 0 ⟩ 2D5/2 2 ... 7 ... 6 ... 0.10 < 1.6
| 0 , 0 , 1 , 0 ⟩ 2S1/2 5 ... ... ... 7 16 ... †
| 0 , 0 , 0 , 1 ⟩ 2S1/2 179 ... ... ... ... ... ... †
| 1 , 1 , 0 , 0 ⟩ 2D3/2 46 ... ... ... ... ... ... †
| 1 , 1 , 0 , 0 ⟩ 2D5/2 108 ... ... ... ... ... ... †
| 1 , 1 , 0 , 0 ⟩ 4D1/2 20 ... ... ... ... ... ... †
| 1 , 1 , 0 , 0 ⟩ 4D3/2 67 ... ... ... ... ... ... †
| 1 , 1 , 0 , 0 ⟩ 4D5/2 100 ... ... ... ... ... ... †
| 1 , 1 , 0 , 0 ⟩ 4D7/2 114 ... ... ... ... ... ... †
| 1 , 1 , 0 , 0 ⟩ 2P1/2 0 ... ... ... ... ... ... †
| 1 , 1 , 0 , 0 ⟩ 2P3/2 2 ... ... ... ... ... ... †
| 1 , 1 , 0 , 0 ⟩ 4P1/2 0 ... ... ... ... ... ... †
| 1 , 1 , 0 , 0 ⟩ 4P3/2 1 ... ... ... ... ... ... †
| 1 , 1 , 0 , 0 ⟩ 4P5/2 2 ... ... ... ... ... ... †
| 1 , 1 , 0 , 0 ⟩ 4S3/2 33 ... ... ... ... ... ... †
| 1 , 1 , 0 , 0 ⟩ 2S1/2 31 ... ... ... ... ... ... †
| 0 , 2 , 0 , 0 ⟩ 2D3/2 127 ... ... ... ... ... ... †
| 0 , 2 , 0 , 0 ⟩ 2D5/2 98 ... ... ... ... ... ... †
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TABLE 2.15: Table from [90] (APS copyright). Comparison of our predicted Σb(nnb) 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,

∣

∣lλ, lρ, kλ, kρ

〉

, 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 2S+1LJ . 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 references [76] (fourth column), [71] (fifth column), [70] (sixth column), [79]
(seventh column), and [80] (eighth column). The experimental widths, as from PDG [89], 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 N(1520), N(1535), N(1680), and N(1720), respectively. The “†" indicates that there is no
reported experimental decay width for that state up to now.

Σb(nnb) F = 6F This work [76] [71] [70] [79] [80] Exp.
|lλ, lρ, kλ, kρ⟩ 2S+1LJ Γ (MeV) Γ (MeV) Γ (MeV) Γ (MeV) Γ (MeV) Γ (MeV) Γ (MeV)

Channels Σbπ, Σ∗
b π, Λbπ Σbπ, Σ∗

b π Σbπ, Σ∗
b π Σbπ, Σ∗

b π Λbπ Σbπ, Σ∗
b π

Σbη, ΞbK, Σbρ Λbπ Λbπ Λbπ, NB
Σ∗

b ρ, Λbρ, Σ∗
b η NB∗

Σbη′, Σ∗
b η′, Ξ′

bK
Ξ∗

b K, ΞbK∗, Ξ′
bK∗

Ξ∗
b K∗, Σbω, Σ∗

b ω
NB, Σ8Bs, NB∗

∆B, N∗
1 B, N∗

2 B
N∗

3 B, N∗
4 B

N = 0
| 0 , 0 , 0 , 0 ⟩ 2S1/2 4 ... ... ... 5 ... 5.0 ± 0.5
| 0 , 0 , 0 , 0 ⟩ 4S3/2 10 ... ... ... 9 ... 9.9 ± 0.9

N = 1
| 1 , 0 , 0 , 0 ⟩ 2P1/2 24 264 ... 23 ... 27 30 ± 7
| 1 , 0 , 0 , 0 ⟩ 4P1/2 13 209 ... 14 ... 109 †
| 1 , 0 , 0 , 0 ⟩ 2P3/2 84 181 ... 39 ... 114 †
| 1 , 0 , 0 , 0 ⟩ 4P3/2 57 9 ... 26 ... 42 †
| 1 , 0 , 0 , 0 ⟩ 4P5/2 96 9 ... 38 ... 43 †
| 0 , 1 , 0 , 0 ⟩ 2P1/2 134 261 ... ... ... ... †
| 0 , 1 , 0 , 0 ⟩ 2P3/2 129 268 ... ... ... ... †

N = 2
| 2 , 0 , 0 , 0 ⟩ 2D3/2 58 ... 121 ... ... ... †
| 2 , 0 , 0 , 0 ⟩ 2D5/2 130 ... 48 ... ... ... †
| 2 , 0 , 0 , 0 ⟩ 4D1/2 78 ... 148 ... ... ... †
| 2 , 0 , 0 , 0 ⟩ 4D3/2 106 ... 85 ... ... ... †
| 2 , 0 , 0 , 0 ⟩ 4D5/2 133 ... 48 ... ... ... †
| 2 , 0 , 0 , 0 ⟩ 4D7/2 145 ... 53 ... ... ... †
| 0 , 0 , 1 , 0 ⟩ 2S1/2 119 ... ... ... ... 116 †
| 0 , 0 , 1 , 0 ⟩ 4S3/2 121 ... ... ... ... 122 †
| 0 , 0 , 0 , 1 ⟩ 2S1/2 710 ... ... ... ... ... †
| 0 , 0 , 0 , 1 ⟩ 4S3/2 973 ... ... ... ... ... †
| 1 , 1 , 0 , 0 ⟩ 2D3/2 376 ... ... ... ... ... †
| 1 , 1 , 0 , 0 ⟩ 2D5/2 252 ... ... ... ... ... †
| 1 , 1 , 0 , 0 ⟩ 2P1/2 4 ... ... ... ... ... †
| 1 , 1 , 0 , 0 ⟩ 2P3/2 5 ... ... ... ... ... †
| 1 , 1 , 0 , 0 ⟩ 2S1/2 58 ... ... ... ... ... †
| 0 , 2 , 0 , 0 ⟩ 2D3/2 549 ... ... ... ... ... †
| 0 , 2 , 0 , 0 ⟩ 2D5/2 616 ... ... ... ... ... †
| 0 , 2 , 0 , 0 ⟩ 4D1/2 1349 ... ... ... ... ... †
| 0 , 2 , 0 , 0 ⟩ 4D3/2 741 ... ... ... ... ... †
| 0 , 2 , 0 , 0 ⟩ 4D5/2 376 ... ... ... ... ... †
| 0 , 2 , 0 , 0 ⟩ 4D7/2 1178 ... ... ... ... ... †
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TABLE 2.16: Table from [90] (APS copyright). Comparison of our predicted Ξ′
b(snb) 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,

∣

∣lλ, lρ, kλ, kρ

〉

, 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 2S+1LJ . 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 references [69] (fourth column), [71] (fifth column), [70] (sixth column), [77]
(seventh column), [79] (eighth column), and [126] (ninth column). The experimental widths, as from
PDG [89], 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.

Ξ′
b(snb) F = 6F This work [69] [71] [70] [77] [79] [126] Exp.

|lλ, lρ, kλ, kρ⟩ 2S+1LJ Γ (MeV) Γ (MeV) Γ (MeV) Γ (MeV) Γ (MeV) Γ (MeV) Γ (MeV) Γ (MeV)
Channels ΛbK, Ξbπ, Ξ′

bπ Ξbπ ΛbK ΛbK ΛbK ΛbK ΣbK̄
Ξ∗

b π, ΣbK, Σ∗
b K Ξbπ Ξbπ Ξbπ Ξbπ Ξ′

bπ
Ξbη, ΛbK∗, Ξbρ Ξ′

bπ Ξ′
bπ Ξ′

bπ Ξ′
bπ Σ∗

b K̄
Ξ′

bρ, Ξ∗
b ρ, ΣbK∗ Ξ∗

b π Ξ∗
b π Ξ∗

b π Ξ∗
b π

Σ∗
b K∗, Ξ′

bη, Ξ∗
b η ΣbK ΣbK ΛbK̄

Ξbη′, Ξ′
bη′, Ξ∗

b η′ Σ∗
b K Σ∗

b K Ξbπ
Ξbω, Ξ′

bω, Ξ∗
b ω Ξbη

Ξbϕ, Ξ′
bϕ, Ξ∗

b ϕ
Σ8B, Ξ8Bs

Σ8B∗, Σ10B
N = 0

| 0 , 0 , 0 , 0 ⟩ 2S1/2 0 ≈ 0 ... ... ... ≈ 0 0 < 0.08
| 0 , 0 , 0 , 0 ⟩ 4S3/2 0.2 2 ... ... ... 1 0.02 0.90 ± 0.18

N = 1
| 1 , 0 , 0 , 0 ⟩ 2P1/2 3 ... ... 27 371 10 0.86 †
| 1 , 0 , 0 , 0 ⟩ 4P1/2 4 ... ... 32 91 17 0.65 †
| 1 , 0 , 0 , 0 ⟩ 2P3/2 29 ... ... 24 86 25 2.92 †
| 1 , 0 , 0 , 0 ⟩ 4P3/2 8 ... ... 16 7 24 1.83 †
| 1 , 0 , 0 , 0 ⟩ 4P5/2 31 ... ... 24 7 25 3.36 19.9 ± 2.6
| 0 , 1 , 0 , 0 ⟩ 2P1/2 197 ... ... ... ... ... 5.88 †
| 0 , 1 , 0 , 0 ⟩ 2P3/2 97 ... ... ... ... ... 3.08 †

N = 2
| 2 , 0 , 0 , 0 ⟩ 2D3/2 14 ... 101 ... 40 ... ... †
| 2 , 0 , 0 , 0 ⟩ 2D5/2 30 ... 25 ... 19 ... ... †
| 2 , 0 , 0 , 0 ⟩ 4D1/2 25 ... 109 ... 39 ... ... †
| 2 , 0 , 0 , 0 ⟩ 4D3/2 35 ... 58 ... 22 ... ... †
| 2 , 0 , 0 , 0 ⟩ 4D5/2 46 ... 28 ... 2 ... ... †
| 2 , 0 , 0 , 0 ⟩ 4D7/2 47 ... 41 ... 2 ... ... †
| 0 , 0 , 1 , 0 ⟩ 2S1/2 47 ... ... ... 34 56 ... †
| 0 , 0 , 1 , 0 ⟩ 4S3/2 79 ... ... ... 36 58 ... †
| 0 , 0 , 0 , 1 ⟩ 2S1/2 599 ... ... ... ... ... ... †
| 0 , 0 , 0 , 1 ⟩ 4S3/2 630 ... ... ... ... ... ... †
| 1 , 1 , 0 , 0 ⟩ 2D3/2 234 ... ... ... ... ... ... †
| 1 , 1 , 0 , 0 ⟩ 2D5/2 116 ... ... ... ... ... ... †
| 1 , 1 , 0 , 0 ⟩ 2P1/2 3 ... ... ... ... ... ... †
| 1 , 1 , 0 , 0 ⟩ 2P3/2 3 ... ... ... ... ... ... †
| 1 , 1 , 0 , 0 ⟩ 2S1/2 59 ... ... ... ... ... ... †
| 0 , 2 , 0 , 0 ⟩ 2D3/2 315 ... ... ... ... ... ... †
| 0 , 2 , 0 , 0 ⟩ 2D5/2 209 ... ... ... ... ... ... †
| 0 , 2 , 0 , 0 ⟩ 4D1/2 529 ... ... ... ... ... ... †
| 0 , 2 , 0 , 0 ⟩ 4D3/2 364 ... ... ... ... ... ... †
| 0 , 2 , 0 , 0 ⟩ 4D5/2 194 ... ... ... ... ... ... †
| 0 , 2 , 0 , 0 ⟩ 4D7/2 349 ... ... ... ... ... ... †
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TABLE 2.17: Table from [90] (APS copyright). Comparison of our predicted Ωb(ssb) 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,

∣

∣lλ, lρ, kλ, kρ

〉

, 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 2S+1LJ . 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 references [71] (fourth column), [70] (fifth column), [75] (sixth column), [80]
(seventh column), and [83] (eigth column). The experimental widths, as from PDG [89], 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.

Ωb(ssb) F = 6F This work [71] [70] [75] [80] [83] Exp.
|lλ, lρ, kλ, kρ⟩ 2S+1LJ Γ (MeV) Γ (MeV) Γ (MeV) Γ (MeV) Γ (MeV) Γ (MeV) Γ (MeV)

Channels ΞbK, Ξ′
bK, Ξ∗

b K ΞbK, Ξ′
bK ΞbK ΞbK, Ξ′

bK ΞbK, Ξ′
bK Ξ0

bK−

ΞbK∗, Ξ′
bK∗, Ξ∗

b K∗ Ξ∗
b K Ξ∗

b K Ξ∗
b K

Ωbη, Ω∗
b η, Ωbϕ

Ω∗
b ϕ, Ωbη′, Ω∗

b η′

Ξ8B, Ξ10B
N = 0

| 0 , 0 , 0 , 0 ⟩ 2S1/2 0 ... ... ... ... 0 ≈ 0
| 0 , 0 , 0 , 0 ⟩ 4S3/2 0 ... ... ... ... 0 †

N = 1
| 1 , 0 , 0 , 0 ⟩ 2P1/2 5 ... 49 ... 33 0.5 < 4.2
| 1 , 0 , 0 , 0 ⟩ 4P1/2 11 ... 95 ... ... 2.79 < 4.7
| 1 , 0 , 0 , 0 ⟩ 2P3/2 24 ... 2 ... ... 1.14 < 1.8
| 1 , 0 , 0 , 0 ⟩ 4P3/2 6 ... ≈ 0 ... 2 0.62 < 3.2
| 1 , 0 , 0 , 0 ⟩ 4P5/2 40 ... 2 ... 3 4.28 †
| 0 , 1 , 0 , 0 ⟩ 2P1/2 10 ... ... ... ... 0 †
| 0 , 1 , 0 , 0 ⟩ 2P3/2 54 ... ... ... ... 0 †

N = 2
| 2 , 0 , 0 , 0 ⟩ 2D3/2 4 20 ... 108 ... ... †
| 2 , 0 , 0 , 0 ⟩ 2D5/2 10 8 ... 21 ... ... †
| 2 , 0 , 0 , 0 ⟩ 4D1/2 1 29 ... 106 ... ... †
| 2 , 0 , 0 , 0 ⟩ 4D3/2 3 20 ... 27 ... ... †
| 2 , 0 , 0 , 0 ⟩ 4D5/2 8 7 ... 3 ... ... †
| 2 , 0 , 0 , 0 ⟩ 4D7/2 18 9 ... 3 ... ... †
| 0 , 0 , 1 , 0 ⟩ 2S1/2 20 ... ... 50 16 ... †
| 0 , 0 , 1 , 0 ⟩ 4S3/2 17 ... ... 53 16 ... †
| 0 , 0 , 0 , 1 ⟩ 2S1/2 398 ... ... ... ... ... †
| 0 , 0 , 0 , 1 ⟩ 4S3/2 257 ... ... ... ... ... †
| 1 , 1 , 0 , 0 ⟩ 2D3/2 116 ... ... ... ... ... †
| 1 , 1 , 0 , 0 ⟩ 2D5/2 82 ... ... ... ... ... †
| 1 , 1 , 0 , 0 ⟩ 2P1/2 1 ... ... ... ... ... †
| 1 , 1 , 0 , 0 ⟩ 2P3/2 2 ... ... ... ... ... †
| 1 , 1 , 0 , 0 ⟩ 2S1/2 72 ... ... ... ... ... †
| 0 , 2 , 0 , 0 ⟩ 2D3/2 180 ... ... ... ... ... †
| 0 , 2 , 0 , 0 ⟩ 2D5/2 157 ... ... ... ... ... †
| 0 , 2 , 0 , 0 ⟩ 4D1/2 126 ... ... ... ... ... †
| 0 , 2 , 0 , 0 ⟩ 4D3/2 195 ... ... ... ... ... †
| 0 , 2 , 0 , 0 ⟩ 4D5/2 172 ... ... ... ... ... †
| 0 , 2 , 0 , 0 ⟩ 4D7/2 230 ... ... ... ... ... †
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TABLE 2.18: Table from [90] (APS copyright). Predicted Λb(nnb) 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 by using the three-quark model Hamiltonian given by Eqs. 2.44 and 2.45.
The second column displays JP, the third column shows the three-quark model state,

∣

∣lλ, lρ, kλ, kρ

〉

,
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 2S+1LJ . The value of N = nρ + nλ

distinguishes the N = 0, 1, 2 energy bands. Starting from the fifth column, we provide the strong partial
decay widths calculated by means of eq. (2.68). 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 2.12. 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 the symbol "..." are forbidden by selection rules. Finally, the
last column represents the sum of the strong partial decay widths over all the decay channels.

F = 3̄F Σbπ Σ∗
b π Λbη Σbρ Σ∗

b ρ Λbη′ Λbω ΞbK Ξ′
bK Ξ∗

b K ΞbK∗ Ξ′
bK∗ Ξ∗

b K∗ NB Γ Strong

Λb(nnb) JP |lλ, lρ, kλ, kρ⟩ 2S+1LJ MeV MeV MeV MeV MeV MeV MeV MeV MeV MeV MeV MeV MeV MeV MeV

N = 0

Λb(5613) 1
2

+ | 0 , 0 , 0 , 0 ⟩ 2S1/2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

N = 1

Λb(5918) 1
2

− | 1 , 0 , 0 , 0 ⟩ 2P1/2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Λb(5924) 3
2

− | 1 , 0 , 0 , 0 ⟩ 2P3/2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Λb(6114) 1
2

− | 0 , 1 , 0 , 0 ⟩ 2P1/2 9.3 57.5 0 0 0 0 0 0 0 0 0 0 0 0 66.8

Λb(6137) 1
2

− | 0 , 1 , 0 , 0 ⟩ 4P1/2 4.2 31.3 0 0 0 0 0 0 0 0 0 0 0 0 35.5

Λb(6121) 3
2

− | 0 , 1 , 0 , 0 ⟩ 2P3/2 76.9 7.8 0 0 0 0 0 0 0 0 0 0 0 0 84.7

Λb(6143) 3
2

− | 0 , 1 , 0 , 0 ⟩ 4P3/2 4.2 123.6 0 0 0 0 0 0 0 0 0 0 0 0 127.8

Λb(6153) 5
2

− | 0 , 1 , 0 , 0 ⟩ 4P5/2 26.4 47.9 0 0 0 0 0 0 0 0 0 0 0 0 74.3

N = 2

Λb(6225) 3
2

+ | 2 , 0 , 0 , 0 ⟩ 2D3/2 1.4 8.3 · · · 0 0 0 0 0 0 0 0 0 0 3.3 13.0

Λb(6235) 5
2

+ | 2 , 0 , 0 , 0 ⟩ 2D5/2 3.1 1.2 · · · 0 0 0 0 0 0 0 0 0 0 13.2 17.5

Λb(6231) 1
2

+ | 0 , 0 , 1 , 0 ⟩ 2S1/2 6.2 11.1 · · · 0 0 0 0 0 0 0 0 0 0 11.5 28.9

Λb(6624) 1
2

+ | 0 , 0 , 0 , 1 ⟩ 2S1/2 9.3 24.2 · · · 27.0 2.6 · · · 48.7 · · · 13.0 5.6 0 0 0 · · · 130.5

Λb(6421) 3
2

+ | 1 , 1 , 0 , 0 ⟩ 2D3/2 11.4 48.7 1.3 0 0 0 3.2 2.5 0 0 0 0 0 · · · 67.1

Λb(6431) 5
2

+ | 1 , 1 , 0 , 0 ⟩ 2D5/2 81.4 8.0 8.3 0 0 0 0.7 9.4 0.3 0 0 0 0 · · · 108.1

Λb(6438) 1
2

+ | 1 , 1 , 0 , 0 ⟩ 4D1/2 2.2 23.5 1.1 0 0 0 3.3 4.3 0.1 0 0 0 0 · · · 34.5

Λb(6444) 3
2

+ | 1 , 1 , 0 , 0 ⟩ 4D3/2 2.8 75.5 1.2 0 0 0 12.5 2.9 0.1 0 0 0 0 · · · 95.0

Λb(6454) 5
2

+ | 1 , 1 , 0 , 0 ⟩ 4D5/2 9.0 95.1 3.7 0 0 0 15.6 4.5 0.1 0 0 0 0 · · · 128.0

Λb(6468) 7
2

+ | 1 , 1 , 0 , 0 ⟩ 4D7/2 29.1 59.4 12.1 0 0 0 4.8 16.3 0.7 0 0 0 0 · · · 122.4

Λb(6423) 1
2

− | 1 , 1 , 0 , 0 ⟩ 2P1/2 0 0.5 0 0 0 0 0 0 0 0 0 0 0 · · · 0.5

Λb(6429) 3
2

− | 1 , 1 , 0 , 0 ⟩ 2P3/2 1.2 0.3 0.1 0 0 0 0 0.1 0 0 0 0 0 · · · 1.7

Λb(6446) 1
2

− | 1 , 1 , 0 , 0 ⟩ 4P1/2 0 0.3 0 0 0 0 0 0 0 0 0 0 0 · · · 0.3

Λb(6452) 3
2

− | 1 , 1 , 0 , 0 ⟩ 4P3/2 0.1 1.0 0 0 0 0 0.1 0 0 0 0 0 0 · · · 1.2

Λb(6462) 5
2

− | 1 , 1 , 0 , 0 ⟩ 4P5/2 0.4 1.3 0.2 0 0 0 0.2 0.2 0 0 0 0 0 · · · 2.3

Λb(6456) 3
2

+ | 1 , 1 , 0 , 0 ⟩ 4S3/2 2.3 14.1 1.1 0 0 0 8.2 5.8 0.3 0 0 0 0 · · · 31.8

Λb(6427) 1
2

+ | 1 , 1 , 0 , 0 ⟩ 2S1/2 12.2 7.0 1.5 0 0 0 3.5 5.2 0 0 0 0 0 · · · 29.4

Λb(6618) 3
2

+ | 0 , 2 , 0 , 0 ⟩ 2D3/2 21.5 53.1 · · · 9.3 0.1 · · · 40.7 · · · 3.1 3.6 0 0 0 · · · 131.4

Λb(6628) 5
2

+ | 0 , 2 , 0 , 0 ⟩ 2D5/2 52.9 93.0 · · · 1.0 1.1 · · · 29.2 · · · 7.5 0.5 0 0 0 · · · 185.2
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2.5. Strong decay widths 47
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TABLE 2.22: Table from [90] (APS copyright). Same as 2.18, but for Ωb(ssb) states.

F = 6F ΞbK Ξ′
bK Ξ∗

b K ΞbK∗ Ξ′
bK∗ Ξ∗

b K∗ Ωbη Ω∗
b η Ωbϕ Ω∗

b ϕ Ωbη′ Ω∗
b η′ Ξ8B Ξ10B Γ Strong

Ωb(ssb) JP |lλ, lρ, kλ, kρ⟩ 2S+1LJ MeV MeV MeV MeV MeV MeV MeV MeV MeV MeV MeV MeV MeV MeV MeV

N = 0

Ωb(6064) 1
2

+ | 0 , 0 , 0 , 0 ⟩ 2S1/2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Ωb(6093) 3
2

+ | 0 , 0 , 0 , 0 ⟩ 4S3/2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

N = 1

Ωb(6315) 1
2

− | 1 , 0 , 0 , 0 ⟩ 2P1/2 4.6 0 0 0 0 0 0 0 0 0 0 0 0 0 4.6

Ωb(6337) 1
2

− | 1 , 0 , 0 , 0 ⟩ 4P1/2 10.7 0 0 0 0 0 0 0 0 0 0 0 0 0 10.7

Ωb(6321) 3
2

− | 1 , 0 , 0 , 0 ⟩ 2P3/2 24.0 0 0 0 0 0 0 0 0 0 0 0 0 0 24.0

Ωb(6343) 3
2

− | 1 , 0 , 0 , 0 ⟩ 4P3/2 6.3 0 0 0 0 0 0 0 0 0 0 0 0 0 6.3

Ωb(6353) 5
2

− | 1 , 0 , 0 , 0 ⟩ 4P5/2 40.5 0 0 0 0 0 0 0 0 0 0 0 0 0 40.5

Ωb(6465) 1
2

− | 0 , 1 , 0 , 0 ⟩ 2P1/2 - 9.8 0 0 0 0 0 0 0 0 0 0 0 0 9.8

Ωb(6471) 3
2

− | 0 , 1 , 0 , 0 ⟩ 2P3/2 - 53.5 0 0 0 0 0 0 0 0 0 0 0 0 53.5

N = 2

Ωb(6568) 3
2

+ | 2 , 0 , 0 , 0 ⟩ 2D3/2 2.4 1.6 0 0 0 0 0 0 0 0 0 0 0 0 4.0

Ωb(6578) 5
2

+ | 2 , 0 , 0 , 0 ⟩ 2D5/2 6.2 3.5 0 0 0 0 0 0 0 0 0 0 0 0 9.7

Ωb(6584) 1
2

+ | 2 , 0 , 0 , 0 ⟩ 4D1/2 0.5 0.3 0.1 0 0 0 0 0 0 0 0 0 0 0 0.9

Ωb(6590) 3
2

+ | 2 , 0 , 0 , 0 ⟩ 4D3/2 2.6 0.5 0.3 0 0 0 0 0 0 0 0 0 0 0 3.4

Ωb(6600) 5
2

+ | 2 , 0 , 0 , 0 ⟩ 4D5/2 5.5 0.8 0.4 0 0 0 0 0 0 0 0 0 1.0 0 7.7

Ωb(6614) 7
2

+ | 2 , 0 , 0 , 0 ⟩ 4D7/2 7.7 1.3 0.2 0 0 0 0.1 0 0 0 0 0 8.2 0 17.5

Ωb(6574) 1
2

+ | 0 , 0 , 1 , 0 ⟩ 2S1/2 11.3 8.9 0 0 0 0 0 0 0 0 0 0 0 0 20.3

Ωb(6602) 3
2

+ | 0 , 0 , 1 , 0 ⟩ 4S3/2 11.4 2.7 1.2 0 0 0 0 0 0 0 0 0 1.44 0 16.8

Ωb(6874) 1
2

+ | 0 , 0 , 0 , 1 ⟩ 2S1/2 5.2 36.1 27.1 107.6 166.8 0 37.5 17.9 0 0 0 0 · · · · · · 398.3

Ωb(6902) 3
2

+ | 0 , 0 , 0 , 1 ⟩ 4S3/2 2.2 7.4 66.5 107.1 18.2 0 9.2 46.6 0 0 0 0 · · · · · · 257.3

Ωb(6718) 3
2

+ | 1 , 1 , 0 , 0 ⟩ 2D3/2 · · · 8.5 61.6 22.3 0 0 3.7 19.8 0 0 0 0 · · · 0 115.9

Ωb(6728) 5
2

+ | 1 , 1 , 0 , 0 ⟩ 2D5/2 · · · 55.3 5.4 6.0 0 0 13.8 1.8 0 0 0 0 · · · 0 82.3

Ωb(6720) 1
2

− | 1 , 1 , 0 , 0 ⟩ 2P1/2 · · · 0 0.7 0.2 0 0 0 0.2 0 0 0 0 · · · 0 1.1

Ωb(6726) 3
2

− | 1 , 1 , 0 , 0 ⟩ 2P3/2 · · · 1.1 0.4 0.2 0 0 0.2 0.1 0 0 0 0 · · · 0 2.0

Ωb(6724) 1
2

+ | 1 , 1 , 0 , 0 ⟩ 2S1/2 · · · 13.7 24.7 16.0 0 0 8.2 9.9 0 0 0 0 · · · 0 72.5

Ωb(6868) 3
2

+ | 0 , 2 , 0 , 0 ⟩ 2D3/2 27.3 19.1 20.1 33.1 59.4 0 8.5 12.4 0 0 0 0 · · · · · · 179.9

Ωb(6878) 5
2

+ | 0 , 2 , 0 , 0 ⟩ 2D5/2 58.4 51.2 6.8 3.1 12.1 0 22.0 3.0 0 0 0 0 · · · · · · 156.6

Ωb(6884) 1
2

+ | 0 , 2 , 0 , 0 ⟩ 4D1/2 23.1 0.6 32.1 46.2 4.7 0 0.3 19.1 0 0 0 0 · · · · · · 126.1

Ωb(6890) 3
2

+ | 0 , 2 , 0 , 0 ⟩ 4D3/2 30.7 5.2 35.2 88.4 9.8 0 2.3 23.4 0 0 0 0 · · · · · · 195.0

Ωb(6900) 5
2

+ | 0 , 2 , 0 , 0 ⟩ 4D5/2 44.2 11.0 31.1 53.0 7.4 0 4.9 19.9 0 0 0 0 · · · · · · 171.5

Ωb(6914) 7
2

+ | 0 , 2 , 0 , 0 ⟩ 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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experimental efforts aimed at identifying bottom baryons. Knowledge of the possible decay

channels can significantly aid in the interpretation of experimental data and guide the search

for yet-unobserved states.

Nevertheless, there are a few cases in which strong decays are forbidden due to the lack of

phase space, resulting in the dominance of electromagnetic or even weak interactions. Specifi-

cally, the ground states Λb, Ξb, and Ωb can decay only via the weak interaction. For states such

as Ξ′
b, and Ω∗

b , all strong decay channels are kinematically closed, making the electromagnetic

interaction the dominant decay mechanism. These cases motivate the study of electromagnetic

decay widths, which is the focus of the next chapter.

2.6 Assignments

Based on our theoretical results, the assignments of the singly bottom baryons reported in

PDG [89] will be made. The mass spectrum is used as the primary criterion for identifying

resonances of singly bottom baryons, while the decay widths serve as a secondary criterion to

support these assignments.

2.6.1 Λb baryons

In particular, the assignment of the six Λb states listed by the PDG [89] is made using our

theoretical predictions presented in Table 2.2.

The Λ0
b is identified as the ground state with quantum numbers JP = 1

2

+
, and its mass is

accurately reproduced by both the three-quark and quark-diquark models.

The Λb(5912)0 and Λb(5920)0 states are identified as the two Pλ-wave excitations with quantum

numbers JP = 1
2

−
and JP = 3

2

−, respectively. Our theoretical mass predictions for these states

are in good agreement with the experimental values. Since there are no available strong decay

channels for these states, their strong decay widths are predicted to be zero.

The Λb(6070)0 state was observed by LHCb [28] with mass and decay width

m[Λb(6072)0] = 6072.3 ± 2.9 ± 0.6 ± 0.2 MeV, (2.70)

Γ[Λb(6072)0] = 72 ± 11 ± 2 MeV, (2.71)

and was suggested to be the first radial excitation of the Λb with JP = 1
2

+
. However, its quan-

tum numbers have not yet been determined experimentally.

Assuming it is a Roper-like state and employing the model from reference [83], the mass shows

a deviation of approximately 3% from the experimental value, and the calculated width is

29± 14 MeV. Due to the limitations of the harmonic oscillator model in accurately reproducing

the masses of Roper-like states, the decay width of Λb(6072) is also calculated using its exper-

imental mass as input, under the assumption that it is a 2S state. The resulting width is 3.1
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MeV, having a reduction of 90% compared to the previous estimate, caused by the closure of

dominant open-flavor channels. This value is significantly lower than the experimental decay

width of 72 MeV, suggesting that Λb(6072) cannot be conclusively identified as a 2S state. Al-

ternatively, Λb(6072) can be interpreted as a Pρ state with JP = 1
2

−
, and internal spin Stot =

1
2 .

Under this interpretation, the experimental decay width is well reproduced, although the mass

remains slightly overestimated.

The Λb(6146)0 and Λb(6152)0 states are identified as the two Dλ excitations, with quantum

numbers JP = 3
2

+ and JP = 5
2

+, respectively. However, their quantum numbers have not

yet been experimentally determined. In this case, our theoretical mass predictions deviate

by only about 1%, and the predicted decay widths are slightly larger than the corresponding

experimental values.

2.6.2 Ξb and Ξ′
b baryons

The assignments for the Ξb and Ξ′
b states reported by the PDG [89] are made using our theoreti-

cal results presented in Tables 2.3 and 2.5, respectively. The invariance of the strong interaction

under SUI(2) isospin transformations leads to isospin conservation and the formation of de-

generate isospin multiplets. Both Ξb and Ξ′
b baryons belong to isospin doublets. In this context,

assigning quantum numbers becomes more challenging due to the presence of several excited

states in the same energy region for both Ξb and Ξ′
b, making a clear distinction between them

more complex.

The masses of the Ξ0
b and Ξ−

b are degenerate in both the three-quark and quark–diquark schemes,

in agreement with experimental observations [89]. In this work, the quantum numbers JP = 1
2

+

are assigned to these states, although these quantum numbers have not yet been directly mea-

sured.

The Ξ′
b(5935)− is considered the ground state belonging to the flavor sextet. Its predicted mass,

in both the three-quark and quark-diquark models, is in agreement with the experimental data.

It is assigned quantum numbers JP = 1
2

+
; however, these quantum numbers have not yet been

experimentally confirmed. Moreover, its neutral charge partner, the Ξ′
b(5935)0, has not yet been

observed.

The Ξ′
b(5955)− and Ξ′

b(5945)0 are identified as spin excitations of the Ξ′
b(5935)−. They are

assigned quantum numbers JP = 3
2

+, although these assignments are based on quark model

expectations and have not yet been experimentally measured. The predicted masses of the

Ξ′
b(5955)− and Ξ′

b(5945)0 are degenerate and agree well with experimental data. Additionally,

their decay widths are accurately reproduced in our study.

The Ξ′
b(6100)− is identified as a P-wave state with quantum numbers JP = 1

2

−
, although this

assignment remains to be experimentally confirmed. It is identified as one of the two Pλ exci-

tations of the Ξb, belonging to the flavor antitriplet, with total spin Stot =
1
2 . Both its mass and

decay width are well reproduced in this study.
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The Ξ′
b(6227)− and Ξ′

b(6227)0 are identified in our study as the fifth Pλ excitation of the Ξ′
b,

with quantum numbers JP = 5
2

− and total spin Stot = 3
2 . The computed mass is consistent

with the experimental value, and the decay width is well reproduced. However, an alternative

assignment with JP = 3
2

− is also possible, as the predicted mass for this state is similar. In that

case, though, the decay width deviates from the experimental value by approximately 6 MeV.

The two states Ξb(6327)0 and Ξb(6333)0 were observed by the LHCb Collaboration [29]. In

this study, they are identified as the two Dλ excitations with quantum numbers JP = 3
2

+ and

JP = 5
2

+, respectively, belonging to the flavor 3̄F-plet.

Finally, the LHCb Collaboration reported the discovery of the Ξb(6087)0 and Ξb(6095)0 states [30].

The Ξb(6087)0 is associated with the 1P, JP = 1
2

−
state. Our theoretical prediction for its mass is

in good agreement with the experimental value, although the predicted decay width is slightly

lower than the experimental value. The Ξb(6095)0 is interpreted as the 1P, JP = 3
2

− neutral

partner of the Ξb(6100)−. Our predicted mass shows good agreement with the experimental

measurement, and the predicted width is also consistent with the observed width.

2.6.3 Σb baryons

The PDG [89] reports only four Σb states, and their quantum numbers have not yet been ex-

perimentally determined. In this work, our theoretical results for the Σb baryons, presented in

Table 2.4, are used to propose their assignments.

The Σb is identified as the ground state with quantum numbers JP = 1
2

+
. Its theoretical mass,

as calculated in both the three-quark and quark-diquark models, shows good agreement with

the experimental value. Furthermore, the predicted decay width is in agreement with the ex-

perimental measurement.

The spin excitation Σ∗
b is identified with quantum numbers JP = 3

2

+. Our theoretical predic-

tions for its mass and decay width are in good agreement with the experimental data.

The Σb(6097)− and Σb(6097)+ states are two of the three charge states of the Σb(6097), which

are degenerate in the model proposed in reference [83]. Our predicted mass and decay width

for the Σb(6097) are in good agreement with the experimental data. According to our calcula-

tions, this state is identified as the first Pλ excitation of the Σb, with quantum numbers JP = 1
2

−

and total spin Stot = 1/2.

2.6.4 Ωb baryons

The predicted mass spectra and strong decay widths for the Ωb states, presented in Table 2.6,

are used to propose assignments for the experimentally observed states. Our calculations are in

good agreement with the earlier results reported in reference [83]. Furthermore, compared to

that previous study, the present work extends the analysis to include the 1D, 2P, and 2S-wave

excitations.

The Ω−
b baryon is identified as a JP = 1

2

+
state. Its experimental mass is well reproduced

within the quark-diquark model. In the three-quark model, the predicted mass shows a slight
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deviation of approximately 10 MeV. Since the Ω−
b can only decay via the weak interaction, its

strong decay width is zero.

The Ω∗−
b , identified as the spin excitation of the Ω−

b with quantum numbers JP = 3
2

+, has not

yet been observed experimentally. Therefore, the radiative decay mode Ω∗
b → Ω−

b γ is proposed

as a "golden channel" for the discovery of this state.

The LHCb Collaboration [27] reported the discovery of four Ωb resonances, namely Ωb(6316)−,

Ωb(6330)−, Ωb(6340)−, and Ωb(6350)−. These states still require confirmation by other exper-

iments, and their quantum numbers have not yet been determined. In our study, they are

identified as four of the five Pλ excitations of the Ωb.

The mass and width of the Ωb(6316)− are well reproduced in our calculations. This state is

assigned as JP = 1
2

−
, with total spin Stot = 1

2 . The Ωb(6330)− is also assigned JP = 1
2

−
, but

with Stot =
3
2 . Its mass is well described in both the three-quark and quark-diquark models,

and the predicted width is consistent with the experimental data. The mass of the Ωb(6340)− is

similarly well reproduced by both models, although the decay width is slightly overestimated.

Our assignment for this state is JP = 3
2

−, with Stot =
1
2 . Finally, the Ωb(6350)− is well described

in terms of both mass and width, and is assigned JP = 3
2

− with Stot =
3
2 .

For the fifth Ω−
b Pλ excitation, a large decay width is predicted, which implies that a high

statistical significance would be required for its observation at the LHC. This state is expected

to lie in the mass range of 6345-6365 MeV, with a width of approximately 40 MeV.

In the three-quark model, two additional Pρ excitations are predicted, which do not appear in

the quark-diquark scheme. These states do not couple to the Ξ0
bK− channel, that is the channel

in which the LHCb Collaboration observed the four excited Ω−
b states, but instead exhibit a

strong coupling to the Ξ′0
b K− channel. Therefore, the experimental search for these two Pρ exci-

tations is a crucial step toward determining whether singly bottom baryons are better described

as genuine three-quark systems or as quark-diquark configurations.

2.7 Discussion

Our theoretical strong decay widths, calculated using the 3P0 model, show good agreement

with the experimental values reported in the PDG [89]. This agreement is particularly notewor-

thy given that the 3P0 model involves only a single free parameter, which is fitted to reproduce

the experimental decay width of the process Σ∗
b → Λbπ [89].

Moreover, the predicted mass spectrum successfully reproduces the trend observed in the

available experimental data, as illustrated in Fig. 2.10, where the spectra of singly bottom

baryons computed using the three-quark model is presented. States belonging to the flavor

antitriplet are shown in purple, with corresponding mass predictions represented by purple

lines. States from the flavor sextet are shown in teal, with their theoretical masses indicated by

teal lines. The experimentally established states and their measured masses, as reported in the

PDG [89], are shown in black.
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Furthermore, many strong decay channels that had not been previously investigated were stud-

ied in this work [90].

It is well known in the study of light baryons that the harmonic oscillator quark model fails to

reproduce the order of the Roper and 1P states. For instance, the Roper resonance N(1440) lies

below the 1P wave excitations N(1520) and N(1535), while it provides a good description of

the remaining states.

The situation is markedly different in the heavy baryon sector. A key distinction is that the

Roper-like candidates (identified as 2S excitations) lie above the 1P states. In the charm sector,

for example, the Roper-like candidate Λc(2765) [127] lies approximately 150 MeV above the

P-wave excitations Λc(2595) and Λc(2625) [128]. Similarly, in the bottom sector, the Roper-like

candidate Λb(6070) lies about 100 MeV above the P-wave excitations Λb(5912) and Λb(5920).

Therefore, in the heavy sector, the harmonic oscillator quark model, which is known to work

well for the rest of the spectrum, can also be applied to Roper-like states. However, it is impor-

tant to remain cautious about the model’s limitations in accurately reproducing the properties

of 2S states. Additional experimental data will be crucial for determining the quantum num-

bers and decay modes of the Roper-like candidates. Such information will be essential for

confirming whether these states are indeed genuine 2S excitations.

2.8 Conclusions of the chapter

In this chapter, the mass spectra and strong decay widths of singly bottom baryons have been

calculated. Both the three-quark and quark-diquark schemes were employed to describe the

mass spectra, predicting the 1S, 1P, 1D, 2P, and 2S states, thereby extending the model pro-

posed in reference [83]. A Monte Carlo bootstrap method was used to account for the prop-

agation of parameter uncertainties. Notably, the harmonic oscillator approach enables a com-

prehensive description of singly bottom baryons through a global fit in which the same model

predicts the masses, strong partial decay widths, and electromagnetic decay widths of bottom

baryons. Since all the parameters of the model Hamiltonian in eq. (2.44) were fitted to 13 of the

23 experimental mass values reported in the PDG [89], the harmonic oscillator wave functions

used in the model do not rely on any additional free parameters.

Our theoretical mass spectra successfully reproduce the overall trend observed in the experi-

mental data. To date, only λ-mode excited singly bottom baryons have been experimentally

identified. However, based on our strong decay calculations, a tentative assignment of the Λb

as a Pρ-wave excited state with quantum numbers JP = 1
2

−
is proposed, rather than as a 2S

radial excitation. Therefore, an experimental determination of its quantum numbers is essen-

tial to clarify whether this state corresponds to a true radial excitation or to the first Pρ-wave

excitation of the Λb. The identification of ρ-mode excitations would significantly improve our

understanding of the internal structure of singly bottom baryons, especially in distinguishing

between three-quark configurations and quark-diquark models.
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FIGURE 2.10: Figure taken from [90] (APS copyright) Comparison between the singly bottom baryon mass
predictions, obtained using the three-quark model Hamiltonian of eqs. (2.44) and (2.45), with the exper-
imental data from PDG [89]. The predicted masses for the 3̄F and 6F states are displayed in purple and
teal, respectively, while the experimental masses are reported in black [89].
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The strong decay widths of the three-quark excited 1P, 1D, 2P, and 2S singly bottom baryons,

including both ρ- and λ-mode excitations, are calculated using the 3P0 model. The decays are

studied into final states composed of singly bottom baryons and pseudoscalar/vector mesons,

as well as into pairs of light octet/decuplet baryons and bottom pseudoscalar/vector mesons.

To further support experimental efforts in identifying bottom baryons, the partial decay widths

for all open-flavor channels are provided in Tables 2.18-2.22.

Our predictions for the masses and strong decay widths of singly bottom baryons show good

agreement with the available experimental data. Notably, the mass formula proposed in ref-

erence [83], together with the 3P0 model, successfully describes the recently observed D-wave

excitations such as Λb(6146)0 and Λb(6152)0, which are identified as Dλ states with quantum

numbers JP = 3
2

+ and JP = 5
2

+, respectively. Similarly, both the three-quark and quark-diquark

models account for the Ξb(6327)0 and Ξb(6333)0 states, recently listed by the PDG [89]. These

are also identified as Dλ excitations with JP = 3
2

+ and JP = 5
2

+, respectively, and belong

to the flavor 3̄F-plet. These states were not included in the fitting procedure. Therefore, the

agreement between the predicted and experimental masses and widths highlights the strong

predictive power of the mass formula from reference [83] and the effectiveness of the 3P0 decay

model.

Moreover, the results presented in this chapter, published in Physical Review D [90], which

include both mass spectra and strong decay widths, provide valuable guidance for experi-

mentalists at collaborations such as LHCb, CMS, and ATLAS. These predictions can assist in

identifying the most suitable decay channels for the detection of specific resonances.
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Chapter 3

Electromagnetic decays of singly

bottom baryons

This chapter presents the calculations of the electromagnetic decay widths for singly bottom

baryons within the Quark Model formalism. The calculations employ a harmonic oscillator

model and the electromagnetic interaction Hamiltonian in the nonrelativistic approximation.

A novel method, introduced in reference [90] and presented in detail in Appendix A, is em-

ployed to evaluate the transition amplitudes in an exact and fully analytical manner for the first

time, without requiring any additional approximations. This approach contrasts with previous

quark model calculations [70, 71, 82], which relied on further approximations to the nonrela-

tivistic Hamiltonian.

The radiative decays of singly bottom baryons have been investigated in several studies [70,

71, 82, 129–142]. Specifically, the analyses in [70, 71, 82] use the constituent quark model, while

studies in [129–135] employ Light-Cone QCD sum rules. Heavy Hadron Chiral Perturbation

Theory (χPT) is applied in [136–138], and other frameworks include Heavy Quark Symme-

try [142], the bound state picture [140], a relativistic three-quark model [141], and modified bag

models [139]. Despite the theoretical advancements, no experimental data are currently avail-

able for the electromagnetic decays of singly bottom baryons, making it impossible to directly

compare theoretical predictions with experimental results.

3.1 Electromagnetic decays widths

In this section the general expressions for computing the electromagnetic amplitudes for singly

bottom baryons are derived and the explicit calculations of the electromagnetic decay widths

are also performed.

The calculation of the radiative decay width of singly bottom baryons is carried out within the

constituent quark model formalism. The case of the emission of a left-handed photon from a

singly-bottom baryon (A) to another singly-bottom baryon (A′) is considered, i.e.,

A → A′ + γ. (3.1)
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The corresponding Feynman diagram for this process is shown in Figure (3.1). The partial

decay widths of the electromagnetic transitions are expressed as:

Γem(A → A′γ) = ΦA→A′γ
1

(2π)2
2

2JA + 1 ∑
MJA

>0

∣

∣

∣
AMJA

∣

∣

∣

2
, (3.2)

where JA is the initial singly bottom baryon total angular momentum; the sum runs over the

helicities MJA
of the initial baryon A; ΦA→A′γ is the phase space factor, which in the rest frame

of the initial baryon is expressed as

ΦA→A′γ = 4π
EA′

mA
k2, (3.3)

here the energy of the final state EA′ is given by the expression

EA′ =
√

m2
A′ + k2, (3.4)

being mA and m′
A the masses of the initial and final baryon, respectively, and the photon energy

k is given by

k =
m2

A − m2
A′

2mA
. (3.5)

The transition amplitude for a given helicity MJA
is defined as

AMJA
= ⟨ϕA′ , JA′ , MJA

− 1, kA′ |Hem|ϕA, JA, MJA
, kA⟩. (3.6)

Here, Hem represents the nonrelativistic Hamiltonian governing the electromagnetic transi-

tions. It is derived from the interaction Hamiltonian that describes the electromagnetic cou-

pling between photons and quarks. At tree level, this Hamiltonian is expressed as

H = −∑
j

ejq̄jγ
µ Aµqj, (3.7)

where ej and qj denote the charge and the quark field associated with the j-th quark, respec-

tively, γµ are the Dirac matrices, and Aµ represents the electromagnetic field. By taking the

nonrelativistic limit and retaining terms up to the order m−1
j , the interaction Hamiltonian de-

rived from the original interaction takes the following form:

Hem =
3

∑
j=1

1
(2π)3/2

ej

(2k)1/2

{

ε0e−ik·rj

− [pj · εe−ik·rj + e−ik·rjε · pj]

2mj
− iσ · (k × ε)e−ik·rj

2mj

}

. (3.8)

Here, rj and pj, represent the coordinate and momentum of the j-th quark, respectively, k
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FIGURE 3.1: Feynman diagram illustrating the electromagnetic transition between singly bottom
baryons. The diagram shows the emission of a photon γ in the radiative decay A → A′ + γ .

denotes the photon energy, and k = kẑ corresponds to the momentum of a photon emitted

in the positive z-direction. The polarization vector for radiative decays can be expressed as

εµ = (0, 1,−i, 0)/
√

2. One can notice that the zeroth component vanishes (ε0 = 0) because

radiative decays involve real photons [86]. Consequently, the first term in eq. (3.8) becomes

identically zero. By substituting the explicit form of the polarization vector, the interaction

Hamiltonian that describes the electromagnetic decays of baryons can be written as

Hem = 2
√

π

k0

3

∑
j=1

µj

[

ksj,−e−ik·rj − 1
2

(

pj,−e−ik·rj + e−ik·rj pj,−
) ]

, (3.9)

where µj ≡ ej/(2mj), sj,− ≡ sj,x − isj,y, and pj,− ≡ pj,x − ipj,y, represent the magnetic moment,

the spin ladder, and the momentum ladder operator of the j-th quark, respectively.

It can be seen that the Hamiltonian in eq. (3.9) consists of two parts. The first part is propor-

tional to the operator

ksj,−Ûj ≡ ksj,− exp[−ik · rj], (3.10)

that corresponds to the spin-flip contribution. This part can be evaluated straightforwardly by

observing that the operators Ûj can be written for each quark in the following way

Û1 = exp[−ik · r1] = exp



−i
1√
2

k · ρ− i

√

3
2 mb

2mρ + mb
k · λ



 , (3.11)

Û2 = exp[−ik · r2] = exp



i
1√
2

k · ρ− i

√

3
2 mb

2mρ + mb
k · λ



 , (3.12)
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Û3 = exp[−ik · r3] = exp

[

i

√
6mρ

2mρ + mb
k · λ

]

. (3.13)

The second part of the Hamiltonian is proportional to the operator

T̂j,− ≡ pj,− Ûj + Ûj pj,−, (3.14)

that corresponds to the orbit-flip contribution. Here pj,− denotes the momentum ladder oper-

ator, which is defined as

pj,− = pj,x − ipj,y, (3.15)

whose components are given by

p1,− =
1√
2

pρ,− +
1√
6

pλ,− ,

p2,− = − 1√
2

pρ,− +
1√
6

pλ,− ,

p3,− = −
√

2
3

pλ,− , (3.16)

for j = 1, 2 and 3, respectively. Using the above equations, the T̂j,− operators can be expressed

as

T̂1,− =

(

1√
2

pρ,− +
1√
6

pλ,−

)

Û1 + Û1

(

1√
2

pρ,− +
1√
6

pλ,−

)

, (3.17)

T̂2,− =

(

− 1√
2

pρ,− +
1√
6

pλ,−

)

Û2 + Û2

(

− 1√
2

pρ,− +
1√
6

pλ,−

)

, (3.18)

T̂3,− = −
√

2
3

pλ,−Û3 − Û3

√

2
3

pλ,−. (3.19)

In this way, the Hamiltonian of eq. (3.9) can be rewritten in terms of the operators Ûj and T̂j,−
in the following way

Hem = 2
√

π

k

3

∑
j=1

µ̂j

[

ksj,−Ûj −
1
2

T̂j,−
]

. (3.20)

In this study the compact expression of eq. (3.20) is used to write the transition amplitudes in

function of the Ûj and T̂j,− operators in the following way:

AMJA
= 2

√

π

k0
k

3

∑
j=1

⟨ϕA′ , JA′ , MJA
− 1, kA′ |µ̂jsj,−Ûj|ϕA, JA, MJA

, kA⟩

−
√

π

k0

3

∑
j=1

⟨ϕA′ , JA′ , MJA
− 1, kA′ |µ̂jT̂j,−|ϕA, JA, MJA

, kA⟩. (3.21)
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The evaluation of the transition amplitudes is discussed in detail in Appendix A. The explicit

evaluation in spin, flavor and spatial spaces in Sections A.1, A.2 and A.3.

In this Appendix the procedure of evaluating the matrix elements for the T̂j,− operators in the

electromagnetic transitions from P-wave states to ground states is exposed. This is accom-

plished by expressing the matrix elements of the T̂j,− operators as a sum of matrix elements of

the Ûj operators. To make this transformation, the action of the ladder operators pλ/ρ,− on the

wave functions has to be evaluated (see Appendix A) and the analytical formulas are obtained.

The Ûj matrix elements from the ground states to ground states are given by

⟨0,0,0,0,0,0|Û1|0,0,0,0,0,0⟩=⟨0,0,0,0,0,0|Û2|0,0,0,0,0,0⟩=e

− 1
8 k2





1
α2

ρ
+

3mb
2

α2
λ
(2mρ+mb)

2





, (3.22)

⟨0,0,0,0,0,0|Û3|0,0,0,0,0,0⟩=e
−

3k2m2
ρ

2α2
λ
(2mρ+mb)

2
. (3.23)

The T̂j,− matrix elements from the ground states to ground states are all 0, i.e.

⟨0,0,0,0,0,0|T̂1,−|0,0,0,0,0,0⟩=⟨0,0,0,0,0,0|T̂2,−|0,0,0,0,0,0⟩

=⟨0,0,0,0,0,0|T̂3,−|0,0,0,0,0,0⟩=0. (3.24)

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

⟨0,0,0,0,0,0|Û1|0,1,mlρ,0,0,0⟩=−⟨0,0,0,0,0,0|Û2|0,1,mlρ,0,0,0⟩=− ike

− 1
8 k2





1
α2

ρ
+

3mb
2

α2
λ
(2mρ+mb)

2





2αρ
, (3.25)

⟨0,0,0,0,0,0|Û3|0,1,mlρ,0,0,0⟩=0, (3.26)

and from the Pλ-wave states to ground states

⟨0,0,0,0,0,0|Û1|0,0,0,0,1,mlλ
⟩=⟨0,0,0,0,0,0|Û2|0,0,0,0,1,mlλ

⟩=− i
√

3kmbe

− 1
8 k2





1
α2

ρ
+

3mb
2

α2
λ
(2mρ+mb)

2





2αλ(2mρ+mb)
, (3.27)

⟨0,0,0,0,0,0|Û3|0,0,0,0,1,mlλ
⟩= i

√
3kmρe

−
3k2m2

ρ

2α2
λ
(2mρ+mb)

2

αλ(2mρ+mb)
. (3.28)

The T̂j,− matrix elements from Pρ-wave states to ground states are

⟨0,0,0,0,0,0|T̂1,−|0,1,mlρ,0,0,0⟩=−⟨0,0,0,0,0,0|T̂2,−|0,1,mlρ,0,0,0⟩=i
√

2αρe

− 1
8 k2





1
α2

ρ
+

3mb
2

α2
λ
(2mρ+mb)

2





δmlρ
,1, (3.29)

⟨0,0,0,0,0,0|T̂3,−|0,1,mlρ,0,0,0⟩=0, (3.30)

and finally from Pλ-wave states to ground states we have

⟨0,0,0,0,0,0|T̂1,−|0,0,0,0,1,mlλ⟩=⟨0,0,0,0,0,0|T̂2,−|0,0,0,0,1,mlλ⟩=i
√

2
3 αλe

−k2
8





1
α2

ρ
+

3m2
b

α2
λ
(2mρ+mb)

2





δmlλ
,1, (3.31)
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⟨0,0,0,0,0,0|T̂3,−|0,0,0,0,1,mlλ⟩=−2i
√

2
3 αλe

−3k2m2
ρ

2α2
λ
(2mρ+mb)

2
δmlλ

,1. (3.32)

Further details on the relationship between the matrix elements of T̂j,−, expressed as a sum of

matrix elements involving the Ûj operators, are provided in Appendix A.3.3. The methodology

outlined in this work enables the exact analytical evaluation of the matrix elements associated

with the T̂j,− operators.

When calculating the electromagnetic decay widths, the uncertainties associated with both the

mass model parameters and the decay product masses are taken into account. The experi-

mental values of the decay product masses, along with their corresponding uncertainties, are

listed in Table 2.12. The propagation of errors was performed using the Monte Carlo method

described in Section 2.4.3.

3.1.1 Results of electromagnetic decay widths

Tables 3.1-3.5 present the results obtained for the electromagnetic decay widths of the Λb, Ξb,

Σb, Ξ′
b, and Ωb baryons, calculated using eq. (3.2) for transitions from P-wave excited states to

ground states, as well as ground-to-ground state transitions. These results expand upon those

reported in previous studies on the subject [70, 71, 82, 129–142]. Furthermore, our theoretical

predictions are compared with previous results obtained using models such as the CQM [70]

and NRQM [115], as shown in the same tables.

3.2 Discussion and Conclusions of the chapter

The experimental widths of hadronic states include contributions from strong, electromagnetic,

and weak interactions, with the dominant component typically arising from strong decays. In

contrast, our computed electromagnetic decay widths constitute only a small fraction of the

total decay width, as expected.

Nevertheless, electromagnetic decays are particularly important in scenarios where strong de-

cays are forbidden. A notable example is the spin excitation of the Ω−
b baryon, denoted as Ω∗

b ,

which has not yet been observed experimentally. The strong decay Ω∗
b → Ω−

b π is kinemat-

ically forbidden due to the lack of phase space and isospin conservation constraints. Given

that the Ωb(6093) state has not been discovered, an intriguing experimental opportunity ex-

ists to search for this resonance via the electromagnetic decay channel Ω∗
b → Ω−

b γ. Moreover,

electromagnetic decay widths can assist with the assignments when different states have com-

parable masses and total widths, thus providing an additional discriminating tool in hadron

spectroscopy.

It is important to note that alternative approaches have been employed in the literature to

evaluate electromagnetic transitions. One such method was introduced by Close and Copley

in 1970 [143]. In their work, they used the well-known commutation relation i[H0, rj] = pj/mj,

where H0 = ∑i p2
i /(2mi) is the free Hamiltonian of constituent quarks. By approximating
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TABLE 3.1: Table from [90] (APS copyright). Predicted electromagnetic decay widths (in KeV) for Λb(nnb)
states belonging to the flavor multiplet F = 3̄F. The first column reports the baryon name with
its predicted mass, calculated by using the three-quark model Hamiltonian given by eqs. (2.44) and
(2.45). The second column displays JP, the third column shows the internal configuration of the baryon
∣

∣lλ, lρ, kλ, kρ

〉

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 2S+1LJ for each state. Furthermore, N = nρ + nλ separates the N = 0, 1 energy bands. Starting
from the fifth column, the electromagnetic decay widths, computed by using eq. (3.2), 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 2.12. The zero values are electromagnetic de-
cay 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 references [70] and [115]. The symbol "..." indicates that there is no
prediction for that state in reference [70].

F = 3̄F

Λb(nnb) JP |lλ, lρ, kλ, kρ⟩ 2S+1LJ Λ0
bγ Σ0

bγ Σ∗
b γ

N = 0

Λb(5613) 1
2

+ | 0 , 0 , 0 , 0 ⟩ 2S1/2 0 0 0

N = 1

Λb(5918) 1
2

− | 1 , 0 , 0 , 0 ⟩ 2P1/2 64+5
−4 0.4+0.1

−0.1 0

50.2 0.14 0.09 [70]

40.7 0.2 0.0 [115]

Λb(5924) 3
2

− | 1 , 0 , 0 , 0 ⟩ 2P3/2 65+5
−5 0.5+0.2

−0.2 0.1+0.03
−0.03

52.8 0.21 0.15 [70]

43.4 0.3 0.0 [115]

Λb(6114) 1
2

− | 0 , 1 , 0 , 0 ⟩ 2P1/2 15+2
−2 519+40

−39 3+1
−1

1.62 16.2 0.02 [70]

10.2 93.3 2.0 [115]

Λb(6137) 1
2

− | 0 , 1 , 0 , 0 ⟩ 4P1/2 9+2
−1 6+2

−2 76+16
−17

0.81 0.02 8.25 [70]

5.6 3.5 6.2 [115]

Λb(6121) 3
2

− | 0 , 1 , 0 , 0 ⟩ 2P3/2 16+2
−2 1025+101

−94 3+1
−1

1.81 15.1 0.03 [70]

10.6 315.6 2.2 [115]

Λb(6143) 3
2

− | 0 , 1 , 0 , 0 ⟩ 4P3/2 25+4
−4 17+6

−4 382+30
−30

2.54 0.07 9.90 [70]

16.2 10.6 73.9 [115]

Λb(6153) 5
2

− | 0 , 1 , 0 , 0 ⟩ 4P5/2 17+3
−3 12+4

−4 1023+111
−108

· · · · · · · · · [70]

11.0 7.8 216.5 [115]
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TABLE 3.2: Table from [90] (APS copyright). Same as Table 3.1, but for Ξb(snb) states belonging to the
flavor multiplet F = 3̄F.

F = 3̄F

Ξb(snb) JP |lλ, lρ, kλ, kρ⟩ 2S+1LJ Ξ0
bγ Ξ−

b γ Ξ′0
b γ Ξ′−

b γ Ξ′∗0
b γ Ξ′∗−

b γ

N = 0

Ξb(5806) 1
2

+ | 0 , 0 , 0 , 0 ⟩ 2S1/2 0 0 0 0 0 0

N = 1

Ξb(6079) 1
2

− | 1 , 0 , 0 , 0 ⟩ 2P1/2 122+16
−13 126+10

−10 1.1+0.3
−0.3 0 0.2+0.06

−0.06 0

63.6 135 1.32 0.0 2.04 0.0 [70]

83.1 91.5 0.6 0.0 0.1 0.0 [115]

Ξb(6085) 3
2

− | 1 , 0 , 0 , 0 ⟩ 2P3/2 125+16
−13 126+10

−10 1.3+0.4
−0.4 0 0.2+0.06

−0.06 0

68.3 147 1.68 0.0 2.64 0.0 [70]

88.9 96.1 0.7 0.0 0.2 0.0 [115]

Ξb(6248) 1
2

− | 0 , 1 , 0 , 0 ⟩ 2P1/2 19+5
−4 28+6

−5 494+36
−34 9+2

−1 2+0.6
−0.6 0

1.86 7.19 94.3 0.0 0.62 0.0 [70]

13.3 21.8 144.5 3.1. 1.7 0.0 [115]

Ξb(6271) 1
2

− | 0 , 1 , 0 , 0 ⟩ 4P1/2 11+4
−3 17+4

−4 5+2
−2 0.1+0.03

−0.03 75+14
−15 1.4+0.4

−0.4

0.93 3.59 0.16 0.0 80.0 0.0 [70]

7.5 12.3 2.9 0.1 14.7 0.3 [115]

Ξb(6255) 3
2

− | 0 , 1 , 0 , 0 ⟩ 2P3/2 20+5
−4 29+6

−5 950+98
−89 17+4

−3 3+1
−1 0

2.10 8.13 69.4 0.0 0.80 0.0 [70]

14.0 23.0 377.2 8.0 1.9 0.0 [115]

Ξb(6277) 3
2

− | 0 , 1 , 0 , 0 ⟩ 4P3/2 33+9
−7 48+11

−10 14+5
−4 0.3+0.1

−0.1 363+28
−27 7+1

−1

2.94 11.4 0.8 0.0 78.0 0.0 [70]

22.2 36.3 8.8 0.2 109.7 2.3 [115]

Ξb(6287) 5
2

− | 0 , 1 , 0 , 0 ⟩ 4P5/2 23+6
−5 34+8

−7 10+4
−3 0.2+0.06

−0.06 945+106
−99 17+4

−3

... ... ... ... ... ... [70]

15.4 25.3 6.5 0.1 245.2 5.2 [115]
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TABLE 3.3: Table from [90] (APS copyright). Same as Table 3.1, but for Σb(nnb) states belonging to the
flavor multiplet F = 6F.

F = 6F

Σb(nnb) JP |lλ, lρ, kλ, kρ⟩ 2S+1LJ Σ+
b γ Σ0

bγ Σ−
b γ Λ0

bγ Σ∗+
b γ Σ∗0

b γ Σ∗−
b γ

N = 0

Σb(5804) 1
2

+ | 0 , 0 , 0 , 0 ⟩ 2S1/2 0 0 0 150+46
−40 0 0 0

Σb(5832) 3
2

+ | 0 , 0 , 0 , 0 ⟩ 4S3/2 0.5+0.2
−0.2 0 0.1+0.03

−0.03 215+56
−51 0 0 0

N = 1

Σb(6108) 1
2

− | 1 , 0 , 0 , 0 ⟩ 2P1/2 407+46
−47 34+3

−3 73+10
−10 195+32

−27 6+3
−2 0.4+0.1

−0.1 2+1
−0.6

1016 74.9 212 133 16.9 1.03 4.36 [70]

267.7 21.3 50.9 156.2 5.3 0.3 1.5 [115]

Σb(6131) 1
2

− | 1 , 0 , 0 , 0 ⟩ 4P1/2 13+5
−4 0.8+0.2

−0.2 3+1
−1 111+19

−17 36+18
−17 4+1

−1 5+2
−2

5.31 0.32 1.37 63.6 867 63.6 182 [70]

8.9 0.5 2.5 85.3 19.2 1.9 2.7 [115]

Σb(6114) 3
2

− | 1 , 0 , 0 , 0 ⟩ 2P3/2 1202+132
−122 89+10

−9 252+28
−26 202+31

−28 7+3
−2 0.4+0.1

−0.1 2+0.6
−0.6

483 37.9 94 129 15.6 0.95 4.02 [70]

864.7 59.3 196.2 162.2 5.8 0.3 1.6 [115]

Σb(6137) 3
2

− | 1 , 0 , 0 , 0 ⟩ 4P3/2 40+12
−10 2+0.6

−0.6 10+3
−3 321+46

−42 316+31
−32 26+2

−2 59+7
−7

13.1 0.8 3.39 170 527 39.8 107 [70]

27.2 1.5 7.7 247.4 209.6 16.2 41.6 [115]

Σb(6147) 5
2

− | 1 , 0 , 0 , 0 ⟩ 4P5/2 29+10
−8 2+0.6

−0.6 7+2
−2 218+34

−30 1222+151
−141 90+11

−10 256+33
−30

8.07 0.49 2.08 83.3 426 32.6 85.3 [70]

20.0 1.1 5.7 168.2 589.4 39.5 137.0 [115]

Σb(6304) 1
2

− | 0 , 1 , 0 , 0 ⟩ 2P1/2 247+45
−40 15+3

−2 62+11
−10 424+42

−42 103+22
−19 6+1

−1 26+5
−5

... ... ... ... ... ... ... [70]

182.1 10.3 50.2 526.5 79.3 4.5 21.9 [115]

Σb(6311) 3
2

− | 0 , 1 , 0 , 0 ⟩ 2P3/2 256+46
−41 16+3

−3 64+12
−10 414+39

−39 107+22
−19 7+1

−1 27+5
−5

... ... ... ... ... ... ... [70]

189.2 10.7 52.1 523.1 82.8 4.7 22.8 [115]
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TABLE 3.4: Table from [90] (APS copyright). Same as Table 3.1, but for Ξ′
b(snb) states belonging to the

flavor multiplet F = 6F.

F = 6F

Ξ′
b(snb) JP |lλ, lρ, kλ, kρ⟩ 2S+1LJ Ξ0

bγ Ξ−
b γ Ξ′0

b γ Ξ′−
b γ Ξ′∗0

b γ Ξ′∗−
b γ

N = 0

Ξ′
b(5925) 1

2

+ | 0 , 0 , 0 , 0 ⟩ 2S1/2 33+16
−13 0.6+0.2

−0.2 0 0 0 0

Ξ′
b(5953) 3

2

+ | 0 , 0 , 0 , 0 ⟩ 4S3/2 60+24
−20 1.1+0.3

−0.3 0.1+0.03
−0.03 0.1+0.03

−0.03 0 0

N = 1

Ξ′
b(6198) 1

2

− | 1 , 0 , 0 , 0 ⟩ 2P1/2 65+13
−11 1.2+0.3

−0.3 78+9
−8 71+7

−6 0.4+0.1
−0.1 0.6+0.2

−0.2

72.2 0.0 76.3 190 0.89 3.54 [70]

50.7 1.1 52.9 50.8 0.3 0.5 [115]

Ξ′
b(6220) 1

2

− | 1 , 0 , 0 , 0 ⟩ 4P1/2 40+9
−8 0.7+0.2

−0.2 1+0.3
−0.3 1.4+0.4

−0.4 11+2
−2 9+2

−2

34 0.0 0.25 1.48 69.5 164 [70]

29.3 0.6 0.6 1.0 6.9 5.6 [115]

Ξ′
b(6204) 3

2

− | 1 , 0 , 0 , 0 ⟩ 2P3/2 68+13
−12 1.3+0.4

−0.4 157+18
−15 167+15

−15 0.4+0.1
−0.1 1+0.3

−0.3

72.8 0.0 43.9 92.3 0.9 3.6 [70]

53.9 1.1 111.5 128.1 0.3 0.6 [115]

Ξ′
b(6226) 3

2

− | 1 , 0 , 0 , 0 ⟩ 4P3/2 117+21
−19 2+0.6

−0.6 3+1
−1 4+1

−1 57+6
−5 54+5

−4

94.0 0.0 0.67 2.94 47.5 104 [70]

87.1 1.8 1.7 3.0 38.8 38.5 [115]

Ξ′
b(6237) 5

2

− | 1 , 0 , 0 , 0 ⟩ 4P5/2 82+18
−15 2+0.6

−0.6 2+0.6
−0.6 3+1

−1 157+21
−18 168+19

−17

47.7 0.0 0.44 1.88 41.5 88.2 [70]

61.6 1.3 1.3 2.2 69.4 82.7 [115]

Ξ′
b(6367) 1

2

− | 0 , 1 , 0 , 0 ⟩ 2P1/2 644+54
−52 12+3

−2 19+3
−3 28+5

−4 7+1
−1 11+2

−2

... ... ... ... ... ... [70]

708.1 15.0 13.4 21.9 5.5 9.0 [115]

Ξ′
b(6374) 3

2

− | 0 , 1 , 0 , 0 ⟩ 2P3/2 637+52
−50 12+3

−2 20+4
−3 29+5

−5 8+2
−1 12+2

−2

... ... ... ... ... ... [70]

714.7 15.2 14.1 23.0 5.9 9.6 [115]
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TABLE 3.5: Table from [90] (APS copyright). Same as Table 3.1, but for Ωb(ssb) states belonging to the
flavor multiplet F = 6F.

F = 6F

Ωb(ssb) JP |lλ, lρ, kλ, kρ⟩ 2S+1LJ Ωbγ Ω∗
b γ

N = 0

Ωb(6064) 1
2

+ | 0 , 0 , 0 , 0 ⟩ 2S1/2 0 0

Ωb(6093) 3
2

+ | 0 , 0 , 0 , 0 ⟩ 4S3/2 0.1+0.03
−0.03 0

N = 1

Ωb(6315) 1
2

− | 1 , 0 , 0 , 0 ⟩ 2P1/2 51+5
−4 0.2+0.06

−0.06

154 1.49 [70]

36.0 0.2 [115]

Ωb(6337) 1
2

− | 1 , 0 , 0 , 0 ⟩ 4P1/2 0.5+0.2
−0.2 8+2

−2

0.64 99.23 [70]

0.4 5.1 [115]

Ωb(6321) 3
2

− | 1 , 0 , 0 , 0 ⟩ 2P3/2 99+10
−10 0.2+0.06

−0.06

83.4 1.51 [70]

73.7 0.2 [115]

Ωb(6343) 3
2

− | 1 , 0 , 0 , 0 ⟩ 4P3/2 2+0.6
−0.6 38+3

−3

1.81 70.68 [70]

1.1 26.7 [115]

Ωb(6353) 5
2

− | 1 , 0 , 0 , 0 ⟩ 4P5/2 1+0.2
−0.3 99+12

−12

1.21 63.26 [70]

0.9 45.1 [115]

Ωb(6465) 1
2

− | 0 , 1 , 0 , 0 ⟩ 2P1/2 12+2
−2 4+1

−1

... ... [70]

8.7 3.4 [115]

Ωb(6471) 3
2

− | 0 , 1 , 0 , 0 ⟩ 2P3/2 12+3
−2 5+1

−1

... ... [70]

9.2 3.7 [115]
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i[H0, rj] ≈ ikrj, they effectively rewrote the convective term of the electromagnetic Hamiltonian

in eq. (3.8), substituting pj/mj with ikrj, as follows:

Hconv = −
3

∑
j=1

1
(2π)3/2

ej

(2k)1/2

{

pj · εe−ik·rj + e−ik·rjε · pj

2mj

}

≈ −i
3

∑
j=1

ej

2(2π)3/2

√

k
2

{

rj · εe−ik·rj + e−ik·rjε · rj

}

≈ −i
3

∑
j=1

ej

(2π)3/2

√

k
2

rj · εe−ik·rj .

(3.33)

It should be noted that the approximation i[H0, rj] ≈ ikrj cannot be derived rigorously but

rather stems from dimensional analysis. As a result, employing eq. (3.33) in the study of electro-

magnetic transitions inevitably entails the loss of important information inherent to the original

system. Despite this limitation, the approximation has been widely adopted in the literature.

For instance, Iachello and Kusnesov used it in reference [144] to calculate radiative transitions

in light mesons. More recently, this method has been extensively applied in electromagnetic

studies of both mesons and baryons [70, 82, 145–148].

A different approach was employed in reference [115] to calculate the electromagnetic decays

of heavy baryons. In this method, the authors replaced pλ with imλk0λ and pρ with imρk0ρ.

It is worth noting that this substitution does not precisely correspond to the approximation

pj/mj → ikrj, originally introduced by Close and Copley [143] and commonly accepted in the

literature. This distinction highlights subtle differences in how the convective term is treated

across other models.

In this chapter, the electromagnetic decay widths obtained using eq. (3.9) are compared with

those reported in reference [70], which were calculated using the approximation given in eq. (3.33),

and reference [115], which applies the substitution discussed previously. These comparisons

highlight the advantages of our full calculation based on eq. (3.9), which avoids additional

approximations and therefore yields more robust and reliable results.

In summary, the electromagnetic decay widths of singly bottom baryons were calculated using

eq. (3.2). It was demonstrated that the convective term in the nonrelativistic Hamiltonian given

in eq. (3.9) can be evaluated in a fully analytical and exact manner, without the need for any

additional approximations. This rigorous treatment of the transition amplitudes ensures that

the results presented in this work are more robust than those obtained in previous studies,

such as references [70, 115]. Importantly, the analytical nature of our approach eliminates the

necessity for further approximations, underscoring the reliability and precision of the present

method. The results reported in this chapter have been published in Physical Review D [90].
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Chapter 4

Electromagnetic decays of the second

shell singly bottom baryons

This Chapter is devoted to the calculations of the electromagnetic decay widths of singly bot-

tom baryons within the constituent quark model formalism. These decays are computed from

the states of the second shell to the ground states and P-wave states.

The electromagnetic decays are useful to confirm the existence of some resonances. As men-

tioned in Chapter 3, when the strong decays are not allowed the electromagnetic decays play a

dominant role. They can also help with the assignments when states have the same mass and

total decay widths.

4.1 Electromagnetic decay widths

In this section, the electromagnetic decay widths of the singly bottom baryons from the states

of the second shell to the ground states and P-wave states are calculated. These decay widths

are calculated by means of eq. (3.2) following the same procedure employed in Chapter 3. In

the spin and flavor spaces the matrix elements are the same as those used in Chapter 3 (see

Sections A.1 and A.2 of Appendix A for more details). The matrix elements in the spatial space

have to be calculated to be able to calculate the decay widths.

To date, the radiative decays of second shell singly bottom baryons remain largely unexplored.

Only references [71] and [82], have addressed these processes. In reference [71], the authors

considered only transitions from pure Dλ states to Pλ states within the framework of the NRQM.

Meanwhile, reference [82] investigated decays from Dλ-wave and λ-mode radial excitations to

ground-state singly bottom baryons using the Gaussian Expansion Method (GEM). This work

extend the electromagnetic decays for all second shell states to the ground states and P-wave

states.

4.1.1 Spatial matrix elements

To calculate the electromagnetic decay widths of second shell singly bottom baryons to ground

and P-wave states it is first required to compute matrix elements of the form
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TABLE 4.4: Same as Table 4.1, but for Σ+
b (nnb) states belonging to the flavor multiplet F = 6F.

F = 6F Σ+
b γ Σ∗+

b γ Σ+
b γ Σ+

b γ Σ+
b γ Σ+

b γ Σ+
b γ Σ+

b γ Σ+
b γ

Σ+
b (uub) JP |lλ, lρ, kλ, kρ⟩ 2S+1LJ

2S1/2
4S3/2

2
λP1/2

4
λP1/2

2
λP3/2

4
λP3/2

4
λP5/2

2
ρP1/2

2
ρP3/2

N = 2

Σb(6415)+ 3
2

+ | 2 , 0 , 0 , 0 ⟩ 2D3/2 70.4 13.4 850.4 20.1 76.1 5.7 0.5 0 0

Σb(6425)+ 5
2

+ | 2 , 0 , 0 , 0 ⟩ 2D5/2 611.3 14.2 107.3 1.9 1779.7 9.5 7.9 0 0

Σb(6431)+ 1
2

+ | 2 , 0 , 0 , 0 ⟩ 4D1/2 18.2 7.9 19.7 553.4 0.1 120.1 7.1 0 0

Σb(6437)+ 3
2

+ | 2 , 0 , 0 , 0 ⟩ 4D3/2 37.6 82.9 47.3 589.2 2.8 261.4 26.2 0 0

Σb(6448)+ 5
2

+ | 2 , 0 , 0 , 0 ⟩ 4D5/2 53.6 157.1 18.9 61.0 41.2 1109.0 137.8 0 0

Σb(6462)+ 7
2

+ | 2 , 0 , 0 , 0 ⟩ 4D7/2 36.2 631.5 0.1 3.1 49.0 75.1 1978.4 0 0

Σb(6421)+ 1
2

+ | 0 , 0 , 1 , 0 ⟩ 2S1/2 335.5 34.8 1838.9 0.3 76.6 1.5 46.1 0 0

Σb(6450)+ 3
2

+ | 0 , 0 , 1 , 0 ⟩ 4S3/2 99.8 294.8 91.4 425.0 254.0 528.4 68.7 0 0

Σb(6813)+ 1
2

+ | 0 , 0 , 0 , 1 ⟩ 2S1/2 452.9 56.7 296.3 0.8 1862.1 3.5 113.2 656.0 1883.5

Σb(6842)+ 3
2

+ | 0 , 0 , 0 , 1 ⟩ 4S3/2 111.9 396.4 163.1 3.6 462.7 47.6 1199.6 721.9 2085.4

Σb(6611)+ 3
2

+ | 1 , 1 , 0 , 0 ⟩ 2D3/2 316.6 146.5 31.7 112.5 25.2 53.8 5.7 513.7 104.3

Σb(6621)+ 5
2

+ | 1 , 1 , 0 , 0 ⟩ 2D5/2 323.4 150.2 77.0 24.3 46.8 60.0 37.7 9.4 611.7

Σb(6613)+ 1
2

− | 1 , 1 , 0 , 0 ⟩ 2P1/2 0 0 0 167.1 0 128.6 30.1 621.1 97.6

Σb(6619)+ 3
2

− | 1 , 1 , 0 , 0 ⟩ 2P3/2 0 0 131.6 57.5 63.6 77.5 31.1 157.7 562.4

Σb(6617)+ 1
2

+ | 1 , 1 , 0 , 0 ⟩ 2S1/2 0 0 15.5 8.4 32.0 1.7 15.7 440.1 214.1

Σb(6807)+ 3
2

+ | 0 , 2 , 0 , 0 ⟩ 2D3/2 45.6 22.6 77.2 3.7 60.1 0.7 5.9 95.2 110.3

Σb(6817)+ 5
2

+ | 0 , 2 , 0 , 0 ⟩ 2D5/2 512.9 22.6 149.5 3.9 546.1 0.7 6.3 188.3 157.4

Σb(6824)+ 1
2

+ | 0 , 2 , 0 , 0 ⟩ 4D1/2 22.5 7.2 5.0 26.7 9.7 23.3 4.9 198.0 0.1

Σb(6830)+ 3
2

+ | 0 , 2 , 0 , 0 ⟩ 4D3/2 45.0 90.9 10.4 46.3 20.1 0.3 68.9 463.3 28.2

Σb(6840)+ 5
2

+ | 0 , 2 , 0 , 0 ⟩ 4D5/2 60.8 134.5 15.0 17.9 28.9 98.2 91.8 173.2 390.1

Σb(6854)+ 7
2

+ | 0 , 2 , 0 , 0 ⟩ 4D7/2 38.1 512.0 10.2 135.3 19.7 114.7 466.3 3.8 431.1

⟨ground state|Ûj|N=2 state⟩, ⟨P-wave|Ûj|N=2 state⟩, (4.1)

⟨ground state|T̂j,−|N=2 state⟩, ⟨P-wave|T̂j,−|N=2 state⟩, (4.2)

where the N = 2 sates stands the second shell states which can be pure Dλ-wave or Dρ-wave,

radial λ or ρ excitations and ρλ mixed states.

The procedure for evaluating the matrix elements for the T̂j,− operators in the electromagnetic

transitions from second shell states to ground and P-wave states is the same used in Chapter 3,

and it is described in details in Appendix A.

4.2 Results of electromagnetic decays of second shell singly bottom

baryons

In this section, the results for the electromagnetic decay widths of the second shell singly bot-

tom baryons are presented. These decay widths are computed by using eq. (3.2) for states of

the second shell decaying to ground states and P-wave excited states.

The obtained theoretical results for the Λb and Ξb bottom baryons are reported in Tables 4.1-4.3

and the results for the Σb, Ξ′
b and Ωb bottom baryons are presented in Tables 4.4-4.9. These
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TABLE 4.6: Same as Table 4.1, but for Σ−
b (nnb) states belonging to the flavor multiplet F = 6F.

F = 6F Σ−
b γ Σ∗−

b γ Σ−
b γ Σ−

b γ Σ−
b γ Σ−

b γ Σ−
b γ Σ−

b γ Σ−
b γ

Σ−
b (ddb) JP |lλ, lρ, kλ, kρ⟩ 2S+1LJ

2S1/2
4S3/2

2
λP1/2

4
λP1/2

2
λP3/2

4
λP3/2

4
λP5/2

2
ρP1/2

2
ρP3/2

N = 2

Σb(6415)− 3
2

+ | 2 , 0 , 0 , 0 ⟩ 2D3/2 18.7 3.3 159.2 5.1 14.0 1.4 0.1 0 0

Σb(6425)− 5
2

+ | 2 , 0 , 0 , 0 ⟩ 2D5/2 156.8 3.5 26.9 0.4 360.5 2.4 2.0 0 0

Σb(6431)− 1
2

+ | 2 , 0 , 0 , 0 ⟩ 4D1/2 4.5 2.4 5.0 96.7 0.02 25.4 1.7 0 0

Σb(6437)− 3
2

+ | 2 , 0 , 0 , 0 ⟩ 4D3/2 9.3 21.3 12.1 117.8 0.7 46.2 5.5 0 0

Σb(6448)− 5
2

+ | 2 , 0 , 0 , 0 ⟩ 4D5/2 13.3 40.6 4.8 15.1 10.6 222.4 24.6 0 0

Σb(6462)− 7
2

+ | 2 , 0 , 0 , 0 ⟩ 4D7/2 9.0 162.3 0.04 0.7 12.6 18.5 404.8 0 0

Σb(6421)− 1
2

+ | 0 , 0 , 1 , 0 ⟩ 2S1/2 83.7 8.6 408.3 0.1 28.2 0.3 11.8 0 0

Σb(6450)− 3
2

+ | 0 , 0 , 1 , 0 ⟩ 4S3/2 24.8 73.9 23.5 88.3 65.5 109.1 21.8 0 0

Σb(6813)− 1
2

+ | 0 , 0 , 0 , 1 ⟩ 2S1/2 113.2 14.2 74.1 0.2 465.5 0.8 28.3 164.0 470.8

Σb(6842)− 3
2

+ | 0 , 0 , 0 , 1 ⟩ 4S3/2 27.9 99.1 40.7 0.9 115.6 11.9 299.9 180.4 521.3

Σb(6611)− 3
2

+ | 1 , 1 , 0 , 0 ⟩ 2D3/2 79.1 36.6 7.9 28.1 6.3 13.4 1.4 99.4 21.5

Σb(6621)− 5
2

+ | 1 , 1 , 0 , 0 ⟩ 2D5/2 80.8 37.5 19.2 6.1 11.7 15.0 9.4 2.2 118.4

Σb(6613)− 1
2

− | 1 , 1 , 0 , 0 ⟩ 2P1/2 0 0 0 41.7 0 32.1 7.5 125.5 20.2

Σb(6619)− 3
2

− | 1 , 1 , 0 , 0 ⟩ 2P3/2 0 0 32. 14.3 15.9 19.3 7.7 31.5 114.5

Σb(6617)− 1
2

+ | 1 , 1 , 0 , 0 ⟩ 2S1/2 0 0 3.8 2.1 8.0 0.4 3.9 91.5 45.2

Σb(6807)− 3
2

+ | 0 , 2 , 0 , 0 ⟩ 2D3/2 11.4 5.6 19.3 0.9 15.0 0.1 1.4 23.7 27.5

Σb(6817)− 5
2

+ | 0 , 2 , 0 , 0 ⟩ 2D5/2 128.2 5.6 37.3 0.9 136.5 0.2 1.5 47.1 39.3

Σb(6824)− 1
2

+ | 0 , 2 , 0 , 0 ⟩ 4D1/2 5.6 1.8 1.2 6.6 2.4 5.8 1.2 49.5 0.03

Σb(6830)− 3
2

+ | 0 , 2 , 0 , 0 ⟩ 4D3/2 11.2 22.7 2.6 11.5 5.0 0.08 17.2 115.8 7.0

Σb(6840)− 5
2

+ | 0 , 2 , 0 , 0 ⟩ 4D5/2 15.2 33.6 3.7 4.4 7.2 24.5 22.9 43.3 97.5

Σb(6854)− 7
2

+ | 0 , 2 , 0 , 0 ⟩ 4D7/2 9.5 128.0 2.5 33.8 4.9 28.6 116.5 0.9 107.7

results extend those previously obtained by two other works on the subject. Specifically, the

analysis performed in reference [71] employing a constituent quark model for the decays from

the low-lying λ-mode D-wave to the λ-mode P-wave singly bottom baryons and the study of

reference [82] using the GEM for the decays from the Dλ-wave and λ-mode radial excitations

to the ground state singly bottom baryons.

As already mentioned in Chapter 3, the electromagnetic decay widths are particularly valu-

able in cases where the strong decays are not allowed. They may also be useful to make the

assignments of resonances when the states have the same mass and total decay widths.

4.3 Discussion and conclusions

In summary, in this Chapter the electromagnetic decay widths of second shell singly bottom

baryons to ground states and P-wave states have been calculated using the formalism intro-

duced in reference [90]. This work presents the first calculations of the electromagnetic decay

widths for Dρ-wave states, ρλ mixed states, and radially excited ρ states. Electromagnetic de-

cay widths may be useful in the assignments of resonances when the states have the same mass

and total decay widths.

One example is the case of the Ξb
2D3/2 ρλ mixed state, which has a mass of 6524 MeV and a

strong decay width of 47 MeV, while the Ξ′
b

4D7/2 λ state has a mass of 6520 MeV and a strong
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TABLE 4.9: Same as Table 4.1, but for Ω−
b (ssb) states belonging to the flavor multiplet F = 6F.

F = 6F Ω−
b γ Ω∗−

b γ Ω−
b γ Ω∗−

b γ Ω−
b γ Ω∗−

b γ Ω∗−
b γ Ω−

b γ Ω−
b γ

Ω−
b (ssb) JP |lλ, lρ, kλ, kρ⟩ 2S+1LJ

2S1/2
4S3/2

2
λP1/2

4
λP1/2

2
λP3/2

4
λP3/2

4
λP5/2

2
ρP1/2

2
ρP3/2

N = 2

Ωb(6568)− 3
2

+ | 2 , 0 , 0 , 0 ⟩ 2D3/2 14.06 0.35 97.37 0.72 9.7 0.19 0.02 0 0

Ωb(6578)− 5
2

+ | 2 , 0 , 0 , 0 ⟩ 2D5/2 46.7 0.4 4.16 0.07 163.27 0.35 0.29 0 0

Ωb(6584)− 1
2

+ | 2 , 0 , 0 , 0 ⟩ 4D1/2 0.58 7.13 0.8 77.9 0.0 9.04 0.26 0 0

Ωb(6590)− 3
2

+ | 2 , 0 , 0 , 0 ⟩ 4D3/2 1.23 8.4 2.03 57.25 0.12 35.7 1.9 0 0

Ωb(6600)− 5
2

+ | 2 , 0 , 0 , 0 ⟩ 4D5/2 1.84 15.6 0.87 2.36 1.86 104.5 18.02 0 0

Ωb(6614)− 7
2

+ | 2 , 0 , 0 , 0 ⟩ 4D7/2 1.32 48.47 0.002 0.086 2.38 2.9 174.73 0 0

Ωb(6574)− 1
2

+ | 0 , 0 , 1 , 0 ⟩ 2S1/2 10.52 0.95 125.14 0.015 0.012 0.059 1.7 0 0

Ωb(6602)− 3
2

+ | 0 , 0 , 1 , 0 ⟩ 4S3/2 3.46 9.27 4.64 35.25 12.56 44.65 0.69 0 0

Ωb(6874)− 1
2

+ | 0 , 0 , 0 , 1 ⟩ 2S1/2 43.16 4.8 2.27 0.013 38.38 0.054 1.64 39.6 111.25

Ωb(6902)− 3
2

+ | 0 , 0 , 0 , 1 ⟩ 4S3/2 11.97 37.8 3.33 0.6 9.19 2.01 24.3 49.59 140.02

Ωb(6718)− 3
2

+ | 1 , 1 , 0 , 0 ⟩ 2D3/2 15.58 6.39 2.04 5.9 2.19 2.04 0.18 54.21 9.3

Ωb(6728)− 5
2

+ | 1 , 1 , 0 , 0 ⟩ 2D5/2 16.6 6.86 4.4 0.76 3.38 2.94 2.27 0.34 63.14

Ωb(6720)− 1
2

− | 1 , 1 , 0 , 0 ⟩ 2P1/2 0 0 0 7.35 0 5.5 1.24 56.08 8.0

Ωb(6726)− 3
2

− | 1 , 1 , 0 , 0 ⟩ 2P3/2 0 0 6.45 2.6 3.05 3.43 1.32 14.12 50.35

Ωb(6724)− 1
2

+ | 1 , 1 , 0 , 0 ⟩ 2S1/2 0 0 2.18 0.95 4.22 0.18 1.53 35.4 17.5

Ωb(6868)− 3
2

+ | 0 , 2 , 0 , 0 ⟩ 2D3/2 16.05 1.87 8.2 0.057 5.76 0.01 0.08 4.99 6.04

Ωb(6878)− 5
2

+ | 0 , 2 , 0 , 0 ⟩ 2D5/2 99.76 1.95 7.11 0.06 26.28 0.012 0.09 9.87 8.69

Ωb(6884)− 1
2

+ | 0 , 2 , 0 , 0 ⟩ 4D1/2 2.24 4.3 0.09 4.1 0.17 2.35 2.0 10.7 0.07

Ωb(6890)− 3
2

+ | 0 , 2 , 0 , 0 ⟩ 4D3/2 4.59 14.36 0.19 4.16 0.37 0.14 3.8 25.5 1.55

Ωb(6900)− 5
2

+ | 0 , 2 , 0 , 0 ⟩ 4D5/2 6.45 27.5 0.3 2.25 0.56 6.19 5.12 10.14 22.42

Ωb(6914)− 7
2

+ | 0 , 2 , 0 , 0 ⟩ 4D7/2 4.27 101.4 0.22 5.39 0.42 7.24 22.23 0.06 26.18

decay width of 46 MeV. Thus if experimentalists find a state with this mass and total decay

width they won’t be able to distinguish if it is a Ξb or a Ξ′
b state only with that information.

A possible way to make a conclusive assignment is studying their radiative decay channels.

Some useful channels might be the following:

Γem[Ξb(6524) → Ξ
′0
b γ] = 132.5 KeV Γem[Ξ

′
b(6520) → Ξ

′0
b γ] = 2.4 KeV, (4.3)

Γem[Ξb(6524) → Ξ∗0
b γ] = 6.3 KeV Γem[Ξ

′
b(6520) → Ξ∗0

b γ] = 59.7 KeV, (4.4)

Γem[Ξb(6524) → Ξ−
b γ] = 37.9 KeV Γem[Ξ

′
b(6520) → Ξ−

b γ] = 1.1 KeV, (4.5)

Γem[Ξb(6524) → Ξ∗−
b γ] = 0.1 KeV Γem[Ξ

′
b(6520) → Ξ∗−

b γ] = 92.8 KeV. (4.6)

In this sense, the results obtained in this study may be of importance as a way to make a correct

assignment of states similar to the examples just described. These calculations may serve as a

valuable reference for experimentalists working on high-energy physics experiments, such as

those conducted at the LHC.

The results presented in this Chapter are being prepared for publication in two separated ar-

ticles: one for the Λb and Ξb bottom baryons, belonging to the flavor anti-triplet (3̄F) [91], and

another one for the Σb, Ξ′
b and Ωb bottom baryons, belonging to the flavor sextet (6F) [92].
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Chapter 5

Electromagnetic decays of the Ξc

baryons

In this Chapter the calculations of the electromagnetic decay widths for the Ξc baryons within

the constituent quark model formalism are presented. Specifically, the decay widths of the

transitions from P-wave states to ground states are determined.

As already mentioned in Chapter 3, the electromagnetic decays play a particularly valuable

role when the strong decays are suppressed. One notable example in the charm sector is the

Ω∗
c , which is the spin excitation of the Ω0

c state. The Ω∗
c → Ω0

c π strong decay is forbidden due

to lack of phase space and isospin conservation in strong interactions. Therefore, the Ω∗
c →

Ω0
c γ decay mode becomes a relevant channel. This resonance was precisely observed in the

decay mode channel Ω0
c γ by the BABAR collaboration [149] and later confirmed by the Belle

Collaboration [150].

In the last few decades, the experimental observation of electromagnetic decays of singly charmed

baryons has had more progress [93, 149–151]. In 1999, the CLEO collaboration [151] reported

the observation of the Ξ′
c in the electromagnetic decay channel Ξ′

c → Ξcγ. In 2006, the BABAR

collaboration observed for the first time the Ω∗
c state using its radiative decay channel Ω∗

c →
Ω0

c γ [149]. A few years later, in 2008, the Belle Collaboration confirmed this observation in

the same electromagnetic channel [150]. However, the electromagnetic decay widths of these

ground states were not reported in references [149–151] because of the high difficulty of the

measurements.

In a more recent study, in 2020, the Belle collaboration [93] estimated the electromagnetic decay

widths of the P-wave Ξc(2790)+/0 and Ξc(2815)+/0 singly charmed baryons using the branch-

ing ratios of the electromagnetic decays with respect to the total decay widths reported in ref-

erence [152].

Regarding theoretical works, the electromagnetic decays of singly charmed baryons have been

studied in references [70, 82, 115, 126, 130–142, 153–165]. In references [126, 130–141, 153–162],

only the electromagnetic transitions of ground state singly charmed baryons were considered.

However, only in references [70, 82, 115, 142, 163–165] the authors have focused on the radiative

decays of P-wave charmed baryons. For additional references see the review articles [166–168].
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In reference [163], an effective hadron-quark Lagrangian (EHQL) was used to calculate the ra-

diative transitions of some P-wave states. In references [70, 82, 115] the Nonrelativistic Quark

Model (NRQM) was used to study singly heavy baryons by means of the nonrelativistic elec-

tromagnetic Hamiltonian introduced by Close and Copley [143]. The Coupled-Channel Ap-

proach (CCA) was employed in reference [164] to study the radiative decays of the Σc(2792)±,0,

Ξc(2790)+/0, Ξc(2970)+/0, and Λc(2595) P-wave states. The radiative decays of the Σc(2792)±,0,

Ξc(2790)+/0, Ξc(2870)+/0, and Λc(2592) states were also studied applying the QCD Sum Rules

(QCDSR) approach in reference [165]. The results reported in references [70, 82, 115] followed

the experimental trend, but the numerical values were underestimated because the evaluation

of the convective term of the electromagnetic interaction Hamiltonian was not done in an ex-

act manner but introducing approximations, as already described in more detail in Chapter 3.

The decay widths of the Ξc(2790)0 and Ξc(2790)+ states obtained in references [164] and [165]

followed the opposite trend.

5.1 Singly charmed baryons wave functions

Singly charmed baryons are baryons composed of one charm quark and two light quarks. In

this section the wave functions for the singly charmed baryons states are presented. Specifi-

cally, only the flavor wave functions are displayed because for the cases of the spin and spatial

wave functions, they are exactly the same as for the singly bottom baryons and they are given

in sections 2.3.1 and 2.3.3.

In the charm sector, the 3̄F-plet and the 6F-plet representations of the flavor wave functions

are considered. Next, the flavor wave functions of a singly charmed baryon A and its isospin

quantum numbers |A, I, MI⟩ are presented [33]:

3̄F-plet

ϕΞ0
c

: |Ξ0
c , 1/2,−1/2⟩ =

1√
2
(|dsc⟩ − |sdc⟩), (5.1)

ϕΞ+
c

: |Ξ+
c , 1/2, 1/2⟩ =

1√
2
(|usc⟩ − |suc⟩), (5.2)

ϕΛ+
c

: |Λ+
c , 0, 0⟩ =

1√
2
(|udc⟩ − |duc⟩). (5.3)

6F-plet

ϕΩ0
c

: |Ωc, 0, 0⟩ = |ssc⟩, (5.4)

ϕΞ′0
c

: |Ξ′0
c , 1/2,−1/2⟩ =

1√
2
(|dsc⟩+ |sdc⟩), (5.5)

ϕΞ′+
c

: |Ξ′+
c , 1/2, 1/2⟩ =

1√
2
(|usc⟩+ |suc⟩), (5.6)
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ϕΣ++
c

: |Σ++
c , 1, 1⟩ = |uuc⟩, (5.7)

ϕΣ+
c

: |Σ+
c , 1, 0⟩ =

1√
2
(|udc⟩+ |duc⟩), (5.8)

ϕΣ0
c

: |Σ0
c , 1,−1⟩ = |ddc⟩. (5.9)

It can be seen that, as for the bottom sector, the functions of the 3̄F-plet are anti-symmetric under

the interchange of the two light quarks, whereas, the functions of the 6F-plet are symmetric

under the same interchange of the two light quarks.

5.2 Electromagnetic decay widths of the Ξc baryons

In this section the electromagnetic decay widths for the Ξc baryons are calculated using eq.

(3.2) presented in Section 3.1 of Chapter 3. The attention was focused on the Ξc baryons given

that experimental values of electromagnetic decay widths has been reported by the Belle col-

laboration [93].

The results for our electromagnetic decay widths of the Ξc baryons for transitions from P-wave

to ground states are shown in Table (5.1). These values are compared with those obtained in

references [70, 115]. The errors in the computed values are determined using a Monte Carlo

bootstrap method [33]. Our theoretical results for the Ξc(2790)+/0 and Ξc(2815)+/0 states are

in agreement with the recent data reported by the Belle collaboration [93]. In the following, the

obtained theoretical values are discussed.

The Belle collaboration [93] reported for the Ξc(2790)0 state a branching ratio of (7.9± 2.0+1.7
−2.3)%

of the total width corresponding to the electromagnetic decay. This leads to a partial decay

width of

Γem[Ξc(2790)0 → Ξ0
c γ] ∼ 800 ± 320 KeV. (5.10)

Following the assignment made in reference [33], this state corresponds to a Pλ-wave state

with JP = 1
2

−
and the decay width calculated in this study is 335+23

−22 KeV. This value slightly

underestimates the value reported by Belle.

The Belle collaboration [93] did not find any signal for the electromagnetic decay of the Ξc(2790)+

state, but set an upper limit on the partial width of

Γem[Ξc(2790)+ → Ξ+
c γ] < 350 KeV. (5.11)

This state was identified as a Pλ-wave state with JP = 1
2

−
in reference [33]. Our result for the

electromagnetic decay width is 28+17
−16 KeV, and this value is compatible with the upper limit set

by reference [93].
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For the Ξc(2815)0 state decaying to Ξ0
c γ, the Belle collaboration [93] estimated a partial width

of

Γem[Ξc(2815)0 → Ξ0
c γ] = 320 ± 45+45

−80 KeV. (5.12)

According to reference [33] this state corresponds to a Pλ-wave state with JP = 3
2

−. Our elec-

tromagnetic decay width for the Ξc(2815)0 state is 380+24
−23 KeV and this value agrees with the

value from reference [93].

Finally, the Belle Collaboration [93] also estimated the upper limit for the partial electromag-

netic decay width of the Ξc(2815)+ state to the Ξ+
c as

Γem[Ξc(2815)+ → Ξ+
c γ] < 80 KeV. (5.13)

This state is identified as a Pλ-wave state with JP = 3
2

− in reference [33]. Our computed decay

width for this state is 20+15
−13 KeV. This value is compatible with the upper limit set by the Belle

Collaboration [93].

Furthermore, the results of this study for the decay widths of (Ξc(2790)+/0 → Ξ+/0
c γ) and

(Ξc(2815)+/0 → Ξ+/0
c γ) are compared in Table (5.2) with the experimental values reported

by the Belle collaboration [93] and with those obtained in previous theoretical works using

different models. Specifically, in reference [163] the Relativistic Quark Model (RQM) was

used, NRQM in references [70, 115], the Coupled-Channel Approach (CCA) in reference [164],

QCDSR in reference [165], and the GEM in reference [82].

5.3 Summary and conclusions of the chapter

In summary, calculations for the electromagnetic decay widths of the Ξc baryons from the P-

wave states to the ground states were performed. The values were computed in a new analyt-

ical way described in detail in Appendix A and using the masses from reference [33] without

introducing any free parameters.

The results of this study for the Ξc(2790)0 and Ξc(2815)0 states are in good agreement with

the values reported by the Belle collaboration in reference [93]. For the Ξc(2790)+ and the

Ξc(2815)+ states, the theoretical decay widths are compatible with the upper limit set by the

Belle Collaboration [93]. The trend in the electromagnetic decay widths of the neutral and

charged Ξc(2815) and Ξc(2790) states is well reproduced in our calculations, which are based

on the assignment of the Ξc(2790) and Ξc(2815) as Pλ states made in reference [33].

From Table 5.2, one can see that the results from references [70], and [82] followed the exper-

imental trend, but they underestimated the numerical values. One can also notice that refer-

ences [164] and [165] followed the opposite trend for the Ξc(2790)0 and Ξc(2790)+ states. It

can be observed that the results of this study also follow the experimental trend, and the nu-

merical values are more compatible with the experimental ones [93]. From Table (5.1), it can be

observed that, in general, the results of this work differ from those presented in references [70]
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F = 3̄F Ξ+
c γ Ξ0

c γ Ξ′+
c γ Ξ′0

c γ Ξ′∗+
c γ Ξ′∗0

c γ

Ξc(snc) JP |lλ, lρ, kλ, kρ⟩ 2S+1LJ KeV KeV KeV KeV KeV KeV

N = 1

Ξc(2788) 1
2

− | 1 , 0 , 0 , 0 ⟩ 2P1/2 28+17
−16 335+23

−22 3.6+1.5
−1.5 0.1+0.03

−0.02 0.3+0.1
−0.1 0

4.65 263 1.43 0 0.44 0 [70]

7.4 202.5 1.3 0 0.1 0 [115]

Ξc(2815) 3
2

− | 1 , 0 , 0 , 0 ⟩ 2P3/2 20+15
−13 380+24

−23 6+2.8
−2.6 0.1+0.03

−0.03 0.7+0.3
−0.3 0

2.8 292 2.32 0 0.99 0 [70]

4.8 292.6 2.9 0.1 0.3 0 [115]

Ξc(2935) 1
2

− | 0 , 1 , 0 , 0 ⟩ 2P1/2 24+11
−10 32+12

−11 559+46
−42 12+3

−3 2.4+1
−1 0.1+0.03

−0.03

1.39 5.57 128 0 0.25 0 [70]

12.3 20.1 145.4 3.1 1.0 0 [115]

Ξc(2977) 1
2

− | 0 , 1 , 0 , 0 ⟩ 4P1/2 16+8
−7 22+9

−8 8+4
−4 0.2+0.07

−0.07 86+15
−17 2+0.5

−0.4

0.75 3.0 0.41 0 43.4 0 [70]

7.8 12.8 3.7 0.1 13.7 0.3 [115]

Ξc(2962) 3
2

− | 0 , 1 , 0 , 0 ⟩ 2P3/2 29+13
−11 39+14

−12 1218+191
−194 26+10

−9 3.4+1.5
−1.4 0.1+0.03

−0.03

1.88 7.5 110 0 0.52 0 [70]

16.2 26.5 481.6 10.2 1.7 0 [115]

Ξc(3004) 3
2

− | 0 , 1 , 0 , 0 ⟩ 4P3/2 52+23
−20 72+25

−24 30+14
−12 0.6+0.3

−0.2 415+34
−32 9+3

−2

2.81 11.2 1.85 0 58.1 0 [70]

28.0 45.9 15.2 0.3 111.5 2.4 [115]

Ξc(3049) 5
2

− | 0 , 1 , 0 , 0 ⟩ 4P5/2 43+18
−16 59+19

−18 28+11
−10 0.6+0.3

−0.2 1258+208
−214 27+11

−10

... ... ... ... ... ... [70]

25.7 42.1 16.5 0.4 367.7 7.8 [115]

TABLE 5.1: Table from [94] (Elsevier copyright). Predicted Ξc(snc) electromagnetic decay widths (in KeV).
The first column reports the baryon name with its predicted mass, as from reference [33]. The second
column displays JP. The third column shows the internal configuration of the baryon

∣

∣lλ, lρ, kλ, kρ

〉

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 2S+1LJ

for each state. Furthermore, N = nρ + nλ = 1 is the energy band. Starting from the fifth column, the
electromagnetic decay widths, computed by means of eq. (3.2), are presented. Each column corresponds
to an electromagnetic decay channel; the decay products are indicated at the top of the column. The zero
values are electromagnetic decay widths either too small to be shown on this scale or not permitted by
phase space. The results of this work are compared with those of references [70] and [115]. The symbol
"..." indicates that there is no prediction for that state in reference [70].

Decay channels RQM [163] NRQM [70] CCA [164] QCDSR [165] GEM [82] this work Exp. [93]
Γ
(

Ξc(2790)0 → Ξ0
c γ

)

... 263 119.3 2.7 217.5 335+23
−22 ∼ 800 ± 320

Γ (Ξc(2790)+ → Ξ+
c γ) ... 4.65 249.6 265 1.7 28+17

−16 < 350
Γ
(

Ξc(2815)0 → Ξ0
c γ

)

497 292 ... ... 243.1 380+24
−23 320 ± 45+45

−80
Γ (Ξc(2815)+ → Ξ+

c γ) 190 2.8 ... ... 1.0 20+15
−13 < 80

TABLE 5.2: Table from [94] (Elsevier copyright). Comparison of the electromagnetic decay widths obtained
in this study for the Ξc(2790)+/0, Ξc(2815)+/0 baryons (in KeV) with those of previous studies. The
first column contains the decay channels. The results of this work are compared with those of references
[163] (second column), [70] (third column), [164] (fourth column), , [165] (fifth column) and [82] (sixth
column), and they are also compared with the experimental values from [93]. The symbol "..." indicates
that there is no prediction for that state in the references.



84 Chapter 5. Electromagnetic decays of the Ξc baryons

and [115], as in the present study the evaluation of the convective term is done analytically,

without introducing any further approximation as it is described in Appendix A. The origin

of the discrepancy between our results and those from references [70] and [115] was already

discussed in Chapter 3.

The results presented in this Chapter have been submitted to Physics Letters B and are available

on arXiv [94]. These calculations demonstrate that the exact evaluation of the convective term

plays a crucial role in the evaluation of electromagnetic transitions involving changes in angu-

lar momentum between the initial and final states. In such scenarios this term becomes domi-

nant. It can be concluded that the proper treatment of the convective term in the Hamiltonian

is essential for achieving results that are in good agreement with the available experimental

data.
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Chapter 6

Conclusions

In this thesis, the mass spectra, strong and electromagnetic decays of singly bottom baryons

have been studied, as well as electromagnetic decays of Ξc baryons. Our predictions for the

masses and strong decay widths of singly bottom baryons show good agreement with the avail-

able experimental data. Additionally, a new analytical method was developed to evaluate the

electromagnetic transition amplitudes without introducing further approximations to the non-

relativistic electromagnetic interaction Hamiltonian. Using this approach, the electromagnetic

decay widths of singly bottom and singly charmed baryons were calculated, yielding results

consistent with the available experimental data for singly charmed baryons. This method can

be extended to calculate the radiative decays of other hadronic states, such as heavy mesons,

doubly and triply heavy baryons, and exotic states like tetraquarks.

The conclusions of this study are divided into three parts:

1. Mass spectra and strong decays of singly bottom baryons: In this research, calculations

for the mass spectra and strong partial decay widths of singly bottom baryons have been

performed. The three-quark and quark-diquark schemes were both utilized to describe

the mass spectra, predicting the 1S, 1P, 1D, 2P, and 2S states, extending the model of

reference [83]. The three-quark excited 1P, 1D, 2P, and 2S singly bottom baryon strong

decay widths, within the 3P0 model are also calculated. These results were published in

Physical Review D [90].

2. Electromagnetic decays of singly bottom baryons: Calculations for the electromagnetic

decay widths of singly bottom baryons have been performed. The results for the decays

of P-wave and ground states to ground states were published in Physical Review D [90].

The results for the decays of the second shell singly bottom baryons to ground and P-

wave states are being prepared to submit as two separated articles: one for the Λb and Ξb

bottom baryons, belonging to the flavor anti-triplet (3̄F) [91], and another one for the Σb,

Ξ′
b and Ωb bottom baryons, belonging to the flavor sextet (6F) [92]. The electromagnetic

decays are useful to confirm the existence of some resonances. Specifically, when the

strong decays are not allowed, the electromagnetic decays play a dominant role. They

may also be helpful with the assignments when states have the same mass and total decay

widths. Through this study it was possible to arrive at the conclusion that the correct

evaluation of the convective term of the nonrelativistic Hamiltonian of eq. (3.9) plays an
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important role in the calculation of electromagnetic transitions and that the introduction

of any further is unnecessary, as it was demonstrated that an exact analytical evaluation

of these transition amplitudes is possible.

3. Electromagnetic decays of Ξc baryons: Calculations for the electromagnetic decay widths

of Ξc baryons have been performed using the method introduced in reference [90] and de-

scribed in Chapter 3. The results of this study for the Ξc(2790)0 and Ξc(2815)0 states are

in good agreement with the values reported by the Belle collaboration in reference [93].

Although the experimental decay widths of the Ξc(2790)+ and the Ξc(2815)+ states are

less precise, our theoretical values are consistent with the upper limit set by Belle [93]. It

can be checked once again that the correct evaluation of the convective term of the non-

relativistic Hamiltonian for the electromagnetic interactions ensures more precise calcu-

lation. Furthermore, our results are in good agreement with the available experimental

data. The results for the decays of P-wave Ξc states to ground states and their discussion

were submitted to Physics Letters B and it is available as a pre-print in ArXiv [94].
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Appendix A

Electromagnetic transition amplitudes

For the calculation of the transition amplitudes, all of the contributions in the flavor, spin and

spatial spaces have to be computed. The explicit evaluations for the flavor and spin spaces are

given in the next sections (A.1 and A.2). For the spatial contributions the matrix elements of

the operators Ûj and T̂j,− have to be evaluated. The evaluation of the Ûj matrix elements is

straightforward. The T̂j,− matrix elements are expressed as a sum of matrix elements of the Ûj

operators. To be able of expressing the elements in this way a new method involving the action

of the ladder operators pλ/ρ,− on the wave functions is developed. The complete procedure for

the evaluation of the matrix elements of T̂j,− are also found in this Appendix in Section A.3.3.

A.1 Evaluation of the matrix elements for the spin space

The matrix elements in the spin space, which are necessary to compute the electromagnetic

decay widths, are evaluated. For this evaluation the spin wave functions given in eqs. (2.8-

2.15) are used. The following results are obtained for the non-vanishing contributions:

χ†
s1/2

s1,−χs3/2 =
1√
3
[⟨↑↑↓ |+ ⟨↑↓↑ |+ ⟨↓↑↑ |] s1,−| ↑↑↑⟩ =

1√
3

, (A.1)

χ†
s−1/2

s1,−χs1/2 =
1√
3
[⟨↑↓↓ |+ ⟨↓↑↓ |+ ⟨↓↓↑ |] s1,−

1√
3
[| ↑↑↓⟩+ | ↑↓↑⟩+ | ↓↑↑⟩] = 2

3
,

(A.2)

χ†
s−3/2

s1,−χs−1/2 = ⟨↓↓↓ |s1,−
1√
3
[| ↑↓↓⟩+ | ↓↑↓⟩+ | ↓↓↑⟩] = 1√

3
, (A.3)

χ†
s−1/2

s1,−χρ1/2 =
1√
3
[⟨↑↓↓ |+ ⟨↓↑↓ |+ ⟨↓↓↑ |] s1,−

1√
2
[| ↑↓↑⟩ − | ↓↑↑⟩] = 1√

6
, (A.4)

χ†
s−3/2

s1,−χρ−1/2 = ⟨↓↓↓ |s1,−
1√
2
[| ↑↓↓⟩ − | ↓↑↓⟩] = 1√

2
, (A.5)

χ†
s−1/2

s1,−χλ1/2 =
1√
3
[⟨↑↓↓ |+ ⟨↓↑↓ |+ ⟨↓↓↑ |] s1,−

1√
6
[2| ↑↑↓⟩ − | ↑↓↑⟩ − | ↓↑↑⟩] =

√
2

6
,

(A.6)

χ†
s−3/2

s1,−χλ−1/2 = ⟨↓↓↓ |s1,−
1√
6
[| ↑↓↓⟩ − | ↓↑↓⟩ − 2| ↓↓↑⟩] = 1√

6
, (A.7)
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χ†
ρ1/2

s1,−χs3/2 =
1√
2
[⟨↑↓↑ | − ⟨↓↑↑ |] s1,−| ↑↑↑⟩ = − 1√

2
, (A.8)

χ†
ρ−1/2

s1,−χs1/2 =
1√
2
[⟨↑↓↓ | − ⟨↓↑↓ |] s1,−

1√
3
[| ↑↑↓⟩+ | ↑↓↑⟩+ | ↓↑↑⟩] = − 1√

6
, (A.9)

χ†
ρ−1/2

s1,−χλ1/2 =
1√
2
[⟨↑↓↓ | − ⟨↓↑↓ |] s1,−

1√
6
[2| ↑↑↓⟩ − | ↑↓↑⟩ − | ↓↑↑⟩] = − 1√

3
, (A.10)

χ†
λ1/2

s1,−χs3/2 =
1√
6
[2⟨↑↑↓ | − ⟨↑↓↑ | − ⟨↓↑↑ |] s1,−| ↑↑↑⟩ = − 1√

6
, (A.11)

χ†
λ−1/2

s1,−χs1/2 =
1√
6
[⟨↑↓↓ | − ⟨↓↑↓ | − 2⟨↓↓↑ |] s1,−

1√
3
[| ↑↑↓⟩+ | ↑↓↑⟩+ | ↓↑↑⟩] = −

√
2

6
,

(A.12)

χ†
λ−1/2

s1,−χρ1/2 =
1√
6
[⟨↑↓↓ | − ⟨↓↑↓ | − 2⟨↓↓↑ |] s1,−

1√
2
[| ↑↓↑⟩ − | ↓↑↑⟩] = − 1√

3
, (A.13)

χ†
λ−1/2

s1,−χλ1/2 =
1√
6
[⟨↑↓↓ | − ⟨↓↑↓ | − 2⟨↓↓↑ |] s1,−

1√
6
[2| ↑↑↓⟩ − | ↑↓↑⟩ − | ↓↑↑⟩] = 2

3
,

(A.14)

χ†
s1/2

s2,−χs3/2 =
1√
3
[⟨↑↑↓ |+ ⟨↑↓↑ |+ ⟨↓↑↑ |] s2,−| ↑↑↑⟩ =

1√
3

, (A.15)

χ†
s−1/2

s2,−χs1/2 =
1√
3
[⟨↑↓↓ |+ ⟨↓↑↓ |+ ⟨↓↓↑ |] s2,−

1√
3
[| ↑↑↓⟩+ | ↑↓↑⟩+ | ↓↑↑⟩] = 2

3
,

(A.16)

χ†
s−3/2

s2,−χs−1/2 = ⟨↓↓↓ |s2,−
1√
3
[| ↑↓↓⟩+ | ↓↑↓⟩+ | ↓↓↑⟩] = 1√

3
, (A.17)

χ†
s−1/2

s2,−χρ1/2 =
1√
3
[⟨↑↓↓ |+ ⟨↓↑↓ |+ ⟨↓↓↑ |] s2,−

1√
2
[| ↑↓↑⟩ − | ↓↑↑⟩] = − 1√

6
, (A.18)

χ†
s−3/2

s2,−χρ−1/2 = ⟨↓↓↓ |s2,−
1√
2
[| ↑↓↓⟩ − | ↓↑↓⟩] = − 1√

2
, (A.19)

χ†
s−1/2

s2,−χλ1/2 =
1√
3
[⟨↑↓↓ |+ ⟨↓↑↓ |+ ⟨↓↓↑ |] s2,−

1√
6
[2| ↑↑↓⟩ − | ↑↓↑⟩ − | ↓↑↑⟩] =

√
2

6
,

(A.20)

χ†
s−3/2

s2,−χλ−1/2 = ⟨↓↓↓ |s2,−
1√
6
[| ↑↓↓⟩ − | ↓↑↓⟩ − 2| ↓↓↑⟩] = 1√

6
, (A.21)

χ†
ρ1/2

s2,−χs3/2 =
1√
2
[⟨↑↓↑ | − ⟨↓↑↑ |] s2,−| ↑↑↑⟩ =

1√
2

, (A.22)

χ†
ρ−1/2

s2,−χs1/2 =
1√
2
[⟨↑↓↓ | − ⟨↓↑↓ |] s2,−

1√
3
[| ↑↑↓⟩+ | ↑↓↑⟩+ | ↓↑↑⟩] = 1√

6
, (A.23)

χ†
ρ−1/2

s2,−χλ1/2 =
1√
2
[⟨↑↓↓ | − ⟨↓↑↓ |] s2,−

1√
6
[2| ↑↑↓⟩ − | ↑↓↑⟩ − | ↓↑↑⟩] = 1√

3
, (A.24)

χ†
λ1/2

s2,−χs3/2 =
1√
6
[2⟨↑↑↓ | − ⟨↑↓↑ | − ⟨↓↑↑ |] s2,−| ↑↑↑⟩ = − 1√

6
, (A.25)

χ†
λ−1/2

s2,−χs1/2 =
1√
6
[⟨↑↓↓ | − ⟨↓↑↓ | − 2⟨↓↓↑ |] s2,−

1√
3
[| ↑↑↓⟩+ | ↑↓↑⟩+ | ↓↑↑⟩] = −

√
2

6
,

(A.26)
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χ†
λ−1/2

s2,−χρ1/2 =
1√
6
[⟨↑↓↓ | − ⟨↓↑↓ | − 2⟨↓↓↑ |] s2,−

1√
2
[| ↑↓↑⟩ − | ↓↑↑⟩] = 1√

3
, (A.27)

χ†
λ−1/2

s2,−χλ1/2 =
1√
6
[⟨↑↓↓ | − ⟨↓↑↓ | − 2⟨↓↓↑ |] s2,−

1√
6
[2| ↑↑↓⟩ − | ↑↓↑⟩ − | ↓↑↑⟩] = 2

3
,

(A.28)

χ†
s1/2

s3,−χs3/2 =
1√
3
[⟨↑↑↓ |+ ⟨↑↓↑ |+ ⟨↓↑↑ |] s3,−| ↑↑↑⟩ =

1√
3

, (A.29)

χ†
s−1/2

s3,−χs1/2 =
1√
3
[⟨↑↓↓ |+ ⟨↓↑↓ |+ ⟨↓↓↑ |] s3,−

1√
3
[| ↑↑↓⟩+ | ↑↓↑⟩+ | ↓↑↑⟩] = 2

3
,

(A.30)

χ†
s−3/2

s3,−χs−1/2 = ⟨↓↓↓ |s3,−
1√
3
[| ↑↓↓⟩+ | ↓↑↓⟩+ | ↓↓↑⟩] = 1√

3
, (A.31)

χ†
s−1/2

s3,−χλ1/2 =
1√
3
[⟨↑↓↓ |+ ⟨↓↑↓ |+ ⟨↓↓↑ |] s3,−

1√
6
[2| ↑↑↓⟩ − | ↑↓↑⟩ − | ↓↑↑⟩] = −

√
2

3
,

(A.32)

χ†
s−3/2

s3,−χλ−1/2 = ⟨↓↓↓ |s3,−
1√
6
[| ↑↓↓⟩ − | ↓↑↓⟩ − 2| ↓↓↑⟩] = −

√
6

3
, (A.33)

χ†
ρ−1/2

s3,−χρ1/2 =
1√
2
[⟨↑↓↓ | − ⟨↓↑↓ |] s3,−

1√
2
[| ↑↓↑⟩ − | ↓↑↑⟩] = 1, (A.34)

χ†
λ1/2

s3,−χs3/2 =
1√
6
[2⟨↑↑↓ | − ⟨↑↓↑ | − ⟨↓↑↑ |] s3,−| ↑↑↑⟩ =

√
6

3
, (A.35)

χ†
λ−1/2

s3,−χs1/2 =
1√
6
[⟨↑↓↓ | − ⟨↓↑↓ | − 2⟨↓↓↑ |] s3,−

1√
3
[| ↑↑↓⟩+ | ↑↓↑⟩+ | ↓↑↑⟩] =

√
2

3
,

(A.36)

χ†
λ−1/2

s3,−χλ1/2 =
1√
6
[⟨↑↓↓ | − ⟨↓↑↓ | − 2⟨↓↓↑ |] s3,−

1√
6
[2| ↑↑↓⟩ − | ↑↓↑⟩ − | ↓↑↑⟩] = −1

3
.

(A.37)

It is important to point out that there are some selection rules which apply to the spin couplings

and only the non-vanishing results have been presented. These rules are applied because of the

fact that in the electromagnetic decay a left-handed photon is emitted and this photon carries

away one unit of angular momentum from the initial state. The selection rules for the ground

states are the following:

Initial State Final State

SA
P =

1
2

+

, MSA
=

1
2

,−1
2

SA′ P =
1
2

+

, MSA′ =
1
2

,−1
2

,

SA
P =

3
2

+

, MSA
=

3
2

,
1
2

,−1
2

,−3
2

SA′ P =
1
2

+

, MSA′ =
1
2

,−1
2

,

SA
P =

3
2

+

, MSA
=

3
2

,
1
2

,−1
2

,−3
2

SA′ P =
3
2

+

, MSA′ =
3
2

,
1
2

,−1
2

,−3
2

,
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where the allowed transitions are represented with the same color in the initial and in the final

states, and the numbers that are in black represent spin transitions that are not allowed.

A.2 Evaluation of the matrix elements for the flavor space

Now the flavor coupling for the singly-bottom baryons are computed. As already defined in

Section 3.1, the magnetic moment is given by µ̂j =
êj

2mj
and the matrix elements in the flavor

space are given by

⟨ϕA′ |µ̂j|ϕA⟩ = ⟨ϕA′ | êj

2mj
|ϕA⟩, (A.38)

The results are presented in the following subsections which are divided by its SU f (3) flavor

representations.

A.2.1 Matrix elements of the states belonging to the flavor 3̄F-plet

With the flavor wave function of eq. (2.18) the µ̂j matrix elements for the |ϕΛ0
b
⟩ state is computed

and it is obtained

⟨ϕΛ0
b
|µ̂1|ϕΛ0

b
⟩ = ⟨ϕΛ0

b
|µ̂2|ϕΛ0

b
⟩ = 1

2
(µu + µd), ⟨ϕΛ0

b
|µ̂3|ϕΛ0

b
⟩ = µb. (A.39)

For the |ϕΞ0
b
⟩ and |ϕΞ−

b
⟩ states given in eq. (2.17) and eq. (2.16), respectively, the µ̂j matrix ele-

ments are

⟨ϕΞ0
b
|µ̂1|ϕΞ0

b
⟩ = ⟨ϕΞ0

b
|µ̂2|ϕΞ0

b
⟩ = 1

2
(µu + µs), ⟨ϕΞ0

b
|µ̂3|ϕΞ0

b
⟩ = µb, (A.40)

and

⟨ϕΞ−
b
|µ̂1|ϕΞ−

b
⟩ = ⟨ϕΞ−

b
|µ̂2|ϕΞ−

b
⟩ = 1

2
(µd + µs), ⟨ϕΞ−

b
|µ̂3|ϕΞ−

b
⟩ = µb. (A.41)

A.2.2 Matrix elements of the states of the flavor 6F-plet with the states of the 3̄F-plet

With the flavor wave functions of eq. (2.23) and eq. (2.18) the µ̂j matrix elements between the

|ϕΣ0
b
⟩ and the |ϕΛ0

b
⟩ states are computed and the results are

⟨ϕΛ0
b
|µ̂1|ϕΣ0

b
⟩ = 1

2
(µu − µd), ⟨ϕΛ0

b
|µ̂2|ϕΣ0

b
⟩ = 1

2
(µd − µu), ⟨ϕΛ0

b
|µ̂3|ϕΣ0

b
⟩ = 0. (A.42)
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The matrix elements between the states |ϕΞ0
b
⟩ and |ϕΞ′0

b
⟩, given by eq. (2.17) and eq. (2.21) are

given by

⟨ϕΞ0
b
|µ̂1|ϕΞ′0

b
⟩ = 1

2
(µu − µs), ⟨ϕΞ0

b
|µ̂2|ϕΞ′0

b
⟩ = 1

2
(µs − µu), ⟨ϕΞ0

b
|µ̂3|ϕΞ′0

b
⟩ = 0. (A.43)

And the matrix elements between the states |ϕΞ−
b
⟩ and |ϕΞ′−

b
⟩, given by eq. (2.16) and eq. (2.20)

are given by

⟨ϕΞ−
b
|µ̂1|ϕΞ′−

b
⟩ = 1

2
(µd − µs), ⟨ϕΞ−

b
|µ̂2|ϕΞ′−

b
⟩ = 1

2
(µs − µd), ⟨ϕΞ−

b
|µ̂3|ϕΞ′−

b
⟩ = 0. (A.44)

A.2.3 Matrix elements of the states of the flavor 6F-plet

With the flavor wave function of eq. (2.22) the µ̂j matrix elements for the |ϕΣ+
b
⟩ state are calcu-

lated and they are given by

⟨ϕΣ+
b
|µ̂1|ϕΣ+

b
⟩ = ⟨ϕΣ+

b
|µ̂2|ϕΣ+

b
⟩ = µu, ⟨ϕΣ+

b
|µ̂3|ϕΣ+

b
⟩ = µb. (A.45)

With the flavor wave function of eq. (2.23) the µ̂j matrix elements for the |ϕΣ0
b
⟩ state are calcu-

lated and it is obtained

⟨ϕΣ0
b
|µ̂1|ϕΣ0

b
⟩ = ⟨ϕΣ0

b
|µ̂2|ϕΣ0

b
⟩ = 1

2
(µu + µd), ⟨ϕΣ0

b
|µ̂3|ϕΣ0

b
⟩ = µb. (A.46)

With the flavor wave function of eq. (2.24) the µ̂j matrix elements for the |ϕΣ−
b
⟩ state are calcu-

lated and it is obtained

⟨ϕΣ−
b
|µ̂1|ϕΣ−

b
⟩ = ⟨ϕΣ−

b
|µ̂2|ϕΣ−

b
⟩ = µd, ⟨ϕΣ−

b
|µ̂3|ϕΣ−

b
⟩ = µb. (A.47)

With the flavor wave function of eq. (2.21) the µ̂j matrix elements for the |ϕΞ′0
b
⟩ state are calcu-

lated and it is obtained

⟨ϕΞ′0
b
|µ̂1|ϕΞ′0

b
⟩ = ⟨ϕΞ′0

b
|µ̂2|ϕΞ′0

b
⟩ = 1

2
(µu + µs), ⟨ϕΞ′0

b
|µ̂3|ϕΞ′0

b
⟩ = µb. (A.48)

With the flavor wave function of eq. (2.20) the µ̂j matrix elements for the |ϕΞ′−
b
⟩ state are calcu-

lated and they are given by

⟨ϕΞ′−
b
|µ̂1|ϕΞ′−

b
⟩ = ⟨ϕΞ′−

b
|µ̂2|ϕΞ′−

b
⟩ = 1

2
(µd + µs), ⟨ϕΞ′−

b
|µ̂3|ϕΞ′−

b
⟩ = µb. (A.49)

With the flavor wave function of eq. (2.19) the µ̂j matrix elements for the |ϕΩ−
b
⟩ state are calcu-

lated and it is obtained

⟨ϕΩ−
b
|µ̂1|ϕΩ−

b
⟩ = ⟨ϕΩ−

b
|µ̂2|ϕΩ−

b
⟩ = µs, ⟨ϕΩ−

b
|µ̂3|ϕΩ−

b
⟩ = µb. (A.50)
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TABLE A.1: The matrix elements ⟨ϕA′ |µ̂1|ϕA⟩. The corresponding initial states (|ϕA⟩) are displayed in
the first row and the final states (|ϕA′⟩) in the first column.

States |ϕΛ0
b
⟩ |ϕΞ0

b
⟩ |ϕΞ−

b
⟩ |ϕΣ+

b
⟩ |ϕΣ0

b
⟩ |ϕΣ−

b
⟩ |ϕΞ′0

b
⟩ |ϕΞ′−

b
⟩ |ϕΩ−

b
⟩

|ϕΛ0
b
⟩ µu+µd

2 0 0 0 µu−µd

2 0 0 0 0

|ϕΞ0
b
⟩ 0 µu+µs

2 0 0 0 0 µu−µs

2 0 0

|ϕΞ−
b
⟩ 0 0 µd+µs

2 0 0 0 0 µd−µs

2 0
|ϕΣ+

b
⟩ 0 0 0 µu 0 0 0 0 0

|ϕΣ0
b
⟩ µu−µd

2 0 0 0 µu+µd

2 0 0 0 0
|ϕΣ−

b
⟩ 0 0 0 0 0 µd 0 0 0

|ϕΞ′0
b
⟩ 0 µu−µs

2 0 0 0 0 µu+µs

2 0 0

|ϕΞ′−
b
⟩ 0 0 µd−µs

2 0 0 0 0 µd+µs

2 0
|ϕΩ−

b
⟩ 0 0 0 0 0 0 0 0 µs

TABLE A.2: The matrix elements of ⟨ϕA′ |µ̂2|ϕA⟩. The corresponding initial states (|ϕA⟩) are displayed in
the first row and the final states (|ϕA′⟩) in the first column.

States |ϕΛ0
b
⟩ |ϕΞ0

b
⟩ |ϕΞ−

b
⟩ |ϕΣ+

b
⟩ |ϕΣ0

b
⟩ |ϕΣ−

b
⟩ |ϕΞ′0

b
⟩ |ϕΞ′−

b
⟩ |ϕΩ−

b
⟩

|ϕΛ0
b
⟩ µu+µd

2 0 0 0 µd−µu

2 0 0 0 0

|ϕΞ0
b
⟩ 0 µu+µs

2 0 0 0 0 µs−µu

2 0 0

|ϕΞ−
b
⟩ 0 0 µd+µs

2 0 0 0 0 µs−µd

2 0
|ϕΣ+

b
⟩ 0 0 0 µu 0 0 0 0 0

|ϕΣ0
b
⟩ µd−µu

2 0 0 0 µu+µd

2 0 0 0 0
|ϕΣ−

b
⟩ 0 0 0 0 0 µd 0 0 0

|ϕΞ′0
b
⟩ 0 µs−µu

2 0 0 0 0 µu+µs

2 0 0

|ϕΞ′−
b
⟩ 0 0 µs−µd

2 0 0 0 0 µd+µs

2 0
|ϕΩ−

b
⟩ 0 0 0 0 0 0 0 0 µs

Next, summary tables with all of the flavor amplitudes computed above will be shown.

A.3 Evaluation of the matrix elements for the spatial space

A.3.1 Explicit form of the wave functions in coordinates representation

The explicit form of the wave functions of each harmonic oscillator written in eq. (2.37) in terms

of their radial and angular parts up to the first radial excitation are given by the following

expressions

ψ0,0,0(⃗ρ(⃗λ)) =
(

ωρ (λ)mρ (λ)

π

)
3
4

exp
[

− ωρ (λ)mρ (λ) ρ⃗
2 (⃗λ2)

2

]

, (A.51)

ψ0,1,mlρ (λ)
(⃗ρ(⃗λ)) =

(

8
3
√

π

)1/2
(ωρ (λ)mρ (λ))

5
4 Y

mlρ (λ)

1 (⃗ρ(⃗λ)) exp
[

− ωρ (λ)mρ (λ) ρ⃗
2 (⃗λ2)

2

]

, (A.52)

ψ0,2,mlρ (λ)
(⃗ρ(⃗λ)) =

(

16
15
√

π

)
1
2
(ωρ (λ)mρ (λ))

7
4 Y

mlρ (λ)

2 (⃗ρ(⃗λ)) exp
[

−ωρ (λ)mρ (λ) ρ⃗
2 (⃗λ2)

2

]

, (A.53)
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TABLE A.3: The matrix elements of ⟨ϕA′ |µ̂3|ϕA⟩. The corresponding initial states (|ϕA⟩) are displayed in
the first row and the final states (|ϕA′⟩) in the first column.

States |ϕΛ0
b
⟩ |ϕΞ0

b
⟩ |ϕΞ−

b
⟩ |ϕΣ+

b
⟩ |ϕΣ0

b
⟩ |ϕΣ−

b
⟩ |ϕΞ′0

b
⟩ |ϕΞ′−

b
⟩ |ϕΩ−

b
⟩

|ϕΛ0
b
⟩ µb 0 0 0 0 0 0 0 0

|ϕΞ0
b
⟩ 0 µb 0 0 0 0 0 0 0

|ϕΞ−
b
⟩ 0 0 µb 0 0 0 0 0 0

|ϕΣ+
b
⟩ 0 0 0 µb 0 0 0 0 0

|ϕΣ0
b
⟩ 0 0 0 0 µb 0 0 0 0

|ϕΣ−
b
⟩ 0 0 0 0 0 µb 0 0 0

|ϕΞ′0
b
⟩ 0 0 0 0 0 0 µb 0 0

|ϕΞ′−
b
⟩ 0 0 0 0 0 0 0 µb 0

|ϕΩ−
b
⟩ 0 0 0 0 0 0 0 0 µb

ψ1,0,0(⃗ρ(⃗λ)) =
(

2
3

)
1
2
(

3
2 − ωρ (λ)mρ (λ)ρ⃗

2(⃗λ2)
)(

ωρ (λ)mρ (λ)

π

)
3
4

exp
[

−ωρ (λ)mρ (λ) ρ⃗
2 (⃗λ2)

2

]

. (A.54)

where

Ym
l (⃗ρ(⃗λ)) = ρ⃗ l (⃗λl)Y

mlρ (λ)

l (θ, ϕ)

are the solid harmonic polynomials and

Ym
l (θ, ϕ)

are the spherical harmonics. Next, the explicit form of the harmonic oscillator wave functions,

defined in eq. (2.36) are presented. These functions are necessary in order to compute the

electromagnetic decay widths.

For the ground bottom baryon, the wave functions are given by

ψ0,0,0,0,0,0(⃗ρ, λ⃗) =
(ωρmρ

π

)
3
4
(ωλmλ

π

)
3
4

exp
[

− ωρmρρ⃗ 2

2
− ωλmλλ⃗2

2

]

. (A.55)

For the P-wave bottom baryon

ψ0,1,mlρ ,0,0,0(⃗ρ, λ⃗) =
( 8

3
√

π

)
1
2
(ωρmρ)

5
4 Ymlρ

1 (⃗ρ)
(ωλmλ

π

)
3
4

exp
[

− ωρmρρ⃗ 2

2
− ωλmλλ⃗2

2

]

, (A.56)

ψ0,0,0,0,1,mlλ
(⃗ρ, λ⃗) =

( 8
3
√

π

)
1
2
(ωλmλ)

5
4 Ymlλ

1 (⃗λ)
(ωρmρ

π

)
3
4

exp
[

− ωρmρρ⃗ 2

2
− ωλmλλ⃗2

2

]

.(A.57)

For the D-wave bottom baryon

ψ0,2,mlρ ,0,0,0(⃗ρ, λ⃗) =
( 16

15
√

π

)
1
2
(ωρmρ)

7
4 Ymlρ

2 (⃗ρ)
(ωλmλ

π

)
3
4

exp
[

− ωρmρρ⃗ 2

2
− ωλmλλ⃗2

2

]

,(A.58)

ψ0,0,0,0,2,mlλ
(⃗ρ, λ⃗) =

( 16
15
√

π

)
1
2
(ωλmλ)

7
4 Ymlλ

2 (⃗λ)
(ωρmρ

π

)
3
4

exp
[

− ωρmρρ⃗ 2

2
− ωλmλλ⃗2

2

]

.(A.59)
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For the ρλ mixed states is given by

ψ0,1,mlρ ,0,1,mlλ
(⃗ρ, λ⃗) =

( 8
3
√

π

)
1
2
(ωρmρ)

5
4 Ymlρ

1 (⃗ρ)
( 8

3
√

π

)
1
2
(ωλmλ)

5
4 Ymlλ

1 (⃗λ)

× exp
[

− ωρmρρ⃗ 2

2
− ωλmλλ⃗2

2

]

. (A.60)

Finally, the wave functions of the first radially excited bottom baryon are given by

ψ1,0,0,0,0,0(⃗ρ, λ⃗) =
(2

3

)
1
2
(ωλmλωρmρ

π2

)
3
4
(3

2
− ωρmρρ⃗ 2

)

exp
[

− ωρmρρ⃗ 2

2
− ωλmλλ⃗2

2

]

, (A.61)

ψ0,0,0,1,0,0(⃗ρ, λ⃗) =
(2

3

)
1
2
(ωλmλωρmρ

π2

)
3
4
(3

2
− ωλmλλ⃗2

)

exp
[

− ωρmρρ⃗ 2

2
− ωλmλλ⃗2

2

]

. (A.62)

A.3.2 Ladder operators in coordinate space

In coordinate representation, the pj,± ladder operator of the j-th quark are

⟨⃗r ′|pj,± |⃗r⟩ = ⟨⃗r ′|pj,x ± ipj,y |⃗r⟩ =
[

−i
∂

∂x
± i

(

−i
∂

∂y

)]

j

δ3(⃗r ′ − r⃗)

= −i

[

∂

∂x
± i

∂

∂y

]

j

δ3(⃗r ′ − r⃗), (A.63)

which can be written in spherical coordinates as

⟨⃗r ′|pj,± |⃗r⟩ =
[

−i
e−iφ cos θ

r

∂

∂θ
± e−iφ

r sin θ

∂

∂φ
− ie−iφ sin θ

∂

∂r

]

j

δ3(⃗r ′ − r⃗). (A.64)

Using the previous equation in the Jacobi coordinates ρ⃗ and λ⃗ can be written

⟨⃗ρ ′|pρ,± |⃗ρ⟩ =
[

−i e−iφ cos θ
ρ

∂
∂θ ± e−iφ

ρ sin θ
∂

∂φ − ie−iφ sin θ ∂
∂ρ

]

δ3(⃗ρ ′ − ρ⃗), (A.65)

⟨⃗λ ′|pλ,± |⃗λ⟩ =
[

−i e−iφ cos θ
λ

∂
∂θ ± e−iφ

λ sin θ
∂

∂φ − ie−iφ sin θ ∂
∂λ

]

δ3(⃗λ ′ − λ⃗). (A.66)

The calculation of the case of the ground state ⟨⃗ρ, λ⃗|pρ,±|0, 0, 0, 0, 0, 0⟩ is done to show in detail

how is the evaluation done formally. Starting with

⟨⃗ρ, λ⃗|pρ,±|0, 0, 0, 0, 0, 0⟩ =
∫

d3ρ⃗ ′d3⃗λ ′ ⟨⃗ρ, λ⃗|pρ,± |⃗ρ ′, λ⃗ ′⟩⟨⃗ρ ′, λ⃗ ′|0, 0, 0, 0, 0, 0⟩

=

[

−i
e−iφ cos θ

ρ

∂

∂θ
± e−iφ

ρ sin θ

∂

∂φ
− ie−iφ sin θ

∂

∂ρ

]

(ωρmρ

π

)
3
4
(ωλmλ

π

)
3
4

exp
[

−ωρmρρ⃗ 2

2
− ωλmλλ⃗2

2

]

= ∓i(ωρmρ)
1/2ψ0,1,±1,0,0,0(⃗ρ, λ⃗), (A.67)
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where in the second line the fact that the pρ(λ),± operators are diagonal in coordinate space is

used, i.e.

⟨⃗ρ, λ⃗|pρ(λ),± |⃗ρ ′, λ⃗ ′⟩ =
[

−i
e−iφ cos θ

ρ

∂

∂θ
± e−iφ

ρ sin θ

∂

∂φ
− ie−iφ sin θ

∂

∂ρ

]

δ3(⃗ρ − ρ⃗ ′)δ3(⃗λ − λ⃗ ′).

(A.68)

The results for the other cases, obtained using the same method, are reported below.

⟨⃗ρ, λ⃗|pλ,±|0, 0, 0, 0, 0, 0⟩ = ∓i(ωλmλ)
1/2ψ0,0,0,0,1,±1(⃗ρ, λ⃗), (A.69)

⟨⃗ρ, λ⃗|pρ,±|0, 0, 0, 0, 0, 0⟩ = ∓i(ωρmρ)
1/2ψ0,1,±1,0,0,0(⃗ρ, λ⃗), (A.70)

⟨⃗ρ, λ⃗|pλ,±|0, 1, mlρ , 0, 0, 0⟩ = ∓i(ωλmλ)
1/2ψ0,1,mlρ ,0,1,±1(⃗ρ, λ⃗), (A.71)

⟨⃗ρ, λ⃗|pρ,±|0, 0, 0, 0, 1, mlλ⟩ = ∓i(ωρmρ)
1/2ψ0,1,±1,0,1,mlλ

(⃗ρ, λ⃗), (A.72)

⟨⃗ρ, λ⃗|pρ,−|0, 1, 1, 0, 0, 0⟩ =
i(ωρmρ)1/2

√
3

ψ0,2,0,0,0,0(⃗ρ, λ⃗)

+i(ωρmρ)
1/2ψ0,0,0,0,0,0(⃗ρ, λ⃗) + i

√

2
3
(ωρmρ)

1/2ψ1,0,0,0,0,0(⃗ρ, λ⃗), (A.73)

⟨⃗ρ, λ⃗|pρ,−|0, 1,−1, 0, 0, 0⟩ = i
√

2(ωρmρ)
1/2ψ0,2,−2,0,0,0(⃗ρ, λ⃗), (A.74)

⟨⃗ρ, λ⃗|pρ,−|0, 1, 0, 0, 0, 0⟩ = i(ωρmρ)
1/2ψ0,2,−1,0,0,0(⃗ρ, λ⃗), (A.75)

⟨⃗ρ, λ⃗|pλ,−|0, 0, 0, 0, 1, 1⟩ =
i(ωλmλ)

1/2
√

3
ψ0,0,0,0,2,0(⃗ρ, λ⃗)

+i(ωλmλ)
1/2ψ0,0,0,0,0,0(⃗ρ, λ⃗) + i

√

2
3
(ωλmλ)

1/2ψ0,0,0,1,0,0(⃗ρ, λ⃗), (A.76)

⟨⃗ρ, λ⃗|pλ,−|0, 0, 0, 0, 1,−1⟩ = i
√

2(ωλmλ)
1/2ψ0,0,0,0,2,−2(⃗ρ, λ⃗), (A.77)

⟨⃗ρ, λ⃗|pλ,−|0, 0, 0, 0, 1, 0⟩ = i(ωλmλ)
1/2ψ0,0,0,0,2,−1(⃗ρ, λ⃗). (A.78)

A.3.3 Matrix elements of T̂j,− operators

The previous formulas are applied to evaluate the matrix elements of the T̂1,−, T̂2,− and T̂3,−
operators in the harmonic oscillator basis. Beginning evaluating the matrix elements for the ρ

states. For the operator T̂1,−

⟨0, 0, 0, 0, 0, 0|T̂1,−|0, 1, mlρ, 0, 0, 0⟩

=

√

1
2
⟨0, 0, 0, 0, 0, 0|pρ,−Û1 + Û1pρ,−|0, 1, 1, 0, 0, 0⟩

+

√

1
6
⟨0, 0, 0, 0, 0, 0|pλ,−Û1 + Û1pλ,−|0, 1, 1, 0, 0, 0⟩

=

√

1
2

i(ωρmρ)
1/2

[

⟨0, 1, 1, 0, 0, 0|Û1|0, 1, 1, 0, 0, 0⟩

+

√

1
3
⟨0, 0, 0, 0, 0, 0|Û1|0, 2, 0, 0, 0, 0⟩+ ⟨0, 0, 0, 0, 0, 0|Û1|0, 0, 0, 0, 0, 0⟩

+

√

2
3
⟨0, 0, 0, 0, 0, 0|Û1|1, 0, 0, 0, 0, 0⟩

]

+

√

1
6

i(ωλmλ)
1/2
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×
[

⟨0, 0, 0, 0, 1, 1|Û1|0, 1, 1, 0, 0, 0⟩+ ⟨0, 0, 0, 0, 0, 0|Û1|0, 1, 1, 0, 1,−1⟩
]

= i
√

2(ωρmρ)
1/2 exp

[−k2

8

(

1
ωρmρ

+
3mb

2

ωλmλ(2mρ + mb)2

)]

δmlρ ,1. (A.79)

For T̂2,− it is obtained

⟨0, 0, 0, 0, 0, 0|T̂2,−|0, 1, mlρ, 0, 0, 0⟩

= −
√

1
2
⟨0, 0, 0, 0, 0, 0|pρ,−Û2 + Û2pρ,−|0, 1, 1, 0, 0, 0⟩

+

√

1
6
⟨0, 0, 0, 0, 0, 0|pλ,−Û2 + Û2pλ,−|0, 1, 1, 0, 0, 0⟩

= −
√

1
2

i(ωρmρ)
1/2

[

⟨0, 1, 1, 0, 0, 0|Û2|0, 1, 1, 0, 0, 0⟩

+

√

1
3
⟨0, 0, 0, 0, 0, 0|Û2|0, 2, 0, 0, 0, 0⟩+ ⟨0, 0, 0, 0, 0, 0|Û2|0, 0, 0, 0, 0, 0⟩

+

√

2
3
⟨0, 0, 0, 0, 0, 0|Û2|1, 0, 0, 0, 0, 0⟩

]

+

√

1
6

i(ωλmλ)
1/2

×
[

⟨0, 0, 0, 0, 1, 1|Û2|0, 1, 1, 0, 0, 0⟩+ ⟨0, 0, 0, 0, 0, 0|Û2|0, 1, 1, 0, 1,−1⟩
]

= −i
√

2(ωρmρ)
1/2 exp

[−k2

8

(

1
ωρmρ

+
3mb

2

ωλmλ(2mρ + mb)2

)]

δmlρ ,1. (A.80)

Finally, for T̂3,− it is obtained

⟨0, 0, 0, 0, 0, 0|T̂3,−|0, 1, mlρ, 0, 0, 0⟩

= −
√

2
3
⟨0, 0, 0, 0, 0, 0|pλ,−Û3 + Û3pλ,−|0, 1, 1, 0, 0, 0⟩

= −
√

2
3

[

i(ωλmλ)
1/2⟨0, 0, 0, 0, 1, 1|Û3|0, 1, 1, 0, 0, 0⟩

+i(ωλmλ)
1/2⟨0, 0, 0, 0, 0, 0|Û3|0, 1, 1, 0, 1,−1⟩

]

= 0. (A.81)

Analog computations are performed for the λ states. For T̂1,− it is obtained

⟨0, 0, 0, 0, 0, 0|T̂1,−|0, 0, 0, 0, 1, mlλ⟩

=

√

1
6
⟨0, 0, 0, 0, 0, 0|pλ,−Û1 + Û1pλ,−|0, 0, 0, 0, 1, 1⟩

+

√

1
2
⟨0, 0, 0, 0, 0, 0|pρ,−Û1 + Û1pρ,−|0, 0, 0, 0, 1, 1⟩

=

√

1
6

i(ωλmλ)
1/2[⟨0, 0, 0, 0, 1, 1|Û1|0, 0, 0, 0, 1, 1⟩
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+

√

1
3
⟨0, 0, 0, 0, 0, 0|Û1|0, 0, 0, 0, 2, 0⟩+ ⟨0, 0, 0, 0, 0, 0|Û1|0, 0, 0, 0, 0, 0⟩

+

√

2
3
⟨0, 0, 0, 0, 0, 0|Û1|0, 0, 0, 1, 0, 0⟩

]

+

√

1
2

i(ωρmρ)
1/2

×
[

⟨0, 1, 1, 0, 0, 0|Û1|0, 0, 0, 0, 1, 1⟩+ ⟨0, 0, 0, 0, 0, 0|Û1|0, 1,−1, 0, 1, 1⟩
]

= i

√

2
3
(ωλmλ)

1/2 exp
[−k2

8

(

1
ωρmρ

+
3mb

2

ωλmλ(2mρ + mb)2

)]

δmlλ
,1. (A.82)

Next, for T̂2,− it is obtained

⟨0, 0, 0, 0, 0, 0|T̂2,−|0, 0, 0, 0, 1, mlλ⟩

=

√

1
6
⟨0, 0, 0, 0, 0, 0|pλ,−Û2 + Û2pλ,−|0, 0, 0, 0, 1, 1⟩

−
√

1
2
⟨0, 0, 0, 0, 0, 0|pρ,−Û2 + Û2pρ,−|0, 0, 0, 0, 1, 1⟩

=

√

1
6

i(ωλmλ)
1/2[⟨0, 0, 0, 0, 1, 1|Û2|0, 0, 0, 0, 1, 1⟩

+

√

1
3
⟨0, 0, 0, 0, 0, 0|Û2|0, 0, 0, 0, 2, 0⟩+ ⟨0, 0, 0, 0, 0, 0|Û2|0, 0, 0, 0, 0, 0⟩

+

√

2
3
⟨0, 0, 0, 0, 0, 0|Û2|0, 0, 0, 1, 0, 0⟩

]

−
√

1
2

i(ωρmρ)
1/2

×
[

⟨0, 1, 1, 0, 0, 0|Û2|0, 0, 0, 0, 1, 1⟩+ ⟨0, 0, 0, 0, 0, 0|Û2|0, 1,−1, 0, 1, 1⟩
]

= i

√

2
3
(ωλmλ)

1/2 exp
[−k2

8

(

1
ωρmρ

+
3mb

2

ωλmλ(2mρ + mb)2

)]

δmlλ
,1. (A.83)

Finally, for T̂3,− it is obtained

⟨0, 0, 0, 0, 0, 0|T̂3,−|0, 0, 0, 0, 1, mlλ⟩

= −
√

2
3
⟨0, 0, 0, 0, 0, 0|pλ,−Û3 + Û3pλ,−|0, 0, 0, 0, 1, 1⟩

= −
√

2
3

i(ωλmλ)
1/2[⟨0, 0, 0, 0, 1, 1|Û3|0, 0, 0, 0, 1, 1⟩

+
1√
3
⟨0, 0, 0, 0, 0, 0|Û3|0, 0, 0, 0, 2, 0⟩+ ⟨0, 0, 0, 0, 0, 0|Û3|0, 0, 0, 0, 0, 0⟩

+

√

2
3
⟨0, 0, 0, 0, 0, 0|Û3|0, 0, 0, 1, 0, 0⟩

]

= −2i

√

2
3
(ωλmλ)

1/2 exp

[

−3k2m2
ρ

2ωλmλ(2mρ + mb)2

]

δmlλ
,1. (A.84)
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Report of Activities

During the Doctoral Program, I began in the first year by studying theoretical aspects of Quan-

tum Field Theory, Particle Physics, and Hadron Physics. Concurrently, I reviewed articles

related to the thesis topic, which is the phenomenology of heavy baryons, and initiated the

necessary calculations.

Throughout the Ph.D., my work has focused on calculating the mass spectra, as well as the

strong and electromagnetic decay widths of singly bottom baryons, and the electromagnetic

decay widths of singly charmed baryons. My primary contributions have been centered on the

calculations of the electromagnetic decays of singly heavy baryons.

In addition to my research, I completed several subjects, participated in academic schools and

conferences, and contributed to the production of several research articles. A detailed list of

the subjects taken, articles published or in progress, and activities conducted during the Ph.D.

is provided below.

Ph.D. courses:

• Selected Topics of Physics I (64 hours): Study of theoretical aspects of Quantum Field

Theory.

• Research Seminar I (64 hours): Conducted a study of theoretical aspects of hadron physics.

Reviewed relevant articles on the topic and developed calculations for heavy baryons

within the framework of the Quark Model. Wrote on the Thesis the results obtained.

• Gauge Theories (64 hours): Study of the Standard Model and some aspects about the

Quark Model.

• Research Seminar II (64 hours): Conducted a study of theoretical aspects of hadron physics.

Reviewed relevant articles on the topic and developed calculations for heavy baryons

within the framework of the Quark Model. Wrote on the Thesis the results obtained.

• Research Seminar III (64 hours): Conducted a study of theoretical aspects of hadron

physics. Reviewed relevant articles on the topic and developed calculations for heavy

baryons within the framework of the Quark Model. Wrote on the Thesis the results ob-

tained.

• Research Seminar IV (64 hours): Conducted a study of theoretical aspects of hadron

physics. Reviewed relevant articles on the topic and developed calculations for heavy

baryons within the framework of the Quark Model. Wrote on the Thesis the results ob-

tained.

• Group Theory (64 hours): Study of some aspects of Group Theory related to Hadron

Physics.
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• Research Seminar V (64 hours): Conducted a study of theoretical aspects of hadron physics.

Reviewed relevant articles on the topic and developed calculations for heavy baryons

within the framework of the Quark Model. Wrote on the Thesis the results obtained.

• Research Seminar VI (64 hours): Conducted a study of theoretical aspects of hadron

physics. Reviewed relevant articles on the topic and developed calculations for heavy

baryons within the framework of the Quark Model. Wrote on the Thesis the results ob-

tained.

• Selected Topics of Physics II (64 hours): Conducted a study of theoretical aspects of

hadron physics. Reviewed relevant articles on the topic and developed calculations for

heavy baryons within the framework of the Quark Model. Wrote on the Thesis the results

obtained.

Schools

I attended the following Ph.D. schools:

• 06/2023: Tri-Institute Summer School on Elementary Particles (TRISEP), School held by

the Perimeter Institute for Theoretical Physics, Waterloo, Canada (Online participation)

• 01/2023: Graduate Winter School on Symmetries, School organized by the Perimeter In-

stitute for Theoretical Physics, Waterloo, Canada (Online participation)

• 02/2022: Frontiers in Nuclear and Hadronic Physics, Online School organized by the

Galileo Galilei Institute for Theoretical Physics, Firenze, Italy

Publications:

• 01/ 2025: “Ξc(2790)+/0 and Ξc(2815)+/0 radiative decays",

H. García-Tecocoatzi, A. Ramirez-Morales, A. Rivero-Acosta, E. Santopinto and C. A.

Vaquera-Araujo, Submitted to Physics Letters B arXiv:2501.08798

• 12/ 2024: “Strong decay widths and mass spectra of the 1D, 2P and 2S singly bottom

baryons”,

H. García-Tecocoatzi, A. Giachino, A. Ramirez-Morales, A. Rivero-Acosta, E. Santopinto

and C. A. Vaquera-Araujo, Physical Review D 110, no.11, 114005 (2024)

Works in progress:

• “Radiative decays of the second shell Λb and Ξb bottom baryons”,

Ailier Rivero-Acosta, H. García-Tecocoatzi, A. Ramirez-Morales, E. Santopinto and Carlos

Alberto Vaquera-Araujo

• “Radiative decays of the second shell Σb, Ξ′
b, and Ωb bottom baryons",

Ailier Rivero-Acosta, H. García-Tecocoatzi, A. Ramirez-Morales, E. Santopinto and Carlos

Alberto Vaquera-Araujo

Talks

I attended the following Conferences:
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• 02/2024: Sesto Incontro Nazionale di Fisica Nucleare, Trento, Italy

“Mass spectra and electromagnetic decays of single bottom baryons”,

• 08/2022: Canadian-Cuban-American-Mexican Graduate Student Physics Conference (On-

line)

“Renormalization of a model for spin-1 matter fields”.
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with the title “Study of Heavy Baryons Phenomenology” 

 

The thesis is concerned with the theoretical study of the singly heavy baryons within the constituent 

quark model. Comparison of Lattice QCD (LQCD) calculations on light baryons spectrum with non-

relativistic constituent quark models (CQM) results have already shown striking similarities such as 

the same SU(6)×O(3) symmetry features and level counting, proving CQM to be effective in 

predicting the spectrum and the decay of hadrons. LQCD calculations on heavy baryons spectra, 

however, are still in an early stage, making CQM approaches an essential tool for the interpretation 

of the observed heavy baryons and the assignment of their quantum numbers. 

In his PhD thesis, Dr. Ailier Rivero Acosta has studied the phenomenology of baryons made of two 

light quarks (u,p,s) and one heavy quark (c,b), by evaluating the wave functions, the mass spectrum, 

the !!quantum numbers and the decay modes using both a three quark and a quark di-quark 

scheme, within a non-relativistic constituent quark model. 

He has nicely summarized the experimental evidence of observed heavy baryons with one bottom 

quark, from the ALEPH, D0, CDF, LHCb and CMS collaborations and the status of predictions from 

quark models. Chapter 2 is dedicated to the explicit determination of the three-particle wave 

functions, in the flavor, spin, orbital and radial coordinates using the harmonic oscillator potential 

in Jacobi coordinates and including spin, spin-orbit, isospin, and flavor dependent contributions to 

evaluate the mass spectrum. The wave functions and the mass spectrum have also been evaluated 

in the hypothesis that the light two quarks are bonded in a di-quark state interacting with the heavy 

bottom quark. 

The model has a total of eight parameters in the case of the three-quark scheme and nine in the 

case of the quark-diquark scheme, which have been determined by fitting the values of the masses 

of the thirteen best experimentally know heavy baryons with one bottom quark. The associated 

error has been determined via a Monte Carlo bootstrap procedure. 

The mass values and the quantum numbers of the states not used in the fit may be compared with 

the less known experimentally observed states and used to predict their quantum numbers, when 

not yet measured. The last part of chapter 2 is dedicated to the evaluation of the hadronic decay 

modes using the so-called 3P0 model. Results of the mass spectrum and strong decay widths are 

compared with the experimental values of the observed baryons and with predictions from other 

theoretical approaches. Assignment of quantum numbers to the observed states from the CQM is 

then attempted, by comparing the predicted and the measured masses of the heavy baryons. 

Results from this chapter have been published in Physical Review D. 

Chapters 3 and 4 are then dedicated to the evaluation of the electromagnetic decay widths of singly 

bottom baryons to another singly bottom baryon, and from the second shell to the ground states 

and P-wave states, respectively.  

The results of these electromagnetic decay widths may be useful in the assignments of resonances 

when the states have the same mass and total decay widths and are the subject of two different 

journal articles in preparation. 
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Dr. Ailier Rivero Acosta has dedicated the last chapter of his thesis to the calculation of 

electromagnetic decay widths of singly charmed baryons, to complement the available mass 

spectrum and hadron decay widths results, previously calculated within the same model by the 

research group. Comparison with experimental data and different theoretical approaches shows the 

higher accuracy of the results obtained by the candidate. The results have been summarized in a 

pre-print, submitted for publication to Physics Letters B. 

 

The thesis is written in high quality English language. The writing style of the thesis is easy to read, 

and all the steps are clearly explained, as it is also proved by the rich bibliography. The topics 

addressed by the thesis cover several complementary calculations and are presented in a clear and 

exhaustive manner, proving that the candidate has reached an excellent scientific maturity. 

 

To summarize, Dr. Ailier Rivero Acosta presents a thesis in which extensive work on mass spectrum, 

hadron and electromagnetic decays of singly heavy baryons has been reported. His work may play 

a crucial role in the assignment of unmeasured quantum number the poorly known heavy 

resonances and its results may produce up to four publications in high-impact journals. 

In my evaluation, I consider the thesis to be is of excellent quality and the candidate mature for its 

public defense. 

 

     Sincerely, 

 

 

     Professor  Annalisa D’Angelo 
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I hereby inform you that I have read and reviewed the thesis entitled “Study of heavy 
baryons phenomenology”, which was prepared by the student Ailier Rivero Acosta for 
the degree of Doctor in Physics. In my opinion, the thesis meets the quality requirements 
corresponding to the academic degree to which the thesis is aspired. Therefore, I 
recommend that the thesis be defended. 
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Por medio de la presente me permito informar que he leído la tesis titulada “Study of 

heavy baryons phenomenology”, que para obtener el grado de Doctor en Física ha sido 

elaborada por el estudiante Ailier Rivero Acosta. En mi opinión, la tesis cumple con los 

requisitos de calidad correspondientes al grado académico al que se aspira. Las 

correcciones sugeridas por mi parte han sido atendidas, por lo cual recomiendo se 

proceda a la defensa de la tesis. 

 

 

 

Atentamente 

 

 

 

 

 

Dr. Hugo Garcia Tecocoatzi 
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Estimado Doctor Modesto Antonio Sosa Aquino, 
 
 
Por este medio le informo que he leído y revisado la tesis de doctorado del estudiante M.F.Ailier 

Rivero Acosta. El trabajo se titula: “Study of Heavy Baryons Phenomenology”, y el asesor es el 

Dr. Carlos Vaquera Araujo(UG-CONAHCyT) y la asesora la Dra. Elena Santopinto (INFN, Sezione 

di Genova).  

 
He  hecho al estudiante recomendaciones para el documento final, hemos discutido sobre el trabajo 

y he constatado que posee un excelente dominio del tema de su tesis. Además de que los resultados 

por él obtenidos, son de relevancia y originalidad científica, lo cual es avalado por un artículo 

publicado, otro artículo en proceso de arbitraje y otros dos proyectos terminados. Me complace 

informarle que estoy de acuerdo con que se realice la presentación del trabajo de tesis, puesto que 

el mismo cuenta con sobrados requisitos para la obtención del grado de Doctorado en Física. 
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formulado el M.F. Ailier Rivero Acosta bajo la dirección del Dr. Carlos Alberto 
Vaquera Araujo y la Dra. Elena Santopinto.  
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para el grado al que se aspira, por lo cual no tengo inconveniente en que se 
realice la defensa correspondiente.  
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corresponding to the academic degree to which the thesis is aspired. Therefore, I 
recommend that the thesis be defended. 
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Por medio de la presente me permito informar que he leído la tesis titulada “Study of Heavy Baryons Pheno-

menology”, que para obtener el grado de Doctor en Física ha sido elaborada por el M. F. Ailier Rivero Acosta 

bajo mi dirección, en co-asesoría con la Dra. Elena Santopinto Del Instituto Nazionale di Fisica Nucleare, 

Sezione di Genova. En mi opinión, la tesis cumple con los requisitos de calidad correspondientes al grado 

académico al que se aspira. Las correcciones sugeridas por mi parte han sido atendidas, por lo cual 

recomiendo se proceda a la defensa de la tesis. 

Sin más por el momento quedo a sus órdenes para cualquier aclaración. 

Atentamente 

 

 

 
Dr. Carlos Alberto Vaquera Araujo 

Investigador por México, Secihti

Departamento de Física 

DCI, Campus León 

vaquera@fisica.ugto.mx 

http://www.dci.ugto.mx/

	Abstract
	Acknowledgements
	Contents
	Introduction
	Singly bottom baryons spectroscopy and strong decays
	Quantum Chromodynamics
	Quark Model
	Singly bottom baryons wave functions
	Spin wave functions of singly bottom baryons
	Flavor wave functions of singly bottom baryons
	Spatial wave functions of singly bottom baryons
	Spatial wave functions in the three quark scheme
	Spatial wave functions in the quark-diquark scheme

	General description of states within the three quark scheme
	The symmetric F = 6F multiplet for the three-quark model
	The anti-symmetric 3F-plet for the three-quark model

	General description of states within the quark-diquark scheme
	The symmetric 6F-multiplet for the quark-diquark model
	The anti-symmetric siunitxunit-deprecatedࡡ爠barbar3F-plet for the quark-diquark model


	Mass spectra of the singly bottom baryons
	Mass spectra within the three-quark scheme 
	Mass spectra within the quark-diquark scheme 
	Parameter determination and uncertainties
	Results of the mass spectra

	Strong decay widths
	Results of strong decay widths

	Assignments
	b baryons
	b and 'b baryons
	b baryons
	b baryons

	Discussion
	Conclusions of the chapter

	Electromagnetic decays of singly bottom baryons
	Electromagnetic decays widths
	Results of electromagnetic decay widths

	Discussion and Conclusions of the chapter

	Electromagnetic decays of the second shell singly bottom baryons
	Electromagnetic decay widths
	Spatial matrix elements

	Results of electromagnetic decays of second shell singly bottom baryons
	Discussion and conclusions

	Electromagnetic decays of the c baryons
	Singly charmed baryons wave functions
	Electromagnetic decay widths of the c baryons
	Summary and conclusions of the chapter

	Conclusions
	Electromagnetic transition amplitudes
	Evaluation of the matrix elements for the spin space
	Evaluation of the matrix elements for the flavor space
	Matrix elements of the states belonging to the flavor  siunitxunit-deprecatedࡡ爠barbar3 F-plet
	Matrix elements of the states of the flavor 6 F-plet with the states of the  siunitxunit-deprecatedࡡ爠barbar3 F-plet
	Matrix elements of the states of the flavor 6 F-plet

	Evaluation of the matrix elements for the spatial space
	Explicit form of the wave functions in coordinates representation
	Ladder operators in coordinate space
	Matrix elements of j,- operators


	Bibliography
	Report of Activities

