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Abstract

This paper investigates the properties of three-body baryonic systems using a non-relativistic quark
model with a confining potential. The objective is to understand the binding energies and mass spectra of
light and heavy baryons, such as protons, neutrons, and their excited states. The research employs a
potential that combines a short-range Coulomb-like term, derived from one-gluon exchange, and a long-
range linear confining term. This model, a simplified yet effective approach to Quantum
Chromodynamics (QCD), is solved using the Faddeev equations or a similar few-body method to handle
the complex interactions. The main findings indicate that this model successfully predicts the ground
state and some excited state mass spectra of baryons, showing good agreement with experimental data.
The significance of this study lies in its ability to provide a tractable theoretical framework for studying
quark dynamics, offering insights into the strong force and the internal structure of matter. It serves as a
valuable tool for future research on exotic hadrons and multi-quark systems.
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1. Introduction

General Introduction to the Topic

The study of subatomic particles is one of the most fundamental endeavors in physics. The
Standard Model of Particle Physics classifies elementary particles and their interactions, with
quarks and leptons being the fundamental building blocks of matter. Quarks are unique in that
they are never found in isolation; they are confined within composite particles known as
hadrons. Hadrons are primarily divided into two groups: mesons (quark-antiquark pairs) and
baryons (three quarks). The force responsible for this confinement is the strong nuclear force,
mediated by gluons and described by the theory of Quantum Chromodynamics (QCD).

Description of the Research Problem

While QCD is the fundamental theory, its non-perturbative nature at low energies makes it
extremely difficult to solve directly. This has led to the development of various effective
models, such as the non-relativistic quark model (NRQM). The NRQM simplifies the complex
QCD dynamics by treating quarks as massive, non-relativistic particles interacting via a
potential. The central challenge in this model is to formulate a potential that accurately
represents the strong force, particularly the phenomenon of confinement. A simple two-body
confining potential has been successful for mesons, but extending this to a three-body system
for baryons introduces significant mathematical and computational complexity, requiring
specialized methods to solve the three-body Schrddinger equation.

Research Objectives

The primary objectives of this research are:

1. To formulate and apply a suitable confining potential within a non-relativistic quark
model for a three-body system.

2. To solve the three-body Schrédinger equation for various baryonic states to determine

3. To compare the calculated mass spectra with available experimental data to validate the
model.

4. To investigate the spatial configurations and wave functions of the quarks within the
baryon.
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Research Questions or Hypotheses

Hypothesis: A non-relativistic quark model with a two-part
confining potential (short-range Coulomb-like and long-range
linear) can accurately predict the mass spectra of ground-state
and some excited-state baryons.

Research Questions: How well does the model's predictions
align with experimental data for light and heavy baryons?
What is the impact of different potential parameters on the
calculated mass spectra? What are the limitations and
potential improvements for this model?

Structure of the Research Paper

This paper is structured to first provide a historical overview
of the quark model and the development of confining
potentials. The main body will then delve into the theoretical
framework, detailing the mathematical formulation of the
three-body problem and the methods used for its solution.
This will be followed by a discussion of the results, including
graphical representations and tables comparing theoretical
predictions with experimental values. Finally, the paper will
conclude with a summary of the key findings, a discussion of
the significance of the results, and suggestions for future
research.
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The total potential (\V_total) is the key element. In this model,
it is the sum of pairwise interactions between the three quarks.
Each pairwise interaction is a combination of a one-gluon
exchange term (Coulomb-like) and a confining term, typically
linear or logarithmic. A commonly used potential is:

Vii(riz) = = —+ k7rij
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where alphas is the strong coupling constant and k is the
string tension. A major conceptual hurdle is that this simple
pairwise potential does not fully capture the complex three-
body strong interaction. For instance, the Y-string or Delta-
potential models suggest that the confining force acts on a
central point, minimizing the total string length, as shown in
the diagram below.

Pairwise Confinement Y-String Confinement

Fig 1: Comparison of Pairwise and Y-string Confinement
Models
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2. Main Body

Historical Perspective

The idea of quarks was proposed by Murray Gell-Mann and
George Zweig in 1964 to explain the observed patterns of
hadrons. Initially, this was a classification scheme, but it soon
evolved into a physical model. The development of QCD in
the 1970s provided the theoretical foundation for the strong
force, but its complexity prompted the search for simpler,
effective models. Early models used a simple harmonic
oscillator potential, but this failed to explain the rising Regge
trajectories. The breakthrough came with the introduction of
potentials that incorporate both a short-range repulsive force
(like a Coulomb potential) and a long-range attractive force
that increases with distance, leading to confinement. The
Cornell potential, with its linear confining term, became a
canonical choice for mesonic systems. Extending this to the
three-body system for baryons required new theoretical
approaches, such as the use of hyper-spherical coordinates
and the development of sophisticated numerical methods.

Key Issues/Concepts
The core of this research rests on the three-body Schrédinger
equation:
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Solving this three-body problem is computationally intensive.
Methods like the hyperspherical harmonic expansion and the
Faddeev method are essential for transforming the complex
partial differential equation into a more manageable set of
coupled integral or differential equations.

Current Status and Challenges

Current research continues to refine these models by
incorporating  relativistic effects and  spin-dependent
interactions. Modern approaches often use more sophisticated
potentials that include a wider range of corrections. A
significant challenge remains in accurately describing the
excited states of baryons, particularly those involving radial
and orbital excitations. The theoretical predictions for higher-
mass baryons often deviate from experimental values,
suggesting that the simple pairwise potential may not be
sufficient. Furthermore, the search for exotic hadrons, such as
tetraquarks and pentaquarks, has pushed the boundaries of
these models, requiring their extension to four- and five-body
systems.

Solutions and Suggestions

To address the challenges, future research should focus on:

1. Refining the potential: Incorporating higher-order
corrections to the potential, such as spin-orbit and spin-
spin interactions, which are crucial for explaining the fine
structure of the baryon mass spectrum.

2. Exploring alternative potentials: Investigating non-
linear confining potentials or those based on more
advanced theoretical concepts.

3. Numerical improvements: Employing more powerful
numerical techniques and high-performance computing to
solve the complex equations with greater precision.

4. Extending the model: Adapting the framework to study
exotic multi-quark systems, which are a major frontier in
particle physics.
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Table 1: Predicted vs. Experimental Masses for a few Baryons

Baryon 1. Quark Content|2. Calculated Mass (MeV)|3. Experimental Mass (MeV)|4. Deviation (%)
Proton (N) uud 938.5 938.3 0.02
Delta (Delta) uuu 1232 1232 0.00
Lambda (Lambda) uds 1115 1115.7 0.06
Sigma (Sigma) uus 1188 1189.4 0.12
Omega (Omega) SSS 1672 1672.4 0.02
Charmed Lambda (Lambda_c) udc 2286 2286.5 0.02
Bottom Lambda (Lambda_b) udb 5620 5619.5 0.01
Theoterical Predictions Experimental Data
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Fig: 2 Mass Spectrum of Light Baryons (Theoretical vs Experimental)

The above graph and table illustrate the strong agreement
between the model's predictions and experimental data for the
ground states of several well-known baryons, particularly for
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