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Abstract 
This article explores the proton as a fundamental three-body system comprised of two up quarks (u) and 

one down quark (d) within the framework of non-relativistic quantum mechanics. Utilizing the quark 

model, we delve into the theoretical constructs necessary to describe the proton's internal structure, 

focusing on the interactions between these constituent quarks. We will examine the historical 

development of the quark model, highlighting its initial successes and limitations in explaining hadronic 

properties. Key concepts such as color charge, gluons, and the strong nuclear force will be discussed as 

they pertain to the binding of quarks. The social and cultural impact of understanding subatomic 

particles, from advancements in technology to a deeper comprehension of the universe, will also be 

touched upon. Furthermore, the current theoretical and experimental landscape regarding proton structure 

will be reviewed, addressing areas of ongoing research and discrepancies. Finally, this article proposes 

potential solutions and future directions for refining the non-relativistic quark model to better account for 

relativistic effects and more accurately predict observed proton properties. 
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Introduction  

The proton, a cornerstone of atomic nuclei, is not a truly elementary particle. Instead, it is 

understood to be a composite system, primarily consisting of two up quarks (u) and one down 

quark (d), bound together by the formidable strong nuclear force. This conceptualization 

emerged from the ground-breaking quark model, proposed independently by Murray Gell-

Mann and George Zweig in the early 1960s. Prior to this, a bewildering array of "elementary" 

particles were discovered, leading to the "particle zoo" phenomenon, which underscored the 

need for a more fundamental underlying structure. The quark model elegantly brought order to 

this chaos, classifying hadrons (particles that experience the strong force) based on their quark 

content. 

While quantum chromodynamics (QCD) provides the most comprehensive description of the 

strong force, its non-perturbative nature at low energies, where quarks are confined, makes 

exact calculations immensely challenging. Consequently, simpler phenomenological models, 

such as the non-relativistic quark model (NRQM), remain invaluable tools for gaining insights 

into hadronic structure. The NRQM treats quarks as massive, point-like particles moving 

within a potential well, effectively describing their interactions in a simplified, yet often 

remarkably successful, manner. This approach allows for the calculation of various proton 

properties, including its mass, magnetic moment, and charge distribution, by considering the 

quarks as a three-body system. This article will explore the proton within the NRQM, 

examining its historical context, major theoretical concepts, societal implications, current 

understanding, and future directions for this enduring model. 

 

Main Body 

1. Historical Perspective 

The journey to understanding the proton's internal structure is rich with theoretical leaps and 

experimental confirmations. Before the quark model, protons, alongside neutrons, were 

considered elementary. However, the discovery of numerous other particles, such as pions and 

kaons, pointed towards a deeper underlying substructure. In 1964, Murray Gell-Mann and 

George Zweig independently proposed the existence of quarks as the fundamental constituents  
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of hadrons. Gell-Mann named them "quarks" after a line in 
James Joyce's Finnegans Wake. Initially, quarks were seen as 
mathematical constructs, but subsequent deep inelastic 
scattering experiments at SLAC (Stanford Linear Accelerator 
Center) in the late 1960s provided compelling evidence for 
their physical reality, revealing point-like constituents within 
the proton. This experimental breakthrough was akin to 
Rutherford's gold foil experiment, which revealed the atomic 
nucleus. The development of quantum chromodynamics 
(QCD) in the 1970s further solidified the quark model, 
identifying the strong force carrier, the gluon, and introducing 
the concept of color charge as the fundamental "charge" for 
the strong interaction. The non-relativistic quark model served 
as a crucial stepping stone, providing initial predictions for 
hadronic masses and magnetic moments that, despite its 
simplifications, were surprisingly accurate and spurred further 
research. 
 
2. Major Issues / Concepts 
Understanding the proton as a three-body system within the 
non-relativistic quark model requires grappling with several 
key concepts and challenges. The quarks inside the proton are 
not free particles; they are confined by the strong nuclear 
force, mediated by gluons. This confinement is one of the 
most puzzling aspects of QCD, meaning that individual 
quarks cannot be isolated. To model this, the NRQM employs 
a potential that increases with the separation distance between 
quarks, mimicking this confinement. A common choice is a 
color-dependent potential, often incorporating a short-range 
Coulomb-like term (analogous to electromagnetism) and a 
long-range linear term. 
 
Equation 1: Quark-Quark Potential 
 

 
 
Here, αs is the strong coupling constant and k is the string 
tension constant. The wave function for the three-quark 
system, Ψ(q1,q2,q3), must be antisymmetric under the 
exchange of any two identical quarks, considering spin, 
flavor, and color degrees of freedom, due to the fermionic 
nature of quarks. This requirement, particularly the color part, 
explains why only certain combinations of quarks (like uud 
for a proton) are allowed. Solving the Schrödinger equation 
for this three-body system with a complex interaction 
potential is mathematically intensive, often requiring 
numerical methods or variational approaches. Challenges 
include accurately describing relativistic effects, which are

significant for light quarks, and incorporating the effects of 
chiral symmetry breaking and gluon condensates that 
contribute to the proton's mass beyond the sum of its 
constituent quark masses. 
 

3. Social or Cultural Impact 

The study of subatomic particles, including the proton, has 

profound social and cultural implications, often extending far 

beyond the confines of theoretical physics. Our understanding 

of the proton's structure is fundamental to nuclear physics, 

which underpins the development of nuclear energy and 

nuclear medicine. For instance, particle accelerators, 

originally built to probe the secrets of matter, have found 

applications in cancer therapy (proton therapy) and material 

science. The quest to understand the universe's most basic 

building blocks also fuels human curiosity and inspires 

scientific inquiry across various disciplines. Culturally, the 

concept of fundamental particles and forces has permeated 

popular science, influenced science fiction and contributed to 

a broader public appreciation for scientific discovery. The 

pursuit of such knowledge often requires massive 

international collaborations, fostering global scientific 

exchange and cultural understanding. Moreover, the 

technologies developed for high-energy physics research, 

such as advanced detectors and computational techniques, 

often have spin-off applications that benefit society in 

unforeseen ways, from improved imaging technologies to the 

development of the World Wide Web itself, which originated 

at CERN. 

 

4. Current Scenario 

The non-relativistic quark model, despite its historical 

success, faces limitations when describing the full complexity 

of the proton. Current research heavily relies on Lattice QCD 

simulations, which provide a first-principles approach to 

solving QCD on a discretized spacetime lattice. These 

simulations offer increasingly accurate predictions for proton 

properties, including its mass, spin, and form factors. 

However, Lattice QCD is computationally expensive and still 

presents challenges in certain regimes. Experimentally, 

facilities like the Large Hadron Collider (LHC) and proposed 

future electron-ion colliders (EIC) continue to probe the 

internal structure of the proton with unprecedented precision, 

refining our understanding of parton distribution functions 

(PDFs) - the probability distributions of finding quarks and 

gluons at a given momentum fraction within the proton. 

[Table showing a comparison of proton properties predicted 

by the NRQM vs. experimental values] 

 
Property NRQM Prediction (Approx.) Experimental Value 

Mass ~940 MeV/c² 938.272 MeV/c² 

Magnetic Moment 2.79 μN 2.792847 μN 

Charge Radius ~0.8 fm8 ~0.84-0.87 fm (discrepancy)9 

 

The "proton radius puzzle," a discrepancy between different 

methods of measuring the proton's charge radius, highlights 

the ongoing need for both theoretical refinement and new 

experimental data. While the NRQM provides a valuable 

conceptual framework, its lack of inherent relativistic 

treatment and inability to fully account for gluon dynamics 

means it often serves as a starting point or a simpler 

approximation for more sophisticated models. 

 

5. Solutions & Suggestions 

To enhance the descriptive power of the quark model for the 

proton as a three-body system, several avenues can be 

explored. One critical improvement involves incorporating 

relativistic effects. While fully relativistic quantum field 

theory is complex, phenomenological relativistic corrections 

can be added to the non-relativistic Hamiltonian. This can 

involve using relativistic kinetic energy terms or employing 

relativistic wave equations like the Dirac equation for quarks 

within the confining potential. Another approach is to 

introduce effective masses for quarks that account for their 

interaction with the gluon field, moving beyond their bare 

masses. 
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Furthermore, enriching the interaction potential by including 

chiral symmetry breaking effects and coupling to meson fields 

(e.g., pions) can improve the description of the proton's outer 

regions. Explicitly incorporating gluon degrees of freedom 

into an extended quark model, rather than just subsuming 

their effects into a potential, would also be a significant step, 

albeit a challenging one. Advanced numerical techniques, 

such as Faddeev equations adapted for three-body systems 

with confining potentials, can offer more rigorous solutions to 

the bound-state problem. Collaborative efforts between 

theorists working on quark models and those performing 

Lattice QCD calculations can lead to cross-validation and 

more robust theoretical predictions. Finally, new experimental 

data from future colliders will continue to provide crucial 

benchmarks for evaluating and refining these theoretical 

models. 

 

Conclusion 

The proton, as a bound state of two up quarks and one down 

quark, stands as a triumph of the quark model and a central 

focus of non-relativistic quantum mechanics. The early 

successes of the non-relativistic quark model in classifying 

hadrons and predicting properties like magnetic moments laid 

the foundation for our understanding of subatomic matter. 

Despite its inherent simplifications, treating the proton as a 

three-body system within this framework has provided 

invaluable insights into the strong nuclear force and quark 

confinement. 

However, the journey is far from over. The limitations of the 

non-relativistic approach, particularly in describing relativistic 

quark motion and the complex role of gluons, necessitate 

ongoing theoretical development. Future research will 

undoubtedly focus on integrating relativistic corrections, 

incorporating explicit gluon dynamics, and leveraging the 

power of Lattice QCD to provide a completer and more 

accurate picture. The proton's continued mysteries, such as 

the spin crisis and the radius puzzle, serve as powerful 

motivators for physicists to push the boundaries of our 

understanding, bridging the gap between simplified models 

and the full complexity of Quantum Chromodynamics. The 

knowledge gained from this fundamental research continues 

to shape our technological capabilities and deepen our 

appreciation for the intricate fabric of the universe. 
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