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Abstract
This study describes quark confinement in terms of linear interaction potentials. The three quarks in a
proton are assumed to revolve around a common center and have masses determined as if they were
Dirac particles. Under these assumptions, the magnetic moment of a proton is derived via Maxwell’s
equations. Moreover, the rotational motion of the quarks can be thought of as an electrical current that
induces a magnetic field. Thus, the scalar product of the magnetic moment and the magnetic field
describes a linear interaction potential between the quarks that gives the mass of the proton. The proton
mass as predicted by this physical model is in good agreement with experimental observations and
requires no numerical calculations. Thus, the simple physical model suggests a solution for the
problem of quark confinement by modeling the strong force as an interaction potential.
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1. Introduction
Hadrons and quarks have been studied for about half a century. A proton is composed of three quarks
[1-7]. The proton mass has been measured with good accuracy, but cannot be predicted theoretically
using analytic solutions. The required numerical calculations to determine the proton mass are well
known in the field of quantum chromodynamics (QCD), which can calculate the mass of hadrons using
a supercomputer [8-12]. Moreover, the QCD model is described by the SU(3) and Yang-Mills fields
[13-15].
However, the calculation time needed is extremely long even with supercomputers, and the color
charges employed by QCD are controversial because the color charge of the gluons that mediate the
strong interaction has not yet been measured. Considering these facts, we claim that QCD is not
inadequate but insufficient, and the quark-confinement problem, or the question of why the proton
persists, remains unsolved because the numerical calculations involved in lattice QCD implies so1
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called an ideal experiment, which does not teach us why the quark is not measured singly and why the
proton is not destroyed permanently. Although the lattice QCD calculations for the mass of hadrons
have been conducted, based on experimental observations of Ω particles i.e., the parameters were
determined from known experimental values such that the numerical calculations predict the masses
of other unobserved hadrons [16]. This result is meaningful to some extent, but the calculations cannot
stand independently without numerical modeling. Thus, these results also fail to explain the basic
physical picture of quark confinement.
In this paper, we use more simple and basic calculations than the QCD approach with color
charges to calculate the mass of a proton. This physical model yields the linear interaction potential
between quarks, the magnetic moment, and the mass of a proton without numerical calculations. This
paper assumes that three quarks have rotational moments and the quark mass is determined from the
energy gap. The quarks’ rotational motion is thought of as an electrical current that induces a magnetic
field, which explains the proton’s magnetic moment. The scalar product of the magnetic moment and
the magnetic field produces the linear interaction potential between quarks that predicts the mass of a
proton.
When comparing these analytic results with experimental observations, the analytic model
corresponds well with the observed mass of a proton. The derived linear potential provides a
mechanism that explains how a larger relative distance between quarks causes a stronger attractive
force between them. This fact implies that quarks cannot be measured in isolation. Although several
articles have modeled quark confinement numerically [12,13], the present paper employs analytic
expressions without numerical methods, thus giving a purely physical model for quark confinement.

2. Theory
As shown in Fig. 1, circular coordinates with radius r are considered. Each apex has a quark whose
electric charge is 1/3q. In this model, each quark revolves around the origin O, maintaining a constant
relative distance between the three quarks. Fig. 1 therefore gives a simple model of a proton.
The rotational motion of the three quarks can be modeled as the current I if we think of the quarks as
charged particles,
𝐼=

3×(1/3)𝑞
𝑇

=

𝜔𝑞
2𝜋

, (1)

where T, q, and ω denote the period of the rotation movement, the charge of an electron, and the
angular frequency of the motion, respectively.
A magnetic moment is generally defined as
P = IS, (2)
where P, I, and S denote the magnetic moment, the current, and the area, respectively.
The area S is simply
2
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S = π𝑟 2 . (3)

O

r

Fig. 1 a model of a proton. Three quarks are located at each apex of equilateral triangle. Maintaining
the shape of the triangle, the rotational motion along the origin O is introduced

The following assumptions are introduced.
1) The quark mass is determined by the energy gap of the vacuum (i.e., it is a Dirac particle)
2) The rotational angular frequency is determined by the energy gap from the quarks’ vacuum.
3) This Dirac particle is described as
1
2

ħω = 3𝑚𝐴 𝑐 2,

(4)

where the left-hand side gives the zero-point energy of the quark in a vacuum and the right-hand side
is the sum of the three quarks’ energy at rest, with 𝑚𝐴 being the mass of a single quark.
Note that, in a vacuum, the following equation holds for an electron:
1
2

ħ𝜔 = 𝑚𝑒 𝑐 2 ,

(5)

where me denotes the mass of the electron.
Considering the above, the magnetic moment of a proton p is
𝑞 6𝑚𝐴 𝑐 2

𝑝 = 2𝜋

ħ

𝜋𝑟 2 .

(6)

The magnetic field H induced by current I is
𝐼

𝜔𝑞

𝑞 6𝑚𝐴 𝑐 2

H = 2𝑟 = 4𝜋𝑟 = 4𝜋𝑟

ħ

.

(7)

Thus, in combination with the magnetic moment p, the linear interaction potential results:
1

E = −p ∙ H = −𝑞2 8𝜋 (

6𝑚𝐴 𝑐 2 2
) 𝑟,
ħ

(8)

This potential yields the proton mass:
|𝐸| = 𝑚𝑝 𝑐 2,

(9)
3

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 February 2019

doi:10.20944/preprints201902.0021.v1

where, mp denotes the proton mass.

3. Result and Discussion
This section compares experimental observations with the value of the proton mass calculated using
the model described above.
The physical parameters listed in Table 1 were used for the calculations.

Table 1 parameters for hand calculations
1.05 × 10−34 𝐽𝑠

Plank constant ħ
Electric charge q

1.6 × 10−19 𝐶

Quark mass mA

3 × 9.1 × 10−31 𝐾𝑔

Proton radius r

0.8 × 10−15 𝑚

The results are listed in Table 2. Experimental data are averaged from two sources [15,17]. As shown,
the theory of this paper well predicts the mass of a proton.

Table 2 comparison of the mass of a proton
Hand calculation 1.8 × 10−27 𝐾𝑔
Experiment

1.67 × 10−27 𝐾𝑔

Typically, strong-force interactions are calculated using lattice QCD. However, this calculation using
QCD requires numerical methods, so the resulting values do not have the picture sufficiently, which
describes why the quark is not measured singly and why the proton is not destroyed permanently. Here,
we started with a simple physical model of three quarks forming an equilateral triangle, and used basic
physical relations to derive the magnetic moment and mass of the proton. In the process, we derived
the linear interaction potential. Thus, the interaction potential increases along with the relative distance
between quarks. This relation explains why protons persist and why single quarks have not been
observed. Thus, the mass of the proton is explained by the model above.
The physical model above conceives of quarks revolving around a common center and having mass
correlated with the energy gap in a vacuum. The rotational motion explains the magnetic moment of
the proton. Moreover, because the quarks’ rotational motion induces a current and magnetic field, the
scalar product of the magnetic field and the magnetic moment produces a linear interaction potential
between the quarks that explains the mass of the proton. Note that the derived magnetic moment is
4
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combined with the magnetic field via the scalar product, as indicated in eq. (8). This implies that the
single magnetic moment p is independent of the generally measured magnetic moment, i.e., the
magnetic moment p cannot be observed in isolation. Therefore, the generally measured magnetic
moment must be considered separately for that of the present paper.

4. Conclusion
This paper has formulated the problem of quark confinement in a novel manner.
Three quarks revolve around a common center and have mass. This rotational motion produces a
current and the magnetic field, from which the magnetic moment of the proton can be calculated.
Moreover, following Maxwell’s laws, the scalar product of the magnetic moment and the magnetic
field results in a linear potential between the quarks that yields the mass of the proton. This derived
linear potential between the quarks explains the problem of quark confinement, since the potential
increases along with the distance between quarks. This relation between the quark spacing and the
linear potential explains why quarks are never observed in isolation, and why the proton coheres.
In future work, the same methods will be used to predict the mass of a meson.
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