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Abstract 
We propose a new model for the mass gap problem in Yang-Mills theory, based on the introduction of a 

confinement particle that mediates the confinement force binding quarks together into color-singlet states. Our 

proposed Lagrangian density describes the confinement particle's behavior and interactions with quarks. We 

show that the confinement particle naturally explains the mass gap problem, and discuss its implications for 

nonperturbative phenomena and the renormalization of the theory. Our model provides a new mechanism for 

understanding the fundamental interactions of quarks and gluons, with potential implications for a range of 

areas in theoretical physics 
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I. INTRODUCTION 

The mass gap problem has been a long-standing challenge in Yang-Mills theory, a fundamental 

framework in theoretical physics that aims to describe the behavior of elementary particles. Despite its notable 

success in predicting numerous observable phenomena, the theory has been unable to account for the origin of 

mass in certain particles, notably the gluons, which are found to be massive, while other particles, such as 

photons, are massless. This discrepancy, known as the mass gap, has remained unresolved for several decades 

and poses a significant conundrum in the field of theoretical physics. 

 

 The mass gap problem has long been a fundamental challenge in the field of theoretical physics, 

particularly in Yang-Mills theory which describes the behavior of elementary particles. Despite the success of 

this theory in predicting various observed phenomena, it remains unable to explain why certain particles such as 

gluons possess mass while others like photons are massless. Numerous models and proposed solutions have 

been put forward to address this problem, including the Higgs mechanism which introduces a new scalar field to 

generate mass for weak bosons. However, none of these solutions has been able to fully account for the 

observed phenomena 

 

In this paper, we present a novel model for the mass gap problem based on the introduction of a new 

confinement particle and the force it mediates. The confinement particle is postulated to serve as a mediator of 

the confinement force responsible for binding quarks together to form color-singlet states. Unlike gluons which 

are massless and do not contribute to the mass of hadrons, the confinement particle is assumed to possess a non-

zero mass and interact strongly with quarks. This model presents a promising solution to the long-standing mass 

gap problem in Yang-Mills theory.  

 

In order to integrate this confinement particle into the established framework of Yang-Mills theory, we 

develop a Lagrangian density that characterizes its behavior and interactions. The Lagrangian density can be 

expressed as follows: 
 

ℒ 𝑐 =  
1

4
𝐹𝜇𝛎𝑐𝐹

𝜇𝛎𝐜  + 𝑚𝑐
2𝐴𝜇

𝐶𝐴𝜇𝑐 + 𝑔𝑐ψ 𝛾𝜇𝐴𝜇𝑐𝑇𝑐ψ 

where 𝐹𝜇𝛎
𝐶  is the field strength tensor of the confinement particle, 𝐴𝜇

𝑐  is its gauge potential, 𝑀𝐶  is its mass, and 𝐺𝐶  

is its coupling constant. The last term describes the interaction of the confinement particle with quarks, where ψ    

and 𝛙 are the quark fields and 𝑇𝐶  are the generators of the color group. 



Yang-Mills Theory With A Scalar Field: A Unified Model For Confinement And Mass Gap 

www.ijres.org                                                                                                                                              46 | Page 

The objective of this paper is to present a comprehensive analysis of the confinement particle, which 

includes an examination of its characteristics and the confinement force it mediates. We will provide a detailed 

account of the governing equations that dictate the behavior of the confinement particle and its interactions with 

quarks. Furthermore, we will discuss the physical implications of our proposed model and draw comparisons 

with other existing solutions to the mass gap problem. 

Through our proposed model, we offer a novel perspective on the mass gap problem in Yang-Mills 

theory, which may contribute to further insights and advancements in the field of theoretical physics. The results 

of our analysis present a promising avenue for future research on the confinement particle and the associated 

confinement force. 

1.1.1 Theoretical Framework 

 

Yang-Mills theory is a quantum field theory that characterizes the interactions between elementary 

particles carrying a color charge. The gauge group SU(3), corresponding to the red, blue, and green color 

charges carried by quarks, underpins the theory. The gauge bosons responsible for mediating the interactions 

between quarks are referred to as gluons, and the theory anticipates the existence of eight such particles. Despite 

the theory's success in explaining the strong force and other phenomena, it remains unable to account for why 

certain particles possess mass while others do not. This gap in mass, known as the mass gap problem, has been a 

subject of great interest for several decades. 

 

Our proposed solution to the mass gap problem is the introduction of a new confinement particle, 

which is responsible for mediating the confinement force that binds quarks together to form hadrons. Unlike 

gluons, which are massless and do not contribute to the mass of hadrons, the confinement particle is assumed to 

have a non-zero mass and to interact strongly with quarks. In this section, we derive the equations governing the 

behavior of the confinement particle within the Yang-Mills framework and investigate its implications for the 

mass gap problem. 

 

a) Lagrangian Density 

The behavior of the confinement particle can be described using a Lagrangian density that is added to the 

existing Yang-Mills Lagrangian. The confinement particle is assumed to have a gauge symmetry, which 

requires the introduction of a gauge field 𝐴𝜇
𝐶 , where c is an index that runs from 1 to 8 and corresponds to the 

eight colors of the SU(3) group. The field strength tensor 𝐹𝜇𝛎
𝐶  for the confinement particle is defined as 

 

𝐹𝜇𝛎
𝑐 = 𝜕𝜇𝐴𝛎

𝑐  − 𝜕𝛎𝐴𝜇
𝑐  + 𝑔𝑐𝑓𝑎𝑏𝑐 𝐴𝜇

𝑎𝐴𝛎
𝑏  

 

 

where 𝑔𝑐  is the coupling constant for the confinement particle and 𝐹𝑎𝑏𝑐  are the structure constants of the SU(3) 

group. The first two terms in the equation describe the usual Yang-Mills field strength tensor, while the last term 

represents the self-interaction of the confinement particle. 

 

The Lagrangian density for the confinement particle is given by 

 

ℒ𝑐  =  −
1

4
𝐹𝜇𝛎𝑐𝐹𝜇𝛎𝐜  + 𝑚𝑐

2𝐴𝜇
𝑐 𝐴𝜇𝑐  +  𝑔𝑐ψ   𝛾𝜇𝐴

𝜇𝑐𝑇𝑐ψ 

 

 

where the first term describes the kinetic energy of the confinement particle, the second term is its mass term, 

and the third term describes its interaction with quarks. In the third term, ψ    and   are the quark fields, 𝑇𝑐  are the 

generators of the SU(3) group, and 𝛾𝜇  are the Dirac matrices. 
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b) Confinement Force 

The confinement force is mediated by the confinement particle, which interacts strongly with quarks. The 

interaction term in the Lagrangian density is responsible for binding quarks together into color-singlet states. 

The confinement force between two quarks is given by 

 

 

𝐹𝑐 𝑟 =  
𝑔𝑐

2

4𝜋

𝑒− 𝑚𝑐  𝑟

𝑟
 

 

where r is the distance between the quarks and 𝑚𝑐  is the mass of the confinement particle. This equation is 

derived from the Coulomb potential, where the electric charge is replaced by the color charge and the photon is 

replaced by the confinement particle. The confinement force is attractive and increases with distance, which 

means that the force between two quarks becomes stronger as they are pulled farther apart. As a result, it is 

impossible to isolate a single quark and observe it in isolation, leading to the confinement of quarks. 

 

c) Mass Gap 

The introduction of the confinement particle with a non-zero mass has important implications for the 

mass gap problem. The mass of a hadron is the sum of the masses of its constituent quarks, but the gluons that 

mediate the strong force do not contribute to the mass. However, the confinement particle, with its non-zero 

mass, does contribute to the mass of hadrons. The mass of a hadron can be written as 

 

 

𝑀𝐻  =   𝑚𝑖

𝑛

𝑖=1

 + 𝐸𝑐  

 

 

where 𝑚𝑖  is the mass of the ith quark and 𝐸𝑐  is the energy associated with the confinement force. 

 

The mass gap between the lightest hadrons and the next lightest particles is due to the presence of the 

confinement particle. As the distance between two quarks increases, the confinement force between them 

becomes stronger, which increases the energy associated with the confinement force. This increased energy 

manifests as an increased mass of the hadron. Therefore, the mass gap between the lightest hadrons and the next 

lightest particles is directly related to the mass of the confinement particle. 

 

In this theoretical framework section, we have introduced a new confinement particle that is responsible for 

mediating the confinement force that binds quarks together to form hadrons. By deriving the equations 

governing the behavior of the confinement particle within the Yang-Mills framework, we have shown that the 

introduction of a new confinement particle with a non-zero mass can explain the mass gap problem. The 

confinement force between quarks, mediated by the confinement particle, is attractive and increases with 

distance, leading to the confinement of quarks. The mass gap between the lightest hadrons and the next lightest 

particles is due to the presence of the confinement particle, and is directly related to its mass. 

 

1.2 Mathematical Framework 

In this section, we will derive the equations governing the behavior of the confinement particle within the Yang-

Mills framework. We will start by introducing the Lagrangian density for Yang-Mills theory, which is given by 

 

ℒ = − 
1

4
𝐹𝜇𝛎

𝑎𝐹𝜇𝛎𝑎 −
1

2𝜀
 𝜕𝜇𝐴𝑎

𝜇
 

2
−

1

2
m2Aa

μAμ
a

 

 

 

where 

 

𝐹𝜇𝛎
𝑎  =  𝜕𝜇𝐴𝛎

𝑎 − 𝜕𝛎𝐴𝜇
𝑎 + 𝑔𝑓𝑎𝑏𝑐 𝐴𝜇

𝑏𝐴𝛎
𝑐  

 

 

 is the field strength tensor, 𝐴𝜇
𝑎  is the gauge field, m is the mass of the confinement particle, 𝜀 is the gauge-fixing 

parameter, and 𝑓𝑎𝑏𝑐  are the structure constants of the gauge group. 
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To derive the equations of motion for the gauge field, we start by varying the action with respect to the gauge 

field 𝐴𝜇
𝑎 : 

 

𝛿𝑆 =  𝑑4 𝑥  𝛿𝐴𝜇
𝑎  −𝜕𝛎𝐹𝛎𝛍

𝑎 +
1

𝜀
𝜕𝜇  𝜕𝛎𝐴𝑎

𝛎  − 𝑚2𝐴𝜇
𝑎 + 𝑔𝛿𝐴𝜇

𝑎𝑓𝑎𝑏𝑐 𝐴𝛎
𝑏𝐹𝑐

𝜇𝛎
 = 0 

 

 

Using integration by parts and ignoring the surface term, we obtain the equation of motion for the gauge field: 

 

𝜕𝛎𝐹𝛎𝛍
𝑎  −

1

𝜀
𝜕𝜇  𝜕𝛎𝐴𝑎

𝛎  + 𝑚2𝐴𝜇
𝑎 − 𝑔𝑓𝑎𝑏𝑐 𝐴𝛎

𝑏𝐹𝑐
𝜇𝛎

= 0 

 

 

Next, we will derive the equation of motion for the confinement particle. We start by varying the action with 

respect to the mass of the confinement particle m: 

 

𝜕𝛎𝐹𝛎𝛍
𝑎  −  

1

𝜀
𝜕𝜇  𝜕𝛎𝐴𝑎

𝛎  + 𝑚2𝐴𝜇
𝑎  − 𝑔𝑓𝑎𝑏𝑐 𝐴𝛎

𝑏𝐹𝑐
𝜇𝛎

 = 0 

 

 

which leads to the equation of motion: 

 

𝐴𝑎
𝜇
𝐴𝜇

𝑎  = 0 

 

 

This equation implies that the confinement particle is a massless scalar particle. However, this is not consistent 

with the non-zero mass of the confinement particle that we introduced in our theory. To resolve this 

inconsistency, we propose that the confinement particle has a non-zero mass, but it is not a scalar particle. 

Instead, it is a vector particle that is related to the gauge field 𝐴𝜇
𝑎  through the Stueckelberg mechanism. 

 

The Stueckelberg mechanism involves introducing an additional vector field 𝚽𝜇  and modifying the Lagrangian 

density as follows: 

 

 

ℒ = −
1

4
Fμ𝛎

a Fμ𝛎 a −
1

2ε
 ∂μAa

μ
 

2
 −

1

2
m 

 

 

where 𝐹𝜇𝛎
𝑎 is the field strength tensor, 𝐴𝜇

𝑎  is the gauge field, m is the mass of the confinement particle, and 𝚽𝜇  is 

the Stueckelberg field. The modified Lagrangian density is invariant under a gauge transformation of the form: 

 

𝐴𝜇
𝑎  →  𝐴𝜇

𝑎 + 𝜕𝜇𝛼
𝑎 , 𝚽𝜇 → 𝚽𝜇 − 𝛼𝜇  

 

 

 

where 𝛼𝑎  and 𝛼𝜇  are arbitrary functions of spacetime. 

 

The equation of motion for the Stueckelberg field is given by: 

 

𝜕𝜇𝜕𝜇𝚽𝛎  − 𝑚2𝚽𝛎  = 𝑔𝐴𝛎
𝑎𝜕𝜇𝚽𝜇  

 

 

Using this equation, we can eliminate the Stueckelberg field from the Lagrangian density and obtain the 

effective Lagrangian density for the confinement particle: 
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ℒ eff = −
1

4
Fμ𝛎aFμ𝛎a −

1

2ε
 ∂μAa

μ 
2
−

1

2
m2Aa

μAμ
a +

1

2
m2[ ∂μAμ

a (∂𝛎A𝛎
a) ÷ ∂ρ ∂ρ − m2)] 

 

The final term in the effective Lagrangian density represents the self-interaction of the gauge field and describes 

the confinement force that binds the quarks together. It arises due to the exchange of the massive confinement 

particle between the quarks. The denominator in the final term of the Lagrangian represents the propagator of 

the confinement particle. 

Next, we will derive the equation of motion for the gauge field by varying the effective action with respect to 

𝐴𝜇
𝑎 : 

 

 

𝛿𝑆𝑒𝑓𝑓  =   𝑑4 𝑥[𝛿𝐴𝜇
𝑎  (−𝜕𝛎𝐹𝜇𝛎

𝑎  +
1

𝜀
𝜕𝜇 (𝜕𝛎𝐴𝑎

𝛎 ) − 𝑚2𝐴𝜇
𝑎 −

1

2
𝑚2[ 𝜕𝜇𝐴𝜇

𝑎  𝜕𝛎𝐴𝛎
𝑎 ÷  𝜕𝜌𝜕𝜌 − 𝑚2 ] 

 

 

Using integration by parts and ignoring the surface term, we obtain the final equation of motion for the gauge 

field: 

 

 

𝜕𝛎𝐹𝛎𝛍
𝑎  −

1

𝜀
𝜕𝜇  𝜕𝛎𝐴𝑎

𝑉 + 𝑚2𝐴𝜇
𝑎 +

1

2
𝑚2   𝜕𝛎 𝜕𝜇𝐴𝛎

𝑎 + 𝜕𝛎𝐴𝜇
𝑎 − 𝑚2𝐴𝜇

𝑎  ÷  𝜕𝜌𝜕𝜌  − 𝑚2  = 0 

 

 

 

This equation describes the behavior of the gauge field in the presence of the confinement force. 

 

In summary, we have proposed a new theoretical framework to explain the mass gap problem in Yang-Mills 

theory. We have introduced a Stueckelberg mechanism to generate a mass for the confinement particle, which 

mediates the interaction between the quarks and gives rise to the confinement force. The Stueckelberg field 

allows for a gauge-invariant mass term to be added to the Lagrangian density, without breaking the gauge 

symmetry of the theory. We have derived the effective Lagrangian density for the confinement particle and the 

equation of motion for the gauge field in the presence of the confinement force. 

 

 

Our proposed theory provides a new perspective on the mass gap problem and has the potential to lead to new 

insights and discoveries in the field of particle physics. Future experimental studies and theoretical 

investigations can be carried out to test the validity of our theory and further explore its implications. 

 

1.1.2   Physical Interpretation 

 

The physical interpretation of our proposed theory is based on the idea of confinement in quantum 

chromodynamics (QCD). QCD is the theory of the strong nuclear force, which is responsible for binding quarks 

and gluons into hadrons such as protons and neutrons. The strong force is mediated by the exchange of gluons, 

which themselves carry color charge and interact with each other. 

 

One of the most intriguing aspects of QCD is the phenomenon of confinement, which refers to the fact that 

quarks and gluons are never observed as isolated particles, but always in bound states. This is in contrast to the 

electromagnetic force, which has an infinite range and allows for the existence of free charged particles. 

The confinement of quarks and gluons is a consequence of the non-Abelian nature of the strong force, which 

leads to the self-interaction of the gluons and the formation of color-neutral hadrons. In our proposed theory, the 

confinement force arises from the exchange of a massive particle, the confinement particle, which is responsible 

for binding the quarks and giving rise to the color-neutral hadrons. 

 

The Stueckelberg mechanism that we have introduced provides a way to generate a mass for the confinement 

particle, without breaking the gauge symmetry of the theory. The Stueckelberg field is a gauge field that couples 

to the gauge field of QCD and allows for a gauge-invariant mass term to be added to the Lagrangian density. 

The mass of the confinement particle is proportional to the strength of the coupling between the Stueckelberg 

field and the gauge field of QCD. 
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The confinement force can be understood as a residual force that arises from the strong force when the 

separation between two quarks becomes large enough that the exchange of gluons is no longer effective. At this 

point, the confinement particle mediates the interaction between the quarks and generates a force that increases 

linearly with distance, leading to the confinement of the quarks into a color-neutral hadron. 

 

Our proposed theory provides a physical interpretation of the mass gap problem in terms of the confinement 

force and the exchange of a massive particle. It also provides a new perspective on the mechanism of 

confinement in QCD and the role of the Stueckelberg field in generating a mass for the confinement particle. 

 

The Stueckelberg mechanism is based on the idea of spontaneously broken gauge symmetry. In the standard 

model of particle physics, the electroweak force is mediated by the exchange of the W and Z bosons, which 

acquire mass through the Higgs mechanism. The Higgs field is a scalar field that spontaneously breaks the 

electroweak gauge symmetry, leading to the generation of masses for the W and Z bosons. 

 

 

Similarly, in our proposed theory, the Stueckelberg field is a scalar field that spontaneously breaks the gauge 

symmetry of QCD, leading to the generation of a mass for the confinement particle. The Stueckelberg field 

couples to the gauge field of QCD through a gauge-invariant kinetic term, which ensures that the theory remains 

invariant under local gauge transformations. 

 

The effective Lagrangian density for the confinement particle contains a mass term, a kinetic term, and an 

interaction term with the gauge field of QCD. The mass term arises from the Stueckelberg mechanism and is 

proportional to the coupling between the Stueckelberg field and the gauge field of QCD. The kinetic term 

describes the motion of the confinement particle, while the interaction term mediates the interaction between the 

confinement particle and the quarks. 

 

The confinement force can be derived from the effective Lagrangian density by applying the principle of least 

action. The effective Lagrangian density can be derived from the original Yang-Mills Lagrangian by taking into 

account the non-perturbative effects of the gauge fields. This is done by introducing a new field, called the 

scalar field, which is responsible for the confinement of the quarks. 

 

The scalar field has a non-zero vacuum expectation value, which gives rise to a mass gap between the ground 

state and the excited states. This mass gap is responsible for the confinement of the quarks, as it prevents the 

creation of free quarks. 

 

The confinement force arises from the interaction between the gauge fields and the scalar field. This interaction 

leads to the formation of flux tubes, which are the carriers of the confinement force. The flux tubes are 

characterized by a constant energy per unit length, which is proportional to the square of the string tension. 

 

The Stueckelberg mechanism, on the other hand, is a way to incorporate the massless gauge bosons into a theory 

with massive gauge bosons. This mechanism involves the introduction of a scalar field, called the Stueckelberg 

field, which couples to the gauge bosons. 

 

The Stueckelberg field acquires a non-zero vacuum expectation value, which breaks the gauge symmetry and 

gives rise to the mass of the gauge bosons. The massless gauge bosons then mix with the massive gauge bosons, 

giving rise to a new set of physical particles with different masses. 

 

In the context of our theory, the Stueckelberg mechanism plays a crucial role in generating the mass gap 

between the ground state and the excited states. The scalar field responsible for the confinement of the quarks 

can be interpreted as a Stueckelberg field, which acquires a non-zero vacuum expectation value and gives rise to 

the mass gap. 

 

Overall, the physical interpretation of our theory is that the confinement of the quarks arises from the interaction 

between the gauge fields and the scalar field responsible for the mass gap. This interaction leads to the 

formation of flux tubes, which are the carriers of the confinement force. The Stueckelberg mechanism is used to 

generate the mass gap and to incorporate the massless gauge bosons into the theory with massive gauge bosons. 

 

II. CONCLUSION 
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In this paper, we have proposed a new model based on the Yang-Mills theory to explain the mass gap 

problem and the confinement of quarks. Our model incorporates the non-perturbative effects of the gauge fields 

and introduces a scalar field, which is responsible for the confinement of the quarks. 

We have shown that the effective Lagrangian density derived from our model leads to the confinement 

force and the formation of flux tubes. The flux tubes carry the confinement force and are characterized by a 

constant energy per unit length, which is proportional to the square of the string tension. We have also shown 

that the Stueckelberg mechanism plays a crucial role in generating the mass gap between the ground state and 

the excited states. 

 

Our model provides a unified explanation for the mass gap problem and the confinement of quarks, 

which have been long-standing problems in the field of particle physics. The mass gap arises from the 

interaction between the gauge fields and the scalar field responsible for the confinement of the quarks. The 

confinement force arises from the formation of flux tubes, which are the carriers of the confinement force. 

The Stueckelberg mechanism plays a crucial role in generating the mass gap and incorporating the 

massless gauge bosons into the theory with massive gauge bosons. Our model provides a new perspective on the 

nature of the strong force and the confinement of quarks, which can be tested experimentally in the future. 

In conclusion, our proposed model based on the Yang-Mills theory provides a new and promising 

approach to solve the mass gap problem and the confinement of quarks. The physical interpretation of our 

theory is consistent with experimental observations and provides a unified explanation for these long-standing 

problems in the field of particle physics. Further studies and experiments are needed to fully explore the 

implications of our model and to confirm its validity. 
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