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Abstract.  This article examines how gauge symmetry developed from a principle of
invariance into the organizing framework of the Standard Model. It focuses on the transition
from global to local symmetry, the Yang-Mills generalization to non-Abelian groups, and
the application of gauge theory to quantum chromodynamics and electroweak unification.
Using conceptual analysis, historical reconstruction, and comparison with landmark
experimental evidence, the study explains why local transformations require gauge
connections, how non-commuting fields generate self-interactions, and how the Higgs
vacuum gives mass to weak gauge bosons. The analysis then evaluates neutral-current
scattering, the discoveries of the W and Z bosons, and the observation of the Higgs boson as
tests of the framework. These results show that Yang-Mills theory successfully anticipated
essential particles and interactions while remaining incomplete in areas such as neutrino
mass, dark matter, gravity, and the strong-CP problem. The paper concludes that precision
Higgs, QCD, neutrino, and electric-dipole measurements offer promising routes toward
physics beyond the Standard Model.
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1. Introduction

Modern particle theory often begins by asking which transformations leave an action unchanged,
rather than by postulating a force law directly. Its basic objects are therefore the action, the
Lagrangian, and the transformations that preserve them. Noether connected continuous symmetries
with conservation laws. Gauge symmetry adds a stronger requirement: allowing the transformation
to vary over spacetime restricts the form of an interaction. In electromagnetism, making the 
phase of a fermion field position dependent spoils ordinary differentiation; covariance is restored by
introducing a gauge connection. Yang and Mills showed in 1954 that the same logic could be
applied to a non-Abelian internal group [1]. Because the generators do not commute, the resulting
gauge fields couple to one another, unlike the photon in Abelian electrodynamics. This feature
eventually made Yang-Mills theory the mathematical basis of the Standard Model, whose gauge
symmetry is  . QCD supplies its strong-interaction sector, whereas the
electroweak construction places electromagnetic and weak processes in one gauge description [2,
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3]. A nonzero Higgs vacuum then gives mass to selected gauge bosons without abandoning the
gauge construction. After developing the global-to-local argument, this paper applies it to QCD and
electroweak unification and then compares the resulting model with experiment, highlighting the
discovery of weak neutral currents, ,   bosons, and the Higgs boson, before considering
precision Higgs studies, QCD measurements, and the strong-CP puzzle as possible windows on a
more complete theory.

2. From symmetry to gauge theory

A field theory can be organized by the symmetries of its action instead of by a catalogue of pairwise
forces. The action formulation is valuable because it puts dynamics and invariance in a single
mathematical setting. Noether's theorem makes this connection precise: invariance under continuous
changes produces conserved currents. In particular, time- and space-translation symmetry account
for conservation of energy and momentum. The important distinction is whether the same
transformation is used everywhere. A global symmetry uses one common parameter, whereas a
gauge symmetry permits a different choice at every spacetime point and consequently demands
additional mathematical structure. Action is defined as  ,    is the action,    is the
Lagrangian,    is integrating over the four-dimensional space-time. Setting the first variation of
this action to zero produces the equations obeyed by the fields.

The Lagrangian for free fermion field is   .      is the fermion field,

 is the Dirac conjugate,     is the particle mass,   are the gamma matrices. Consider the
global phase transformation  . At the same time, the Dirac conjugate field

transformation  . Here,      is a constant independent of spacetime position.
Since the phase factors cancel each other out in the Lagrangian, the free Dirac Lagrangian remains
invariant under this transformation. According to Noether's theorem, there is a correspondence

between continuous global  symmetry and a conserved current    and  .
Multiplying the fermion field everywhere by one common phase does not alter measurable
probabilities. The global   operation thus represents freedom in the choice of overall phase, and
Noether's theorem associates that continuous freedom with charge conservation. For a uniform
rotation, the parameter is constant and differentiation introduces no extra contribution, so no
compensating vector field is needed. That conclusion fails once the phase is permitted to vary with
position.

If the constant parameter    is replaced by a function   that depends on the spacetime
position, the local phase transformation must be rewritten as  . Since the phase
now depends on spacetime coordinates, the transformation of ordinary derivatives gives rise to extra
terms  . And this extra term   break the local invariance
of the original Lagrangian. Restoring covariance requires an additional vector field whose
transformation compensates for the derivative of the local phase; ordinary differentiation is therefore
replaced by covariant differentiation.    . Then, the transformation of the gauge
field needs to be rewritten as   make  . The Lagrangian for the
interaction between fermions and the electromagnetic field can be written as 

 and  . A local phase convention assigns a

W ± Z

S = ∫ d4xL S L

d4x
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separate reference at neighboring points. An ordinary derivative compares the fields at those points
without accounting for the change of convention, which is why it fails to transform covariantly. A
connection is needed to define that comparison consistently. The gauge potential   supplies this
connection, and the covariant derivative corrects the field's ordinary variation for the changing local
phase reference. On this reading, the electromagnetic potential is not only a convenient route to
electric and magnetic fields; it is the connection that makes comparisons between local phase
choices meaningful.

3. Yang–Mills theory and non-Abelian gauge fields

The above describes electromagnetic   gauge theory. The central step taken by Yang and Mills
was to show that local gauge invariance need not be restricted to the Abelian    symmetry of
electromagnetism [1]. For a general non-Abelian gauge group   , the local gauge transformation is
written as   and the local group element is  . are the
generators of the Lie group,  are the local transformation parameters,   is the gauge coupling
constant, the index      labels the different group generators and   . Here,  
are the structure constants of the group. Because each independent generator corresponds to a
direction in the internal symmetry space, the local theory requires a corresponding set of gauge-field
components.   The covariant derivative is written as  . Define 
and make  , then the Yang-Mills field strength can be defined via the commutator
of the covariant derivative  and    . This can
also be written as  ,    . The final term is present
because non-Abelian generators fail to commute. It makes the field strength nonlinear and allows
gauge quanta to interact directly with other gauge quanta. The Lagrangian of the Yang-Mills gauge
field is  . This is not equivalent to placing several independent electromagnetic
fields side by side. The mediator carries the non-Abelian charge and therefore enters its own
dynamics, producing self-couplings without a QED counterpart. Such couplings are indispensable
for the behavior of both the weak gauge fields and gluons [1].

The gauge group of the Standard Model is  . While 
 and  . Glashow,

Salam, and Weinberg developed a common gauge description for weak and electromagnetic
processes. The Brout-Englert-Higgs construction then explained massive weak carriers through their
interaction with a nonzero vacuum field rather than through explicit gauge-boson mass terms.
Quantum Chromodynamics (QCD), with   as its gauge group, is a type of Yang–Mills theory.
The discovery of asymptotic freedom around 1973 revealed that the effective interaction between
quarks weakens extremely short distances and high energies [2, 3], At sufficiently high momentum,
this weakening makes perturbative calculations reliable and identifies QCD as the Standard Model
theory of strong processes.

4. Applications of Yang-Mills theory in the standard model

Among the Standard Model sectors, QCD displays the distinctive consequences of non-Abelian
gauge dynamics most directly. QCD describes the color degrees of freedom of quarks in terms of a
local    gauge symmetry. Quarks have three colors  . A gluon carries color
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charge, whereas a photon carries no electric charge. Gluons can therefore couple to one another, as
required by the noncommuting generators of   group. Gross, Wilczek, and Politzer showed
that the QCD interaction becomes progressively weaker when probed at higher momentum scales,
the behavior now known as asymptotic freedom [2, 3]. The development of QCD is closely linked to
particle physics research in the 1970s. Early studies revealed a rapidly growing number of hadrons,
making it difficult to explain the underlying patterns through simple particle classification alone. A
major step toward the modern description of strong interactions came in 1964, when Gell-Mann and
Zweig independently introduced quarks as underlying constituents of hadrons. However, the quark
model was initially merely a classification scheme and did not explain the nature of the interactions
between quarks. With the development of Yang-Mills theory, physicists realized that the strong
interaction could be naturally described as an    color gauge theory. Gross, Wilczek, and
Politzer supplied the decisive theoretical result: QCD is asymptotically free, so quarks interact
weaklier at short distances. This behavior connected the color gauge theory to high-energy scattering
data.

Electromagnetic and weak processes appear unrelated at ordinary energies: one has macroscopic
range, whereas the other is confined to subatomic distances. Electroweak theory attributes this
contrast to the broken, low-energy phase of a shared symmetry. Glashow, Weinberg, and Salam
formulated the electroweak unification theory, combining   and  . When electroweak
symmetry is preserved   are all massless gauge fields. After electroweak symmetry
breaking, the electromagnetic gauge field   remains associated with a massless photon, whereas the
weak fields form the massive   and states  . The equations remain gauge invariant even though
the vacuum preserves only the electromagnetic subgroup. In this way the theory accommodates
massive weak carriers without the inconsistency created by inserting their masses by hand.

The development of the electroweak unification theory stemmed from a long-standing issue:
although electromagnetic and weak interactions appear completely different in low-energy
experiments, both involve interactions between leptons and gauge fields. In the 1950s, Glashow first
proposed describing the weak interaction using a gauge theory with higher symmetry, subsequently,
Weinberg and Salam independently developed electroweak models incorporating the Higgs
mechanism, which allowed the gauge bosons of the weak interaction to acquire mass while
preserving the theory's quantum consistency. The theory's most significant contribution was
demonstrating that photons and W, Z bosons do not originate from entirely different sources but
rather emerge from a unified electroweak gauge structure at higher energy scales. Spontaneous
breaking thus generates weak-boson masses from the vacuum while leaving explicit mass terms out
of the original gauge Lagrangian. In the 1960s, several physicists including Brout, Englert, Higgs,
and Guralnik, Hagen, and Kibble independently proposed similar ideas. They discovered that the
mass of gauge bosons did not need to be acquired through the direct addition of a mass term but
could instead arise from a change in the vacuum structure. This mechanism subsequently became
crucial to the viability of electroweak theory. In the 1970s, the proof of the renormalizability of
electroweak theory further bolstered the theory's credibility.

The Standard Model assigns half-integer-spin fields to matter and integer-spin fields to force
mediation or symmetry breaking. Six quark flavors and six leptons form the fermion sector; the
boson sector consists of gluons, the photon,  , together with the Higgs boson. Matter fields
couple through the gauge bosons, whose identities and allowed interactions follow from their group
representations. The classification is therefore structural, not merely a list assembled from
observations.

SU (3)

SU(3)C

SU(2)L  U(1)Y
W 1

μ ,W 2
μ ,W 3

μ ,Bμ

γ
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Some of the model's strongest evidence comes from phenomena predicted before they were
measured. In 1973, The Gargamelle experiment at CERN discovered weak neutral currents. In 1983,
CERN's UA1 and UA2 experiments discovered    . In 2012, the LHC's ATLAS and CMS
experiments discovered the Higgs boson [4, 5]. Together, these observations show that the gauge
construction has empirical content beyond its mathematical economy. Its experimental record does
not make the Standard Model complete. Gravity lies outside its gauge structure, and its known
particles do not account for the dark matter and dark energy inferred from cosmology. Furthermore,
certain parameters of the Standard Model, such as the mass hierarchies of different fermions and the
strong CP problem still lack a deeper theoretical explanation. The theory is therefore both the
benchmark for particle physics and the baseline against which evidence for a deeper framework
must be judged. Many current high-energy physics experiments continue to seek new phenomena
beyond the scope of existing gauge theories, such as supersymmetry, extended gauge structures, and
dark matter candidates.

5. Experimental verification and theoretical success of the standard model

In 1973, Gargamelle recorded neutrino-scattering events in which no electric charge was transferred,
providing the first evidence for a neutral weak process. As shown in Figure 1, the bubble-chamber
photograph records the characteristic particle tracks used to identify such interactions [6, 7].

Traditional weak interactions are charged-current processes,  . In the case of weak
neutral currents, the neutrino remains a neutrino after the collision and carries no electric charge.
This event class was a nontrivial test because the electroweak model specifically required a neutral
current in addition to the familiar charged current. The weak interaction involves not only the 
 bosons but also the theoretically predicted neutral gauge boson.

Figure 1. Neutrino tracks in the CERN Gargamelle bubble chamber [7]

The same framework also required heavy charged and neutral weak mediators, identified as the 
  and bosons   . Producing these heavy mediators required collider energies far above those

associated with electrons or protons at rest. UA1 and UA2 obtained direct evidence at CERN in

W ±,Z

ν + N → ν + N

W±
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1983 for the    . Their measured masses agreed closely with the electroweak predictions. 
    .

Although the electroweak theory had successfully predicted the    and    bosons before they
were found, the scalar sector remained unverified. In the mechanism, the vacuum has a nonzero
scalar-field value, and an excitation about that value appears experimentally as the Higgs boson.
Independent ATLAS and CMS data sets reported in 2012 showed a new boson near 
.

Both experiments observed a signal with a significance exceeding  . Particle-physics
experiments conventionally require a five-standard-deviation significance before claiming a
discovery [4, 5].

Figure 2. Mass distributions of Higgs boson candidate events in the ATLAS and CMS experiments
[4, 5]

As shown in Figure 2, the concentration of Higgs-boson candidate events near 125 GeV exceeded
the predicted background. This localized excess was an essential component of the evidence that the
observed state was a new boson.

6. Precision tests and new physics beyond the standard model

After the Higgs discovery, the main task changed from filling a missing entry in the particle
spectrum to testing the model's parameters more stringently [6, 7]. Collider programs now pursue
two complementary strategies: direct searches for new states and indirect searches for statistically
stable departures in well-measured quantities. It includes precision electroweak measurements, such
as  boson mass, Z boson properties, and the weak mixing angle. QCD tests and experimental
verification of the strong interaction: jet production, the running of the strong coupling constant, and
gluon interactions [8, 9].

Although experiments have repeatedly confirmed the Standard Model, contemporary high-energy
physics is increasingly concerned with small, reproducible discrepancies rather than with
completing its original particle inventory. Many observables can now be predicted with enough
accuracy that even a modest but persistent disagreement could point to dynamics outside the

W ±,Z

mW ≈ 80.4 GeV mZ ≈ 91.2 GeV
W Z
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established theory. The Higgs sector is especially informative because it is still known less precisely
than the gauge sector. Since 2012, ATLAS and CMS have moved from establishing that the particle
exists to measuring how often it is produced, how it decays, and how strongly it couples to other
particles. A consistent departure in any of these quantities could signal extra scalar degrees of
freedom or a modified gauge structure [10, 11]. Neutrinos provide a separate indication that the
minimal model is incomplete. Oscillation measurements show that neutrino flavor changes during
propagation, which requires nonzero neutrino masses and therefore contradicts the massless-
neutrino assumption of the original formulation [12, 13]. Determining how those masses arise is
now one of the principal experimental routes beyond the Standard Model.

Figure 3. Results from the ATLAS experiment on the coupling strengths of the Higgs boson to
various particles [6]

Figure 3 shows the measured Higgs-boson coupling strengths. Within present experimental
errors, the measured couplings remain compatible with Standard Model expectations. Reducing
those errors may therefore be more revealing than simply repeating the original discovery tests.

Future measurements will also target the Higgs field's self-interaction, not only its couplings to
fermions and gauge bosons [10, 11]. In the Standard Model, the form of the scalar potential
determines the Higgs self-coupling, so these observable tests the symmetry-breaking sector directly.
Its value is still poorly constrained. A measured self-coupling inconsistent with the prediction would
suggest that electroweak symmetry breaking involves more than the single scalar field assumed by
the minimal theory. The Higgs is therefore no longer merely a discovered particle; it is an
experimental probe of the mechanism that selects the electroweak vacuum. In gauge-theory terms,
precision Higgs measurements test whether the broken phase behaves as the Standard Model says it
should.

Beyond the precision experimental testing of the Standard Model, there remain unresolved issues
within QCD. A particularly puzzling unresolved feature of QCD concerns its apparent preservation
of CP symmetry. According to Yang-Mills theory, the   gauge field allows for an additional
topological term that leads to CP symmetry breaking in the strong interaction [14, 15]. CP combines
charge conjugation, which interchanges particles and antiparticles, with spatial inversion. Neutral K
and B mesons demonstrate that weak processes can violate this symmetry. QCD also permits CP

SU(3)C
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violation mathematically, yet no comparably large strong-interaction effect has been observed. The
puzzle is the gap between that allowed QCD term and the exceptionally small experimental bound
on its physical consequences. Searches for a neutron electric dipole moment constrain the strong CP
parameter to lie extremely close to zero [14]. Researchers also proposed a new global symmetry that
dynamically relaxes the offending parameter; breaking that symmetry produces an axion [15]. An
axion would both solve the strong-CP problem and supply a concrete target for physics beyond the
Standard Model. Ongoing searches therefore connect a formal feature of Yang-Mills theory with
present experimental programs.

7. Conclusion

The move from Abelian invariance to the Yang-Mills construction turned symmetry from a
classification tool into a rule for building interactions. The Standard Model uses the non-Abelian
product group   to describe strong and electroweak processes, with the
Higgs vacuum accounting for massive weak carriers. Neutral-current events and the subsequent
discoveries of    and the Higgs particle supplied distinct experimental checks of this
construction. The agreement is impressive but incomplete. More accurate measurements of Higgs
couplings, Higgs self-interaction, and QCD observables may expose small failures of the current
predictions, while the strong-CP problem already points to missing theoretical structure. Yang-Mills
theory consequently has a dual role: it explains the interactions that experiments have confirmed and
provides the framework in which many proposed extensions are expressed.

Looking ahead, higher-luminosity colliders, improved lattice-QCD calculations, precision
neutrino experiments, and sensitive searches for electric dipole moments may reveal where the
Standard Model fails. Progress will likely come from combining increasingly accurate gauge-theory
predictions with complementary measurements, guiding extensions involving new symmetries,
scalar fields, axions, or dark-sector particles and dynamics.

References

[1] Chevyrev, I. (2022). Stochastic quantization of Yang–Mills. Journal of Mathematical Physics, 63(9), 091101.
[2] Gross, D. J., & Wilczek, F. (1973). Ultraviolet behavior of non-Abelian gauge theories. Physical Review Letters,

30(26), 1343–1346.
[3] Politzer, H. D. (1973). Reliable perturbative results for strong interactions? Physical Review Letters, 30(26), 1346–

1349.
[4] ATLAS Collaboration. (2012). Observation of a new particle in the search for the Standard Model Higgs boson

with the ATLAS detector at the LHC. Physics Letters B, 716(1), 1–29.
[5] CMS Collaboration. (2012). Observation of a new boson at a mass of 125 GeV with the CMS experiment at the

LHC. Physics Letters B, 716(1), 30–61.
[6] ATLAS Collaboration. (2022). A detailed map of Higgs boson interactions by the ATLAS experiment ten years

after the discovery. Nature, 607, 52–59.
[7] CMS Collaboration. (2022). A portrait of the Higgs boson by the CMS experiment ten years after the discovery.

Nature, 607, 60–68.
[8] Potrebko, A. (2024). Review of the measurements of the strong coupling constant in CMS at 13 TeV (CMS-CR-

2024-092) [Conference report]. CERN. https://cds.cern.ch/record/2898147.
[9] Connor, P. L. S. (2024). Determination of the strong coupling from jet measurements at CMS. Proceedings of

Science, ICHEP2024, 501.
[10] Dawson, S., et al. (2022). Report of the topical group on Higgs physics for Snowmass 2021: The case for precision

Higgs physics. arXiv:2209.07510.
[11] Jakobs, K., & Zanderighi, G. (2024). The profile of the Higgs boson: Status and prospects. Philosophical

Transactions of the Royal Society A: Mathematical, Physical and Engineering Sciences, 382(2266), 20230087.

SU(3)C × SU(2)L × U(1)Y

W ±,Z



Proceedings	of	the	4th	International	Conference	on	Applied	Physics	and	Mathematical	Modeling
DOI:	10.54254/2753-8818/2026.36902

112

[12] Granelli, A. (2024). Standard and non-standard aspects of neutrino physics. Universe, 10(4), 164.
[13] Bhupal Dev, P. S. (2026). Neutrino theory overview. In Proceedings of the XXVI DAE-BRNS High Energy Physics

Symposium 2024 (pp. 13–19). Springer.
[14] Roussy, T. S., Caldwell, L., Wright, T., Cairncross, W. B., Shagam, Y., Ng, K. B., Schlossberger, N., Park, S. Y.,

Wang, A., Ye, J., & Cornell, E. A. (2023). An improved bound on the electron's electric dipole moment. Science,
381(6653), 46–50.

[15] Sannino, F. (2026). Strong CP and the QCD axion lecture notes via effective field theory. The European Physical
Journal C, 86, 465.


