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Abstract—The discovery of the Higgs boson at the Large Hadron 

Collider (LHC) in 2012 marked a major milestone in particle 

physics, confirming the last missing piece of the Standard Model. 

Since its discovery, extensive theoretical and experimental efforts 

have advanced our understanding of the Higgs boson, its properties, 

and its role in the universe. This systematic review synthesizes 

research from 2012 to the present, focusing on key developments in 

Higgs boson theory, experimental findings, and potential 

implications for physics beyond the Standard Model (BSM). We 

review advancements in Higgs boson mass and coupling 

measurements, experimental tests of its decay channels, and collider 

results from the LHC's various runs. Additionally, the review 

explores theoretical extensions, such as supersymmetry, and 

cosmological implications, including the Higgs' role in early universe 

inflation and its potential as a portal to dark matter. Despite these 

advances, significant challenges remain, including questions 

surrounding the hierarchy problem and limitations in precision 

measurement techniques. This review highlights current progress, 

ongoing challenges, and future directions in Higgs boson research, 

emphasizing its pivotal role in shaping modern particle physics. 

 

Keywords— Higgs boson, Standard Model, Particle physics, 

Supersymmetry, Dark matter. 

I. INTRODUCTION  

The discovery of the Higgs boson at the Large Hadron 

Collider (LHC) in 2012 represents a watershed moment in 

modern particle physics. Predicted in the 1960s by Peter Higgs 

and others, the Higgs boson plays a crucial role in the 

Standard Model by providing a mechanism through which 

particles acquire mass via the Higgs field. Its discovery 

confirmed the last unverified component of the Standard 

Model, solidifying our understanding of fundamental particles 

and their interactions. However, this discovery also opened 

new avenues of inquiry, sparking extensive research aimed at 

understanding the deeper properties of the Higgs boson and its 

potential implications for physics beyond the Standard Model 

(BSM). 

The Standard Model, though highly successful in 

explaining most particle interactions, is incomplete in several 

respects. It does not account for dark matter, dark energy, or 

gravity, and it raises unanswered questions about the stability 

of the universe, the nature of neutrino masses, and the origins 

of matter-antimatter asymmetry. Many of these gaps in our 

knowledge could potentially be addressed through a deeper 

understanding of the Higgs boson. Moreover, the hierarchy 

problem, which questions why the Higgs mass is so much 

lighter than expected in many quantum field theories, remains 

a significant challenge, motivating theories such as 

supersymmetry (SUSY) and other BSM frameworks. 

Since the discovery, theoretical physicists have explored 

various models that extend the Standard Model by 

incorporating new physics, while experimentalists have 

conducted increasingly precise measurements of the Higgs 

boson’s properties using the LHC’s continued operation. 

These experiments seek to determine the Higgs boson's exact 

mass, spin, coupling to other particles, and decay modes. 

Furthermore, there is growing interest in how the Higgs boson 

could help probe phenomena like dark matter or provide 

insights into the early universe, especially regarding 

inflationary theory and the vacuum stability of the universe. 

This systematic review aims to provide a comprehensive 

analysis of the advances made in Higgs boson research, 

examining both theoretical and experimental developments. 

The review addresses key questions such as: How have 

theoretical models evolved post-discovery? What progress has 

been made in experimental measurements of the Higgs boson's 

properties? How might the Higgs boson serve as a gateway to 

physics beyond the Standard Model? By synthesizing recent 

literature and experimental findings, this review seeks to 

highlight the current state of Higgs research, the challenges 

that remain, and the promising directions for future 

exploration in particle physics. 

II. HISTORICAL CONTEXT  

The idea of the Higgs boson emerged from efforts to 

resolve a fundamental problem in particle physics: the need 

for a mechanism to explain how particles acquire mass. In 

1964, Peter Higgs, François Englert, and Robert Brout, along 

with others, independently proposed the existence of a new 

field, now known as the Higgs field, that permeates the 

universe (Higgs, 1964; Englert & Brout, 1964). Particles 

interact with this field, and it is through these interactions that 

they acquire mass. The quantum excitation of this field 

corresponds to the Higgs boson, a particle that became a 

cornerstone of the Standard Model of particle physics  

Despite the theoretical importance of the Higgs boson, 

decades passed without experimental evidence of its existence. 

Ellis (2000) indicated that throughout the late 20th century, 

advances in particle accelerators, such as Fermilab's Tevatron, 

brought physicists closer to detecting the Higgs boson, but it 

was the construction of the Large Hadron Collider (LHC) at 

CERN that provided the necessary experimental power. The 

LHC, the most powerful particle accelerator ever built, was 

designed to collide protons at unprecedented energies, 
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providing the conditions needed to potentially produce the 

elusive Higgs boson.  

On July 4, 2012, the ATLAS and CMS collaborations at 

CERN announced the discovery of a new particle consistent 

with the Higgs boson, a breakthrough widely regarded as one 

of the most significant scientific achievements of the 21st 

century (Aad et al., 2012; Chatrchyan et al., 2012). This 

discovery confirmed the mechanism by which particles 

acquire mass and provided direct evidence of the Higgs field 

(Aad et al., 2012). The mass of the discovered particle was 

measured at approximately 125 GeV/c², in line with 

theoretical predictions, though its exact properties, such as its 

couplings and self-interactions, required further study. 

The discovery of the Higgs boson completed the Standard 

Model but also posed new questions. The observed mass of 

the Higgs boson was surprisingly low, leading to theoretical 

concerns such as the hierarchy problem, which questions why 

the Higgs mass is not much larger, given quantum corrections 

that should push it higher. Peskin (2015) pointed out that this 

issue has driven the search for new physics beyond the 

Standard Model, including theories like supersymmetry and 

extra dimensions, which attempt to resolve these 

inconsistencies  

The ongoing experiments at the LHC, particularly with its 

upgraded high-luminosity configuration, aim to investigate the 

Higgs boson’s properties in more detail. The precise 

measurement of its couplings to other particles and its 

potential rare decay modes are key to uncovering new physics. 

Moreover, Dine (2015) concluded that the Higgs boson’s role 

in cosmology, particularly about the stability of the universe’s 

vacuum and inflationary models, has become a critical area of 

theoretical exploration  

In summary, the historical development of Higgs boson 

research highlights its significance as a cornerstone of the 

Standard Model and a potential gateway to new physics. 

While its discovery answered long-standing questions, it also 

opened up new challenges that continue to drive research in 

particle physics. 

III. THEORETICAL ADVANCES IN HIGGS BOSON RESEARCH 

Since its discovery, the Higgs boson has been at the center 

of extensive theoretical research aimed at refining our 

understanding of its properties and exploring its implications 

for physics beyond the Standard Model (BSM). The Higgs 

boson, as predicted by the Standard Model, is a scalar particle 

responsible for generating the masses of other particles 

through spontaneous symmetry breaking of the electroweak 

interaction (Higgs, 1964). However, the properties of the 

discovered Higgs boson and its low mass raise questions that 

have motivated significant theoretical advancements in recent 

years. 

3.1 Refinements in Standard Model Predictions 

One major focuses on refining predictions within the 

Standard Model, especially regarding Higgs couplings and 

self-interactions. Dawson (2018) summarized that precision 

measurements of these properties help in validating the 

Standard Model and test for any deviations that might hint at 

new physics. According to theoretical calculations, the Higgs 

boson’s interactions with other particles should follow specific 

patterns. However, even small deviations could suggest new 

particles or forces not accounted for in the current framework.  

3.2 Extensions Beyond the Standard Model 

The discovery of the Higgs boson raised theoretical 

questions that have prompted physicists to explore various 

extensions beyond the Standard Model. One of the most 

significant issues is the hierarchy problem, which concerns the 

vast difference between the Higgs boson’s observed mass and 

the theoretically expected higher masses due to quantum 

corrections. This discrepancy implies that the Standard Model 

may not be complete, leading to numerous BSM proposals, 

including: 

Supersymmetry proposes that each fundamental particle 

has a heavier superpartner, which helps cancel out the large 

quantum corrections to the Higgs boson’s mass (Martin, 

2010). This framework not only addresses the hierarchy 

problem but also offers potential dark matter candidates. 

Despite extensive searches, direct evidence for supersymmetry 

remains elusive, but SUSY continues to be a leading 

contender for new physics. 

In contrast to the Standard Model, which treats the Higgs 

boson as a fundamental scalar particle, composite Higgs 

models suggest that the Higgs is a bound state of more 

fundamental particles. These models naturally explain the 

Higgs mass without requiring excessive fine-tuning, 

addressing the hierarchy problem (Contino, 2011). The 

theoretical challenge lies in identifying the composite particles 

and their dynamics, which remains an active area of research.  

Theories incorporating extra spatial dimensions, such as 

the Randall-Sundrum model, propose that the Higgs field and 

other particles might interact with dimensions beyond the 

familiar three (Randall & Sundrum, 1999). This framework 

provides alternative solutions to the hierarchy problem and 

predicts unique signatures that could potentially be detected in 

high-energy collisions.  

3.3 Implications for Cosmology and Early Universe Physics 

The Higgs boson also plays a significant role in 

cosmology, particularly in understanding the evolution and 

stability of the universe. Theories involving the Higgs field 

have been linked to models of cosmic inflation, a period of 

rapid expansion in the early universe (Bezrukov & 

Shaposhnikov, 2008). If the Higgs field indeed acted as the 

inflaton, it would have driven this expansion, making the 

study of its properties critical for understanding the origins of 

the universe  

Additionally, there are concerns about vacuum stability. 

Current measurements indicate that the universe exists in a 

metastable state, where the vacuum is not at its lowest possible 

energy level (Buttazzo et al., 2013). This situation implies 

that, in theory, the universe could decay to a true vacuum 

state. The precise measurement of the Higgs boson’s mass and 

its couplings to other particles is essential for determining the 

extent of this metastability and its implications for the fate of 

the universe. 

3.4 Higgs Portal to Dark Matter 
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Recent theoretical developments also explore the 

possibility of the Higgs boson serving as a “portal” to dark 

matter. In this context, the Higgs boson could interact with 

dark matter particles through previously unknown couplings. 

Models incorporating this concept often extend the Standard 

Model by introducing additional fields or particles that 

mediate interactions between the Higgs and dark matter 

candidates. The detection of such interactions could provide 

crucial evidence for the existence of dark matter and shed light 

on its nature (Arcadi et al., 2017). 

Theoretical advances in Higgs boson research have 

significantly deepened our understanding of particle physics 

and opened new avenues for exploration. From refining the 

Standard Model’s predictions to proposing alternative 

frameworks like supersymmetry, composite models, and 

extra-dimensional theories, researchers are working to address 

the fundamental questions raised by the Higgs boson’s 

discovery. These advances not only help probe the foundations 

of the Standard Model but also provide potential pathways to 

discovering new physics and understanding the broader 

implications for cosmology and dark matter. 

IV. EXPERIMENTAL ADVANCES POST-DISCOVERY  

Since the discovery of the Higgs boson in 2012, 

experimental research has focused on refining our 

understanding of its properties, testing the Standard Model's 

predictions, and searching for any deviations that might 

suggest physics beyond the Standard Model (BSM). The 

Large Hadron Collider (LHC) at CERN has been the primary 

instrument for conducting these investigations, and its various 

data collection runs have significantly advanced our 

knowledge of the Higgs boson’s Behavior and its potential 

links to new physics. 

4.1 Precision Measurement of the Higgs Boson’s Mass and 

Couplings 

The first major experimental goal following the Higgs 

boson discovery was to precisely measure its mass and 

couplings to other particles. The mass of the Higgs boson was 

measured to be approximately 125 GeV/c² during the initial 

discovery, and subsequent LHC runs have provided 

increasingly precise values. The ATLAS and CMS 

collaborations have reported a combined Higgs boson mass of 

\(125.09 \pm 0.24\) GeV/c² (Aad et al., 2015), a precision 

crucial for testing predictions of the Standard Model and 

exploring its implications for vacuum stability and the 

universe's fate. 

Another key focus has been studying the couplings of the 

Higgs boson to other particles, such as the W and Z bosons, 

top quarks, and fermions. These interactions provide vital 

insights into the mechanisms by which particles acquire mass 

(Sirunyan et al., 2018). Results from LHC experiments have 

confirmed that the Higgs couplings to gauge bosons and 

fermions are consistent with Standard Model predictions, but 

ongoing work continues to search for subtle deviations that 

could signal new physics. 

4.2 Higgs Production and Decay Channels 

Experimental studies have explored the various ways the 

Higgs boson can be produced and its possible decay modes. 

The most common production mechanisms include gluon-

gluon fusion, vector boson fusion, and associated production 

with a W or Z boson. These channels are critical for testing the 

Higgs boson’s interactions with other particles at the quantum 

level. 

In terms of decay channels, experiments have confirmed 

several key modes predicted by the Standard Model, including 

Higgs decay to pairs of photons (\(H \rightarrow 

\gamma\gamma\)), W bosons (\(H \rightarrow WW\)), Z 

bosons (\(H \rightarrow ZZ\)), and tau leptons (\(H \rightarrow 

\tau^+\tau^-\)) (Aad et al., 2015). These results have been 

consistent with Standard Model predictions, although rare 

decays, such as the Higgs decaying into a pair of muons, are 

actively being studied. The observation of such rare decays 

provides additional tests of the Standard Model, as deviations 

could hint at the presence of new physics. 

4.3 Run 1 and Run 2 Results from the LHC 

The LHC’s first two major data collection periods, known 

as Run 1 (2010–2012) and Run 2 (2015–2018), have been 

pivotal in characterizing the Higgs boson. During Run 1, the 

discovery of the Higgs boson was made, and its mass and 

basic properties were established. In Run 2, with increased 

collision energy and luminosity, more precise measurements 

were obtained, and additional Higgs boson production and 

decay channels were observed. 

Run 2 significantly improved the precision of 

measurements related to Higgs boson properties, such as its 

mass, spin, and parity (Sirunyan et al., 2018). These 

experiments confirmed that the Higgs boson has zero spin and 

even parity, as expected in the Standard Model (Aad et al., 

2016). Additionally, Run 2 data allowed for the first 

observation of Higgs boson production in association with a 

pair of top quarks (\(t\bar{t}H\)), providing important 

information on the Higgs-top quark coupling.  

4.4 Future Prospects: High-Luminosity LHC and Beyond 

Looking forward, the High-Luminosity Large Hadron 

Collider (HL-LHC), scheduled to begin operation in the 

2030s, is expected to significantly increase the precision of 

Higgs boson measurements. Cepeda et al. (2019) pointed out 

that the HL-LHC will collect about 10 times more data than 

the current LHC, allowing for detailed exploration of rare 

Higgs decays and potential deviations from Standard Model 

predictions. This additional data could help resolve some of 

the remaining uncertainties in Higgs boson research, such as 

the precise values of its self-coupling and its role in 

electroweak symmetry breaking.  

Other future experiments, such as proposed electron-

positron colliders like the Future Circular Collider (FCC) or 

the International Linear Collider (ILC), are designed to 

provide even more precise measurements of the Higgs boson’s 

properties. Benedikt et al. (2019) summarized that these 

experiments would complement the LHC’s results and probe 

the Higgs boson’s couplings with unprecedented accuracy, 
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offering the potential to discover new physics beyond the 

Standard Model.  

4.5 Search for Higgs Boson Extensions and Rare Decays 

Ongoing experimental research also seeks to explore 

potential extensions of the Higgs sector, such as the possibility 

of multiple Higgs bosons, as predicted by some BSM theories 

like supersymmetry (SUSY) or Two-Higgs-doublet models 

(Branco et al., 2012). So far, no evidence has been found for 

additional Higgs bosons, but future experiments may be able 

to probe this more deeply. 

Additionally, the search for rare decays of the Higgs 

boson, such as decays into invisible particles (which could 

indicate interactions with dark matter) or into exotic particles 

predicted by BSM theories, is an active area of research 

(Arcadi et al., 2017). The observation of such decays would 

have profound implications for particle physics and 

cosmology.  

Experimental advances since the discovery of the Higgs 

boson have greatly expanded our understanding of its 

properties and its role in particle physics. The LHC’s precision 

measurements of the Higgs boson’s mass, couplings, and 

decay channels have confirmed many Standard Model 

predictions, but ongoing experiments continue to search for 

deviations that could reveal new physics. With future upgrades 

to the LHC and the potential development of new colliders, 

the study of the Higgs boson remains a central focus of 

particle physics research, with the potential to unlock deeper 

insights into the nature of matter, energy, and the universe. 

V. HIGGS BOSON AND COSMOLOGY 

The discovery of the Higgs boson has not only completed 

the Standard Model of particle physics but has also opened up 

intriguing avenues for understanding the universe’s origins 

and its large-scale structure. The Higgs boson plays a key role 

in cosmology, particularly in early universe physics, 

inflationary models, and the stability of the universe. In this 

section, we explore how the Higgs boson influences 

cosmological phenomena, focusing on its implications for 

inflation, vacuum stability, and its potential connection to dark 

matter. 

5.1 Higgs Boson and Cosmic Inflation 

One of the most significant roles the Higgs boson may 

play in cosmology is through its connection to cosmic 

inflation, the period of rapid expansion that occurred shortly 

after the Big Bang. In inflationary models, a scalar field called 

the "inflaton" is responsible for this exponential expansion. 

Some models propose that the Higgs field itself could act as 

the inflaton, making it directly responsible for the universe’s 

inflationary phase (Bezrukov & Shaposhnikov, 2008). 

In these models, known as "Higgs inflation," the potential 

energy of the Higgs field drives inflation, smoothing out the 

universe and explaining the homogeneity and isotropy 

observed in the cosmic microwave background (CMB). 

However, Planck Collaboration (2020) pointed out that the 

Higgs field to function as the inflaton must interact with 

gravity in a specific, non-minimal way, which has led to 

ongoing theoretical and experimental investigations. Although 

the current data from the Planck satellite on the CMB does not 

rule out the possibility of Higgs inflation, further precision 

measurements are required to confirm or refute this scenario.  

5.2 Vacuum Stability and the Fate of the Universe 

Another major cosmological implication of the Higgs 

boson is its potential influence on the long-term stability of the 

universe. Current measurements of the Higgs boson mass (\( 

\sim 125 \) GeV/c²) and the top quark mass suggest that the 

universe may exist in a metastable vacuum state rather than a 

true vacuum (Buttazzo et al., 2013). In such a scenario, 

quantum fluctuations could one day trigger a phase transition, 

causing the universe to decay into a lower-energy vacuum 

state, an event referred to as vacuum decay. 

The stability of the vacuum depends critically on the 

precise values of the Higgs boson mass, the top quark mass, 

and their interactions. If the universe is indeed in a metastable 

state, it would remain stable for many billions of years, but the 

possibility of future instability raises profound questions about 

the ultimate fate of the universe (Degrassi et al., 2012). These 

issues are being explored in both theoretical models and 

experimental measurements, particularly as more precise data 

on the Higgs boson’s properties become available from the 

LHC.  

5.3 Higgs Boson as a Portal to Dark Matter 

Arcadi et al. (2017) stated that one of the most exciting 

potential roles for the Higgs boson in cosmology is its 

connection to dark matter. Dark matter, which makes up 

approximately 27% of the universe’s energy density, remains 

one of the greatest mysteries in modern physics. The Higgs 

boson may act as a “portal” between the visible universe and 

dark matter, allowing for interactions between ordinary matter 

and dark matter particles.  

In many theoretical models, dark matter interacts with the 

Standard Model particles through the Higgs field. This type of 

interaction is often referred to as the "Higgs portal." If such 

interactions exist, they could manifest in the form of invisible 

decays of the Higgs boson into dark matter particles. 

Experiments at the LHC are actively searching for evidence of 

these invisible decays, but so far, no direct detection has been 

made (Sirunyan et al., 2019). 

In addition, the Higgs portal could provide clues about the 

mass and other properties of dark matter particles, potentially 

narrowing the range of candidates for dark matter. While 

experimental searches continue, the Higgs boson’s potential 

role in dark matter interactions remains a key focus in both 

particle physics and cosmology. 

5.4 Electroweak Baryogenesis and Matter-Antimatter 

Asymmetry 

Another critical area where the Higgs boson may 

contribute to cosmology is in explaining the observed matter-

antimatter asymmetry in the universe. According to the 

Standard Model, the Big Bang should have produced equal 

amounts of matter and antimatter. However, the universe 

today is overwhelmingly composed of matter, with very little 



International Journal of Multidisciplinary Research and Publications 
 ISSN (Online): 2581-6187 

 

 

109 

 
Halah Almayil Mawloud Alkalami, “Advances in Particle Physics: Exploration of Higgs Boson Research and Discoveries,” International 

Journal of Multidisciplinary Research and Publications (IJMRAP), Volume 7, Issue 8, pp. 105-111, 2025. 

antimatter. This discrepancy, known as baryogenesis, is a 

major unsolved problem in cosmology. 

One possible solution is electroweak baryogenesis, a 

process that could have occurred during the electroweak phase 

transition, when the Higgs field acquired a non-zero vacuum 

expectation value and symmetry breaking occurred (Morrissey 

& Ramsey-Musolf, 2012). However, for this mechanism to 

work, the phase transition must be first-order, which requires 

extensions to the Standard Model, such as additional scalar 

fields or modified Higgs potential terms.  

Some BSM theories propose modifications to the Higgs 

sector that allow for a first-order electroweak phase transition, 

potentially explaining the matter-antimatter asymmetry. 

Ongoing experimental efforts aim to detect signatures of such 

phase transitions in gravitational wave observatories and in 

future particle collider experiments, offering a tantalizing 

connection between the Higgs boson and one of the deepest 

mysteries of cosmology. 

The Higgs boson’s implications for cosmology are 

profound, influencing our understanding of the universe's 

inflationary past, its stability, the nature of dark matter, and 

the matter-antimatter asymmetry. While experimental and 

theoretical research continues to probe these connections, the 

Higgs boson stands at the intersection of particle physics and 

cosmology, potentially offering key insights into the 

fundamental structure of the universe. Future experiments, 

including those at the LHC and beyond, will be critical in 

unraveling these cosmic mysteries and determining the full 

extent of the Higgs boson’s role in shaping the universe. 

VI. CHALLENGES AND OPEN QUESTIONS 

Despite the significant progress in understanding the Higgs 

boson since its discovery, several challenges and open 

questions remain. These questions not only test the limits of 

the Standard Model but also drive ongoing experimental and 

theoretical research in particle physics. In this section, we 

explore some of the key challenges and unresolved issues 

related to the Higgs boson and their implications for future 

research. 

6.1 The Hierarchy Problem 

One of the most prominent theoretical challenges related to 

the Higgs boson is the hierarchy problem. The observed mass 

of the Higgs boson (approximately 125 GeV) is much lower 

than expected based on quantum corrections arising from 

interactions with other particles. Without additional 

mechanisms to cancel these corrections, the natural mass of 

the Higgs boson should be many orders of magnitude higher, 

close to the Planck scale (~\(10^{19}\) GeV) (Giudice, 2013). 

This discrepancy suggests that the Standard Model is 

incomplete and that new physics may be required to resolve 

the hierarchy problem. Various theories have been proposed to 

address this issue, including supersymmetry (SUSY), 

composite Higgs models, and extra-dimensional theories 

(Giudice, 2013). However, no direct experimental evidence 

for these solutions has been found, particularly with the 

absence of SUSY particles in LHC data, leaving the hierarchy 

problem as an open question in the field.  

6.2 Higgs Self-Coupling and the Electroweak Phase 

Transition 

The precise measurement of the Higgs boson’s self-

coupling is another major challenge. This coupling is critical 

for understanding the shape of the Higgs potential and plays a 

fundamental role in electroweak symmetry breaking (Grojean 

& Servant, 2007). In particular, the Higgs self-coupling is 

essential for probing the dynamics of the electroweak phase 

transition, which is relevant to theories of baryogenesis and 

the matter-antimatter asymmetry in the universe.  

While the LHC has provided indirect constraints on the 

Higgs self-coupling, these measurements are not yet precise 

enough to draw definitive conclusions (Cepeda et al., 2019). 

Future experiments, such as the High-Luminosity LHC (HL-

LHC) and proposed future colliders like the International 

Linear Collider (ILC), are expected to improve the precision 

of these measurements. However, for now, the exact nature of 

the Higgs potential and its role in early universe cosmology 

remains an open question.  

6.3 Vacuum Stability and the Fate of the Universe 

As discussed in previous sections, the mass of the Higgs 

boson and the top quark suggest that the universe may exist in 

a metastable vacuum state, which could eventually decay into 

a true vacuum through quantum tunneling (Buttazzo et al., 

2013). The question of vacuum stability is closely tied to the 

exact values of the Higgs and top quark masses, as well as 

their interactions at high energies. 

If the universe is indeed metastable, this would have 

profound implications for its long-term fate. However, the 

precise conditions for such a decay remain uncertain, and 

more accurate measurements of the Higgs boson’s properties, 

particularly at higher energies, are needed to resolve this issue 

(Degrassi et al., 2012). Additionally, understanding the 

stability of the Higgs vacuum may require input from new 

physics beyond the Standard Model, which could modify the 

behavior of the Higgs potential at high energies.  

6.4 The Search for New Physics Beyond the Standard Model 

While the Higgs boson’s discovery was a triumph for the 

Standard Model, it has also highlighted the limitations of the 

theory. The Standard Model does not account for several 

important phenomena, including dark matter, dark energy, and 

neutrino masses. The Higgs boson could provide a window 

into physics beyond the Standard Model (BSM), but so far, no 

clear signs of new physics have emerged from LHC 

experiments. 

Several theoretical frameworks have been proposed that 

extend the Higgs sector or introduce new particles and forces. 

These include supersymmetry, two-Higgs-doublet models 

(2HDMs), and Higgs portal models that link the Higgs boson 

to dark matter (Arcadi et al., 2017). However, none of these 

models have been confirmed experimentally, and the search 

for BSM physics remains one of the most significant open 

challenges in particle physics. 

Benedikt et al. (2019) summarized that ongoing and future 

collider experiments, such as the HL-LHC and proposed 

electron-positron colliders, will continue to search for 
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deviations from Standard Model predictions and for evidence 

of new particles or interactions. The discovery of new physics 

related to the Higgs boson would have far-reaching 

implications, potentially resolving many of the outstanding 

questions in both particle physics and cosmology.  

6.5 The Role of the Higgs Boson in Cosmology 

The Higgs boson’s role in the early universe remains an 

open question with significant implications for cosmology. As 

discussed earlier, the Higgs field could have been involved in 

cosmic inflation or in the electroweak phase transition, both of 

which are critical for understanding the universe’s evolution. 

However, the precise mechanisms by which the Higgs field 

might have influenced these processes are not yet fully 

understood. 

One major question is whether the Higgs boson played a 

role in generating the matter-antimatter asymmetry through 

electroweak baryogenesis (Morrissey & Ramsey-Musolf, 

2012). For this mechanism to work, the electroweak phase 

transition would need to be first-order, which is not the case in 

the Standard Model. Extensions to the Higgs sector, such as 

the introduction of additional scalar fields, could allow for a 

first-order phase transition, but experimental evidence for 

these scenarios is still lacking.  

Additionally, the Higgs boson could serve as a “portal” to 

dark matter, with some theories suggesting that dark matter 

interacts with ordinary matter through the Higgs field (Arcadi 

et al., 2017). While experimental searches for Higgs-mediated 

dark matter interactions have not yet yielded positive results, 

this remains an important area of research with significant 

cosmological implications.  

The discovery of the Higgs boson was a monumental 

achievement, but it has also raised several deep questions that 

challenge our current understanding of fundamental physics. 

From the hierarchy problem to the nature of the Higgs 

potential, vacuum stability, and the search for new physics, 

these challenges drive ongoing experimental and theoretical 

efforts. As particle physics enters a new era of exploration, 

future experiments will be critical in addressing these open 

questions and uncovering the full implications of the Higgs 

boson for the universe. 

VII. CONCLUSION 

The discovery of the Higgs boson in 2012 marked a 

monumental achievement in particle physics, confirming the 

Standard Model’s mechanism for mass generation. However, 

this discovery has also introduced several profound challenges 

and unanswered questions, which continue to drive 

experimental and theoretical research. The precise 

measurement of the Higgs boson’s mass, couplings, and decay 

channels has validated many aspects of the Standard Model, 

but ongoing experiments are still searching for deviations that 

might signal new physics. 

Theoretical challenges, such as the hierarchy problem and 

vacuum stability, suggest that the Standard Model may be 

incomplete. Potential extensions to the Higgs sector, including 

supersymmetry, composite Higgs models, and Higgs portal 

interactions with dark matter, offer tantalizing prospects for 

solving these problems, though experimental evidence for 

such extensions has yet to emerge. Additionally, the Higgs 

boson’s role in cosmology, from cosmic inflation to the 

universe’s long-term stability, highlights its importance not 

only in particle physics but also in our understanding of the 

universe as a whole. 

Looking forward, the future of Higgs boson research 

promises to be as exciting as its discovery. The upcoming 

High-Luminosity Large Hadron Collider (HL-LHC) and 

future collider experiments are expected to provide more 

precise measurements of the Higgs boson’s properties, 

offering the potential to uncover new physics. As we continue 

to explore the Higgs boson’s full implications, its study 

remains central to advancing our knowledge of the 

fundamental forces of nature and the origins of the universe. 
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