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Abstract

The Standard Model has achieved remarkable success, yet growing
empirical and theoretical tensions point to the need for new physics
at the TeV scale. As collider experiments enter a precision era, even
small deviations from Standard Model predictions can provide cru-
cial clues about the underlying structure of fundamental interactions.
This thesis explores these possibilities through both model-dependent
studies and the effective field theory approach. Multi-Higgs produc-
tion is used to probe extended scalar sectors, offering insight into
the nature of electroweak symmetry breaking and the dynamics of
possible phase transitions. Electroweak-scale triplet models are exam-
ined through collider signatures and flavour constraints, presenting a
realistic mechanism for radiative neutrino mass generation. In the top-
quark sector, momentum-dependent width effects are implemented
in a gauge-consistent way, leading to more accurate predictions for
SMEFT constraints. To address the challenge of high-multiplicity final
states, machine learning techniques, including graph neural networks,
are applied to identify hidden correlations and enhance signal sensi-
tivity. Together, these studies sharpen existing bounds and provide
complementary strategies to guide future experimental efforts at the
High-Luminosity LHC and beyond.
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Chapter 1.

Introduction

“Somewhere, something incredible is waiting to be known.”
— Carl Sagan

The Standard Model (SM) of particle physics stands as one of the most successful and
predictive frameworks in all of science. By unifying electroweak and strong interac-
tions within a single quantum field theory, it has withstood decades of experimental
scrutiny. Its crowning achievement came in 2012, when the ATLAS [10] and CMS [11]
collaborations observed a 125 GeV Higgs boson, completing the SM particle spectrum
and confirming the mechanism of electroweak symmetry breaking. That discovery,
however, also marked a turning point: the SM seemed complete, but new questions
were left unanswered. Why has no further structure emerged at accessible energies?

Over the past decade, the Large Hadron Collider (LHC) has extended experimental
sensitivity into the multi-TeV regime, steadily improving precision measurements
and setting stringent bounds on possible deviations from SM predictions. As Run 3
proceeds and the High-Luminosity LHC (HL-LHC) approaches, the field finds itself in
a moment of quiet tension: the SM works, but it is not enough. Meanwhile, talks and
studies for next-generation colliders are already underway, promising even greater
reach in Higgs physics, top quark studies, and rare processes.

The theory community has responded with a diverse set of tools. Concrete exten-
sions of the SM, including supersymmetry, extra dimensions, and extended Higgs
sectors, are complemented by model-independent frameworks such as effective field
theories (EFTs). On the experimental side, the growing volume and complexity of
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2 Introduction

LHC data have spurred the adoption of advanced statistical techniques and machine
learning, including applications that extend well beyond simple classification. In this
evolving landscape, channels involving multiple Higgs bosons, exotic resonances,
flavour anomalies, and final states with top quarks stand out as especially rich with
discovery potential.

This thesis explores several such avenues. It brings together model-specific and
model-independent approaches, aiming both to characterise how concrete scenarios
of new physics affect collider observables and to build flexible tools that enhance the
sensitivity of present and future searches.

The structure is as follows: Chapter 2 provides a brief but comprehensive review
of the SM Lagrangian, and its benchmark successes in Higgs and flavour physics.
The theory’s limitations are also discussed, setting the stage for extensions beyond
the Standard Model (BSM). Chapter 3 explores the sensitivity of multi-Higgs produc-
tion channels to extended scalar sectors. Weak-boson-fusion di-Higgs production is
mapped via coupling modifiers across different UV scenarios, while gluon-fusion triple
Higgs production is shown to be linked to early universe phenomenology, particularly
with the electroweak phase transition. In Chapter 4, the Type-II Seesaw Mechanism is
revisited as a motivated explanation for neutrino masses. Collider signatures of the
scalar triplet are contrasted with bounds from charged lepton flavour violation. Gauge-
invariant dimension-six deformations are shown to open up viable electroweak-scale
parameter space, placing the model within HL-LHC reach. Chapter 5 investigates the
role of momentum-dependent widths of unstable particles in precision lineshape mea-
surements. A gauge-consistent treatment shows that the top invariant-mass lineshape
can be sensitive to new physics effects affecting the momentum-dependent widths
and propagators. The resulting constraints on new physics are competitive with global
fits and are projected to improve significantly at future muon colliders. Chapter 6
introduces machine learning into the mix. A graph neural network classifier is trained
to isolate the four-top final state in same-sign dilepton and trilepton channels. This
approach offers improved sensitivity to both contact operators and resonant exten-
sions compared to traditional cut-based analyses. Finally, Chapter 7 gathers the main
insights, summarises the tools and strategies developed throughout the thesis, and
outlines possible directions for future work.



Chapter 2.

Theoretical Foundations for Standard
Model and Beyond

“We have this incredible model that explains so much of physics... and yet
we know it’s not the whole story.”

— David Gross, Nobel Lecture 2004

The Standard Model (SM) of particle physics is widely regarded as one of the crowning
achievements of modern science. It summarises the present understanding of the fun-
damental constituents of matter and the interactions that bind them: electromagnetic,
weak and strong, while excluding gravity. Formulated as a renormalisable quantum
field theory invariant under the gauge group

GSM = SU(3)C× SU(2)L×U(1)Y, (2.1)

the SM embeds quantum chromodynamics (QCD) [12–14] and the Glashow–Weinberg–
Salam electroweak theory [15–17] into a single coherent framework that has been
scrutinised with remarkable precision at energy scales ranging from a few GeV to
multiple TeV.

At its core, the SM rests on several deep theoretical principles: local gauge invari-
ance [18]; the chiral nature of weak interactions; spontaneous symmetry breaking via
the Higgs mechanism [19–21]; and the consistency conditions imposed by renormalis-
ability [22], anomaly cancellation [23] and unitarity [24]. This structure enables highly
accurate predictions for both collider and low-energy observables, many of which
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4 Theoretical Foundations for Standard Model and Beyond

have been confirmed to per-mille accuracy by data from LEP, the Tevatron and the
LHC [25].

Despite its empirical success, the SM is manifestly incomplete. Among the open
puzzles are the radiative instability of the Higgs mass (the hierarchy problem [26, 27]),
the origin of non-zero neutrino masses and mixings [28, 29], the absence of a viable
dark-matter candidate [30], and the strong-CP problem [31]. Moreover, the SM offers
no explanation for the observed baryon asymmetry [32] of the Universe and does not
incorporate gravity at the quantum level. These shortcomings point compellingly
towards physics beyond the Standard Model (BSM) at higher scales.

The goal of this chapter is twofold. First, it provides a detailed and mathemati-
cally rigorous account of the SM as a gauge theory of elementary particles.∗ Topics
covered include the gauge-symmetry structure, field content, Lagrangian formulation,
spontaneous symmetry breaking, the Higgs mechanism and renormalisability. Second,
the chapter identifies and motivates the theoretical tensions and empirical gaps that
necessitate BSM frameworks, discussing them both from the standpoint of internal
consistency and in the light of experimental evidence.

The presentation is deliberately theoretical and formal; phenomenological or ex-
perimental aspects are mentioned only where they illuminate or constrain the theory.
The discussion laid out here underpins the analyses of BSM physics developed in the
remainder of this thesis.

2.1. The Standard Model of Particle Physics

2.1.1. Local Gauge Invariance and Abelian Gauge Theories

At the heart of quantum field theory lies the principle that physical laws should respect
locality, meaning that interactions occur at definite points in spacetime and propagate
through local, causal processes. The principle of local (or gauge) invariance [36] that
generalises global symmetries (transformations that are uniform across spacetime)
to transformations whose parameters vary from point to point, underpins the full
structure of the SM. Requiring invariance under such local transformations compels the

∗For pedagogical introductions that have inspired this chapter, see, e.g., Refs. [33–35].
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introduction of gauge fields, which mediate interactions and transform to compensate
for the spacetime dependence of the symmetry parameters [18].

Consider a complex scalar field φ(x) transforming under a global U(1) symmetry,

φ(x) −→ φ′(x) = eiα φ(x), α ∈ R. (2.2)

The free scalar Lagrangian

Lfree = ∂µφ∗ ∂µφ−m2φ∗φ, (2.3)

is invariant under this global transformation. However, promoting the phase to a local
spacetime-dependent function α(x),

φ(x) −→ φ′(x) = eiα(x)φ(x), (2.4)

spoils the invariance because the derivative doesn’t transform appropriately

∂µφ(x) −→ ∂µφ′(x) = eiα(x)
[
∂µφ(x) + i(∂µα)φ(x)

]
. (2.5)

To restore invariance one introduces a vector field Aµ(x) and defines the covariant
derivative

Dµ = ∂µ − i e Aµ(x), (2.6)

with transformation laws

φ(x) −→ eiα(x)φ(x), (2.7)

Aµ(x) −→ A′µ(x) = Aµ(x)− 1
e

∂µα(x), (2.8)

so that Dµφ transforms like φ itself:

Dµφ(x) −→ eiα(x)Dµφ(x). (2.9)

The kinetic term |Dµφ|2 is therefore gauge-invariant. Gauge fields acquire their dy-
namics via the (Abelian) field-strength tensor

Fµν = − i
e
[Dµ, Dν] = ∂µ Aν − ∂ν Aµ, (2.10)
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whose square yields the gauge-invariant kinetic term

L = −1
4

FµνFµν. (2.11)

This construction generalises to non-Abelian groups such as SU(N) where gauge
fields are matrix-valued and Fµν acquires commutator terms. The Abelian U(1) case
provides the cleanest arena in which to see the gauge principle at work. This motivates
a brief review of quantum electrodynamics.

Quantum Electrodynamics

Quantum electrodynamics (QED) is the relativistic quantum field theory of electrons,
positrons, and photons. QED is realised as a U(1) gauge theory with the gauge field
Aµ representing the photon. The fermionic matter content is described by the Dirac
field ψ having an electric charge −e. Its Lagrangian reads

LQED = ψ̄ (iγµDµ −m)ψ− 1
4

FµνFµν, (2.12)

where γµ are the Dirac gamma matrices satisfying the Clifford algebra {γµ, γν} = 2gµν,
and the Dirac adjoint ψ̄ = ψ†γ0. The covariant derivative is described as Dµ =

∂µ + i e Aµ and Fµν retains the Abelian form above. The interaction term ψ̄γµ Aµψ from
the covariant derivative follows directly from gauge invariance.

In gauge theories, different field configurations related by a gauge transforma-
tion describe the same physical situation, meaning the mathematical description has
more variables than physical degrees of freedom. Because gauge symmetry embod-
ies a redundancy of description, one must impose a gauge-fixing condition before
quantisation. A common choice is the Lorentz gauge

∂µ Aµ = 0, (2.13)

which can be implemented in the path-integral formalism via the Faddeev–Popov
procedure [37], introducing a determinant factor ensuring that each physical config-
uration is counted exactly once [38, 39]. However, the Faddeev–Popov determinant
is field-independent and reduces to an overall constant in the path integral. It can
therefore be omitted without affecting the dynamics.
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Perturbative QED is renormalisable, enabling a systematic loop expansion in the
fine-structure constant α = e2/(4π) ' 1/137, as measured at low energies. Higher-
order corrections account for such precision observables as the Lamb shift [40] and the
electron’s anomalous magnetic moment, for which theory and experiment now agree
to better than one part in 1010 [41]. The theory also provides quantitatively accurate
descriptions of processes like Compton scattering and e+e− annihilation, making QED
the benchmark against which other quantum field theories are tested.

2.1.2. Non-Abelian Gauge Theories: Yang–Mills

A Yang–Mills theory is a non-Abelian generalisation of the gauge principle described
in the previous section for the Abelian U(1), formulated for a compact Lie group G [18],
associated with a Lie algebra whose generators Ta obey the commutation relations

[Ta, Tb] = i f abc Tc, (2.14)

where f abc is the structure constant of the gauge group satisfying the Jacobi identity,

f abe f cde + f bce f ade + f cae f bde = 0, (2.15)

which ensures the consistency of the Lie algebra and the closure of the gauge symmetry
under commutation. These relations encode the non-commutative structure of the
gauge symmetry and are responsible for the gauge self-interactions. Consider generic
matter fields φ(x) transforming in a representation R of G, which transform as

φ(x) −→ UR(x) φ(x), UR(x) = exp
(
i αa(x) Ta

R
)
∈ R[G], (2.16)

where Ta
R are the generators of the Lie algebra in the representation R. One restores

covariance by introducing the matrix-valued gauge connection

Aµ(x) = Aa
µ(x) Ta

R with Dµ = ∂µ − i g Aµ(x). (2.17)

Under a local transformation UR(x), the gauge field transforms as

Aµ −→ UR Aµ U†
R −

i
g
(∂µUR)U†

R, (2.18)
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so that Dµφ 7→ UR Dµφ, and the matter kinetic term remains gauge-invariant. The
curvature (field-strength) tensor generalises that of QED,

Fµν =
i
g
[Dµ, Dν] = ∂µAν − ∂νAµ + i g[Aµ, Aν] = Fa

µνTa
R, (2.19)

with components

Fa
µν = ∂µ Aa

ν − ∂ν Aa
µ + g f abc Ab

µ Ac
ν. (2.20)

The Yang-Mills gauge sector is described by

LYM
gauge = −

1
4

Fa
µνFµνa, (2.21)

whose commutator term generates three- and four-boson self-interactions. Matter
fields, e.g., dirac fermions ψ can then couple to the gauge fields, in representation R as,

Lfermion = ψ̄
(
iγµDµ −m

)
ψ, with Dµ = ∂µ − i g Aa

µTa
R. (2.22)

Quantisation of non-Abelian gauge theories necessitates gauge fixing, and in the
path-integral formalism, the Faddeev–Popov procedure [37] introduces ghost fields
to preserve unitarity and renormalisability. Gauge-boson self-interactions render the
one-loop β-function negative in certain cases, depending on the gauge group and the
number of light fermion species. This leads to asymptotic freedom [42, 43] in theories
like SU(3)C with sufficiently few fermion flavours. In the infrared, the gauge coupling
grows, and the theory is believed to exhibit confinement, particularly in pure Yang–Mills
theories, where only gauge-invariant states appear in the physical spectrum. While
perturbative renormalisability ensures consistency at high energies, non-perturbative
features [44] such as confinement and mass gaps remain central to ongoing research.

With the formal machinery in place, one can now specialise to the two Yang-Mills
sectors of the Standard Model: quantum chromodynamics, based on SU(3)C, and
the electroweak SU(2)L×U(1)Y gauge symmetry, the latter broken via the Higgs
mechanism.
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2.1.3. The Standard Model as a Non-Abelian Gauge Theory

The SM is a gauge theory built on the group GSM = SU(3)C× SU(2)L×U(1)Y, de-
scribing the strong, weak, and electromagnetic interactions in a unified framework.
Each factor in this product corresponds to a local symmetry with its own set of gauge
fields and associated coupling constant. The non-Abelian nature of SU(3)C and
SU(2)L gives rise to self-interactions among the corresponding gauge bosons, while
the Abelian U(1)Y does not involve such terms.

The SU(3)C sector corresponds to quantum chromodynamics (QCD), the theory
of strong interactions. It is mediated by eight gluon fields GA

µ , associated with the
generators TA in the adjoint representation of the colour gauge group. The field
strength tensor takes the form

GA
µν = ∂µGA

ν − ∂νGA
µ + gs f ABCGB

µ GC
ν , (2.23)

where A = 1, . . . , 8 is the SU(3)C adjoint index, gs is the strong coupling constant and
f ABC are the structure constants of SU(3). The presence of the last term, quadratic in
the gauge fields, leads to gluon self-interactions.

The electroweak sector is described by an SU(2)L×U(1)Y gauge theory, with
gauge fields Wa

µ and Bµ, respectively. The SU(2)L field strength tensor is similarly
given by

Wa
µν = ∂µWa

ν − ∂νWa
µ + gεabcWb

µWc
ν , (2.24)

where a = 1, 2, 3 is the SU(2)L adjoint index, g is the SU(2)L coupling constant and
εabc are the structure constants of SU(2). The U(1)Y field strength is simply

Bµν = ∂µBν − ∂νBµ, (2.25)

as expected for an Abelian gauge field, with the gauge coupling given by g′. The
gauge sector of the SM Lagrangian consists of the kinetic terms for these gauge fields:

Lgauge = −
1
4

GA
µνGµνA − 1

4
Wa

µνWµνa − 1
4

BµνBµν. (2.26)

At this stage, all gauge fields are massless, and their interactions are entirely deter-
mined by the gauge symmetry and the structure of the field strength tensors.
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Field Spinor content (SU(3)C, SU(2)L, U(1)Y)

QL

(
uL

dL

)
(3, 2, 1

6)

uR uR (3, 1, 2
3)

dR dR (3, 1,−1
3)

LL

(
νL

eL

)
(1, 2,−1

2)

eR eR (1, 1,−1)

Table 2.1.: Fermionic field content of one SM generation and their corresponding gauge charges
under the SM gauge group [49, 50].

Fermionic matter fields in the SM are organised into three generations, each con-
sisting of identical gauge representations but differing in mass and flavour quantum
numbers. The theory is chiral: the fermions’ left- and right-handed components trans-
form differently under SU(2)L. Left-handed fields appear in weak isospin doublets,
while right-handed fields are singlets. Quarks carry colour charge and thus transform
as triplets under SU(3)C, while leptons are colour singlets. The gauge quantum num-
bers of the fermionic fields in a single generation are summarised in Table 2.1. As
one can notice, right-handed neutrinos are absent from the minimal SM; many well-
motivated extensions introduce a gauge-singlet field νR∼ (1, 1, 0), which permits Dirac
masses and, through the Type-I Seesaw, naturally small Majorana masses [45–48].

The interactions between fermions and gauge fields are introduced via the covariant
derivative [35],

Dµ = ∂µ − igsGA
µ TA − igWa

µTa − ig′BµY. (2.27)

Here, capital indices A = 1, . . . , 8 label the eight gluon fields associated with the
generators TA of SU(3)C, while lowercase indices a = 1, 2, 3 label the weak gauge
bosons Wa

µ and the generators Ta = τa/2 of SU(2)L (here τa represent the 2× 2 Pauli
matrices). The Abelian gauge field Bµ has an associated hypercharge Y. The covariant
derivative acts appropriately depending on the gauge representations of each field.
The fermionic kinetic terms are then given by

Lfermion = ∑
ψ

ψ̄iγµDµψ, (2.28)
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where the sum runs over all fermionic matter fields. This form ensures gauge invari-
ance and leads to the characteristic interaction vertices of the SM.

It is important to note that, at this stage, no explicit mass terms for either the gauge
bosons or fermions appear in the Lagrangian. This omission is a direct consequence of
the requirement of gauge invariance. For instance, a mass term for a gauge boson of
the form

Lmass
gauge =

1
2

m2Aµ Aµ (2.29)

is not invariant under the non-Abelian transformations for SU(2)L and SU(3)C gauge
fields. As a result, such terms are forbidden in a gauge-invariant theory. Similarly,
fermion mass terms of the form

Lmass
fermion = −m f ψ̄ψ = −m f (ψ̄LψR + ψ̄RψL), (2.30)

explicitly couple left- and right-handed components of the fermion field. In the SM,
however, ψL and ψR transform differently under SU(2)L×U(1)Y: the left-handed
fermions are placed in weak doublets, while the right-handed components are singlets.
Consequently, the Dirac mass term is not invariant under the gauge group GSM and
cannot be included at this stage.

The generation of masses for both fermions and gauge bosons, while preserving
gauge invariance, is achieved dynamically through spontaneous symmetry breaking.
The formalism and implications of this will be addressed now.

Electroweak Symmetry Breaking

The principle of Electroweak Symmetry Breaking (EWSB) is built on the general
concept of spontaneous symmetry breaking (SSB). SSB refers to the phenomenon
where the ground state (vacuum) of a quantum field theory does not share the full
symmetry of its Lagrangian. In systems with global symmetries, this leads to the
appearance of massless scalar particles known as Goldstone bosons [51, 52]. For local
(gauge) symmetries, however, the associated Goldstone bosons are absorbed by gauge
fields, endowing them with mass. This is the basic principle of the famous Higgs
mechanism [19–21].
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To illustrate the idea of SSB, consider a real scalar field φ with a Lagrangian

L =
1
2
(∂µφ)(∂µφ)−V(φ), where V(φ) =

µ2

2
φ2 +

λ

4
φ4. (2.31)

For µ2 < 0, the potential develops minima at 〈φ〉 = ± v = ±
√
−µ2/λ, spontaneously

breaking the Z2 symmetry φ→ − φ.

A more physically relevant example to this end is a complex scalar field Φ with a
global U(1) symmetry:

L = (∂µΦ)∗(∂µΦ)− µ2|Φ|2 − λ|Φ|4. (2.32)

When µ2 < 0, the vacuum takes the form 〈Φ〉 = v√
2
eiθ, breaking the U(1) symmetry

spontaneously and yielding a massless Goldstone boson.

If instead the U(1) is gauged, the scalar couples to a gauge field via the covariant
derivative Dµ = ∂µ − ieAµ, and the Lagrangian becomes:

L = −1
4

FµνFµν + |DµΦ|2 −V(Φ). (2.33)

After spontaneous symmetry breaking and working in the unitary gauge, the Gold-
stone boson disappears from the spectrum, and the gauge field acquires a mass:

mA = ev. (2.34)

This is the essence of the Higgs mechanism, which provides a realisation of EWSB
in the SM. In the SM, the electroweak gauge group SU(2)L×U(1)Y is spontaneously
broken down to U(1)em when a complex scalar Higgs SU(2)L doublet Φ [53] given by

Φ =

φ+

φ0

 :
(

1, 2,
1
2

)
, (2.35)

acquires a vacuum expectation value (vev) v. Φ is defined by the Lagrangian,

LHiggs = (DµΦ)†(DµΦ)−V(Φ), (2.36)
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with the most general renormalisable potential, given by

V(Φ) = −µ2Φ†Φ + λ(Φ†Φ)2, (2.37)

with λ > 0 so that the potential is not unbounded from below, and µ2 > 0, so that the
quadratic term in the potential is negative, rendering the symmetric point 〈Φ〉 = 0
unstable; the field then rolls to a non-zero minimum, triggering SSB. The vacuum
configuration minimising this potential satisfies

∂V
∂Φ

∣∣∣∣
Φ=〈Φ〉

= 0, with 〈Φ†Φ〉 = µ2

2λ
. (2.38)

The vacuum preserves electromagnetic U(1)em but breaks the weak symmetry:

〈Φ〉 = 1√
2

0

v

 , v =

√
µ2

λ
≈ 246 GeV. (2.39)

Here, v is the Higgs vev [54]. To study fluctuations around this vacuum, the Higgs
doublet is expanded in terms of the physical degrees of freedom:

Φ(x) =

 G+

v+h(x)+iG0
√

2

 . (2.40)

Φ contains four real scalar fields (h(x), and the Goldstones G0, G± ), but after elec-
troweak symmetry breaking, all the Goldstones are "eaten" to become the longitudinal
components of the W ± and Z bosons. The remaining scalar degree of freedom h(x)
corresponds to the physical Higgs excitation as a perturbation around the vacuum.
The parameterisation in Eq. (2.40) explicitly separates the constant vev v from the
dynamical fluctuation h(x). The couplings of the physical Higgs field to gauge bosons
and fermions arise directly from this expansion.

With the covariant derivative for the Higgs doublet given by

DµΦ =

(
∂µ −

ig
2

τaWa
µ −

ig′

2
Bµ

)
Φ, (2.41)

the mass terms for the gauge bosons can be generated by looking at the kinetic term for
the Higgs field expanded around its vev (in the unitary gauge where the Goldstones
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decouple, i.e., G0,± = 0),

LΦ
kin = (DµΦ)†(DµΦ)

⊃ 1
2
(∂µh)(∂µh) +

1
8
(v + h)2

[
g2(W1

µ)
2 + g2(W2

µ)
2 + (gW3

µ − g′Bµ)
2
]

.
(2.42)

To diagonalise the mass matrix, the physical fields can be defined as

W ±
µ =

1√
2
(W1

µ ∓ iW2
µ), (2.43)Zµ

Aµ

 =

cos θW − sin θW

sin θW cos θW

W3
µ

Bµ

 , (2.44)

where the Weinberg angle θW is defined via the gauge couplings:

tan θW =
g′

g
, sin θW =

g′√
g2 + g′2

, cos θW =
g√

g2 + g′2
. (2.45)

Inserting these into Eq. (2.42) gives:

Lgauge
mass =

1
4

g2v2W+
µ W− µ +

1
8

v2(g2 + g′2)ZµZµ. (2.46)

No mass term arises for Aµ, consistent with the photon being massless. The gluons
remain massless as well, since they only couple to fields carrying non-trivial colour
charges. Thus, the physical gauge boson masses are:

MW =
1
2

gv, MZ =
1
2

√
g2 + g′2 v. (2.47)

This implies the well-known tree-level relation:

MW
MZ

= cos θW . (2.48)

This relation is a consequence of an approximate global custodial isospin symme-
try [55], arising in the SM Higgs sector in the limit where the hypercharge gauge
coupling g′ vanishes. In this limit, the scalar potential exhibits an enhanced global
SU(2)L× SU(2)R symmetry, spontaneously broken to the diagonal subgroup SU(2)V ,
known as custodial SU(2), which protects the so-called ρ parameter (defined as
ρ ≡ M2

W/M2
Z cos2 θW) from large radiative corrections.
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In this basis, the conserved electric charge operator takes its familiar form

Q = T3 +
Y
2

, (2.49)

the Gell-Mann–Nishijima [49, 50] relation that links the weak isospin T3 and hyper-
charge Y to the observed charge assignments of all SM particles. The scalar potential
can also be expanded around the vev (Eq. (2.40)),

V(h) ⊃ −µ2

2
(v + h)2 +

λ

4
(v + h)4, (2.50)

which can be expanded as

V(h) ⊃ 1
2
(2λv2)h2 + λvh3 +

λ

4
h4. (2.51)

The quadratic term gives the physical Higgs mass,

m2
h = 2λv2, (2.52)

while the cubic and quartic terms correspond to self-interactions. The physical bosonic
spectrum contains massive W ± , Z bosons, a massless photon and a massless gluon,
along with the physical Higgs boson.

Yukawa Sector and Fermion Masses The spontaneous breaking of electroweak sym-
metry enables fermion mass generation through Yukawa interactions. The most gen-
eral renormalisable Yukawa Lagrangian for SM fields is:

LYukawa = −yij
u Q̄Li

Φ̃uRj
− yij

d Q̄Li
ΦdRj

− yij
e L̄Li

ΦeRj
+ h.c., (2.53)

with QL, LL, uR, dR, eR being the fermionic fields described previously, i, j = 1, 2, 3
representing generation indices, yij

u,d,e are complex Yukawa matrices in flavour space,
and Φ̃ = iτ2Φ∗. After EWSB, expanding Φ around its vev v (Eq. (2.40)) in the unitary
gauge, the fermions acquire mass:

mij
f =

yij
f v
√

2
, f = u, d, e. (2.54)
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These mass matrices are, in general, non-diagonal and are subsequently diagonalised
to obtain the physical mass eigenstates. The Yukawa matrices, which are free pa-
rameters in the SM, reproduce the observed charged-fermion mass spectrum and
quark mixing encoded in the Cabibbo-Kobayashi-Maskawa (CKM) matrix [56, 57].
The physical spectrum contains six quarks (up, down, charm, strange, top, bottom)
and three charged leptons (electron, muon, tau), as well as their antiparticles. The
(anti)neutrinos remain massless in the minimal model due to the absence of right-
handed neutrinos, at odds with neutrino-oscillation data predicting non-zero masses.
Despite this shortcoming, the Higgs mechanism’s elegant generation of gauge-boson
and charged-fermion masses stands as one of the SM’s major successes.

Putting pieces of the jigsaw described in the section together, the following compact
expression encapsulates the full dynamics of the SM in a unified framework:

LSM = Lgauge + Lfermion + LHiggs + LYukawa. (2.55)

Quantisation

To extract physical observables from the Standard Model, one must quantise the clas-
sical Lagrangian. The path-integral formalism [58] is a manifestly Lorentz-covariant
approach and is especially convenient for gauge theories like the SM.

To start off, the generating functional for Green’s functions is

Z[J] =
∫
Dφ exp

{
iSSM[φ] + i

∫
d4x J(x) φ(x)

}
, (2.56)

where φ collects all dynamical fields and J is an auxiliary source. The action SSM[φ]

contains the full classical SM Lagrangian presented before. The generating functional
Z[J] encodes all time-ordered Green functions; functional differentiation with respect
to J yields n-point correlation functions.

The procedure is implemented by inserting a representation of unity,

1 =
∫
Dαa δ

(
Ga[Aα]

)
det
(

δGa[Aα]

δαb

)
, (2.57)

where Aaα
µ denotes the gauge-transformed field, and Ga[A] = 0 is the gauge-fixing

condition. The Jacobian of this change of variables yields the Faddeev–Popov determi-
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nant. Insertion of this identity into the path integral restricts the functional measure to
a single representative per gauge orbit,

Z =
∫
DAa

µ δ
(

Ga[A]
)

det
(

δGa[Aα]

δαb

)
eiS[A]. (2.58)

The delta-functional form is not suitable for perturbative computations, and therefore,
a Gaussian representation is adopted,

δ
(
Ga[A]

)
−→ exp

(
− i

2ξ

∫
d4x [Ga(x)]2

)
, (2.59)

introducing the familiar covariant gauge-fixing Lagrangian,

LGF = − 1
2ξ

(
∂µ Aµ

)2, (2.60)

for an Abelian field, and

LGF = − 1
2ξ

(
∂µ Aa

µ

)2, (2.61)

for a non-Abelian multiplet Aa
µ, with a common parameter ξ chosen for simplicity. In

spontaneously broken gauge theories such as the electroweak SM, the gauge-fixing
functions are generalised to include scalar fields in order to eliminate gauge–Goldstone
mixing. For instance, the Z-boson gauge-fixing function reads

G[Z] = ∂µZµ + ξZ MZG0, (2.62)

where denotes the neutral Goldstone boson. Analogous functions are introduced for
the charged gauge bosons, ensuring that the propagator matrix is diagonalised in the
gauge–Goldstone sector.

Gauge fixing introduces the Faddeev–Popov determinant, which is expressed as a
path integral over auxiliary anticommuting fields. Using the identity

det
(

δGa[Aα]

δαb

)
=
∫
Dc̄Dc exp

(
i
∫

d4x c̄a(x)
δGa[Aα(x)]

δαb(y)
cb(y)

)
, (2.63)

the determinant is exponentiated with Grassmann-valued scalars ca, c̄a, which are
the Faddeev–Popov ghost fields. For the covariant gauge choice Ga[A] = ∂µ Aa

µ, one
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obtains explicitly

δGa[Aα]

δαb = −∂µDab
µ [A], (2.64)

where Dab
µ is the gauge-covariant derivative in the adjoint representation. The ghost

Lagrangian in unbroken Yang–Mills theories is therefore

Lghost = c̄a (−∂µDab
µ

)
cb. (2.65)

After electroweak symmetry breaking, the gauge-fixing condition Ga[A, φ] depends on
scalar fields, and the ghost sector acquires mass terms as well as interactions with the
Goldstone and Higgs fields. Ghosts are Lorentz scalars but obey Fermi–Dirac statistics,
and they contribute only through loop diagrams.

The gauge-fixed action SSM +
∫

d4x
(
LGF + Lghost

)
is invariant under a global

fermionic transformation called the Becchi–Rouet–Stora–Tyutin (BRST) symmetry [59,60].
BRST invariance ensures unitarity and makes physical observables independent of
the gauge parameter. At the quantum level, it yields the Slavnov–Taylor identities, the
non-Abelian extension of Ward identities, which constrain Green functions and play a
central role in renormalisation theory [61, 62].

The effective Lagrangian employed in perturbation theory is therefore

Leff.
SM = Lgauge + Lfermion + LHiggs + LYukawa + LGF + Lghost. (2.66)

The quadratic part defines the free propagators. For example, in the Rξ gauge, a
massive gauge boson has the following propagator,

Dµν(k) =
−i

k2 −M2

[
gµν −

kµkν

k2

]
−

i ξ kµkν

(k2 − ξM2) k2 , (2.67)

which reduces to the familiar Feynman-’t Hooft form when ξ = 1. Connected Green
functions follow from

W[J] = −i ln Z[J], (2.68)
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and the one-particle-irreducible (1PI) generating functional is obtained via the Legen-
dre transform [63]

Γ[φ] = W[J] −
∫

d4x J(x) φ(x), φ(x) =
δW[J]
δJ(x)

, (2.69)

where φ(x) corresponds to the vacuum expectation value of the field in the presence
of the source J. The functional Γ[φ] plays the role of the effective action; its stationary
points yield the quantum-corrected equations of motion, and its vertices correspond
to 1PI amplitudes. Expanding the path integral in powers of the couplings yields the
perturbative series that underpins all practical SM calculations. The diagrammatic
Feynman rules for these perturbative expansions are systematically derived from the
interaction terms in the Lagrangian via Wick contractions in the interaction picture.
In modern computations, tools such as FeynRules [64] automate this derivation by
taking a user-defined Lagrangian as input and generating the corresponding Feynman
rules in a format compatible with event generators and symbolic calculators. The same
formal machinery is also employed in the various effective field theory extensions of
the SM.

Renormalisation

At the tree level, particularly in the unitary gauge, the parameters in the Lagrangian
appear to have direct physical meaning. Mass terms, for instance, correspond straight-
forwardly to the physical masses of particles. However, when quantum corrections are
included via loop diagrams, this simple interpretation no longer holds. Loop integrals
typically introduce divergences, and as a result, the bare parameters in the Lagrangian
become ill-defined without further modification.

To address this, the theory is first regularised to make divergent expressions well-
defined. One such regularisation method is dimensional regularisation [65], where
the number of spacetime dimensions is taken as d = 4− 2ε, and divergences manifest
as poles in 1/ε. A simple example is a one-loop self-energy diagram, which can be
schematically written as:

= µ2ε
∫ ddk

(2π)d
Tr[γµ(/k + m)γν(/k − /p + m)]

(k2 −m2)[(k− p)2 −m2]
, (2.70)
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where µ is the arbitrary renormalisation scale introduced so that the loop integral has
the correct mass dimension in d dimensions, and /p = γα pα. This integral diverges for
d ≥ 4, for large loop momentum k and requires renormalisation.

After regularisation, the next step is renormalisation, where the bare parameters are
redefined in terms of finite, physical (renormalised) quantities. Consider a generic
coupling g and a field φ. In d = 4− 2ε dimensions, the bare coupling must carry
mass dimension, so the renormalisation scale µ ensures that the renormalised cou-
pling remains dimensionless. The bare quantities g0 and φ0 are then related to their
renormalised counterparts gR and φR via:

g0 = µ2εZg(µ) gR = µ2ε
(

1 + δZg(µ)
)

gR, (2.71)

φ0 = Z1/2
φ (µ) φR =

(
1 +

1
2

δZφ(µ)

)
φR, (2.72)

where Zg, Zφ are the renormalisation constants, δZg, δZφ are called counterterms, and
µ is the renormalisation scale introduced in dimensional regularisation to preserve the
correct dimensions. The original Lagrangian expressed in terms of bare quantities can
then be rewritten as:

L(g0, φ0) = L(gR, φR) + Lct(gR, φR, δZg, δZφ), (2.73)

where Lct contains the counterterms. These counterterms generate Feynman rules that
cancel the divergences arising from loop diagrams.

In dimensional regularisation, divergences typically show up as:

∆ =
1
ε
+ log(4π)− γE +O(ε), (2.74)

where γE is the Euler–Mascheroni constant. Subtraction schemes differ in how they
handle this divergence:

• The on-shell scheme imposes renormalisation conditions such that the propaga-
tors have poles at physical masses and residues equal to i.

• The Minimal Subtraction (MS) scheme removes only the 1/ε pole.

• The Modified Minimal Subtraction (MS) scheme removes the entire ∆ term [66].
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A theory is renormalisable if all ultraviolet divergences can be absorbed into a finite
number of parameters and field redefinitions. The SM satisfies this criterion. In such
cases, a finite set of experimental measurements is sufficient to determine the theory’s
free parameters and make finite predictions.

The power-counting technique [67] allows one to determine whether a theory
is renormalisable by evaluating the superficial degree of divergence D of a Feynman
diagram. For a diagram with E f external fermion lines, Eφ scalar lines, EV vector lines,
and vertex couplings with mass-dimension [gv], the degree of divergence is:

D = 4− 3
2

E f − Eφ − EV −∑
v
[gv]. (2.75)

If any [gv] < 0, then D can become arbitrarily large with increasing loop order,
and an infinite number of divergent diagrams may appear. Such theories are termed
non-renormalisable. A well-known example is the four-fermion interaction in Fermi’s
theory,

LFermi = −
GF√

2
(ψ̄γµψ)(ψ̄γµψ), (2.76)

where GF represents the Fermi constant, which is a coupling with mass-dimension of
[GF] = −2. These theories formally require an infinite number of counterterms but can
still yield valid predictions when interpreted as effective field theories, valid below a
certain energy scale.

2.1.4. The facets and the successes of the SM

With the formal machinery now in place, one can and should now ask how the SM
stands up to real measurements. Three lines of evidence will guide the discussion.
First come the precision tests and predictive power, where an abundance of accurately
measured observables lets us chase down loop effects and box in possible new physics.
Next is Higgs physics: the 2012 discovery of the scalar resonance that rounds out the
particle roster, and whose properties give us a direct view of electroweak symmetry
breaking. Finally, flavour physics, where the subtle pattern of quark and lepton mixing
still supplies some of the tightest constraints on physics beyond the SM.

Though they may seem like separate chapters, these themes weave together: gauge
symmetry sets the stage for precision tests, the Higgs completes the story of symmetry
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breaking, and flavour exposes the model’s internal scaffolding, thus showing both the
coherence of the theory and the variety of ways in which it is put to the test. At the
same time, certain theoretical constraints, most notably the requirement of perturbative
unitarity in high-energy scattering, lead to the necessity of including key elements
such as the Higgs boson and indicate the energy scales at which new physics would
be required for the SM to remain consistent. A closer examination of perturbative
unitarity now follows, as its constraints anticipate several of the structural features
that are built into the SM.

Perturbative Unitarity in the SM

Perturbative unitarity [24, 68, 69] provides a key consistency requirement in quantum
field theory. It restricts the energy dependence of scattering amplitudes and often
indicates the scale at which new physics must emerge. The condition follows from
the unitarity of the S-matrix, which relates the initial and final states in a scattering
process:

S†S = 1. (2.77)

Writing S = 1 + iT leads to the identity

−i(T − T†) = T†T. (2.78)

Taking the forward matrix element between asymptotic states |i〉 gives the optical
theorem [70]:

ImMii =
1
2 ∑

X

∫
dLIPS (2π)4δ4(pi − pX) |Mi→X|2, (2.79)

whereMi→X is the amplitude for scattering into any allowed intermediate state X,
and dLIPS denotes the Lorentz-invariant phase space.

For 2→ 2 scattering in the centre-of-mass frame, the amplitude may be expanded
in partial waves labelled by total angular momentum J:

M(s, θ) = 16π
∞

∑
J=0

(2J + 1) aJ(s) PJ(cos θ), (2.80)
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with aJ(s) the partial wave amplitudes and PJ the Legendre polynomials. The inverse
relation is

aJ(s) =
1

32π

∫ 1

−1
d cos θ PJ(cos θ)M(s, θ). (2.81)

Unitarity then requires that, for elastic scattering,

Im(aJ) ≥ |aJ |2. (2.82)

This confines aJ to lie within the Argand circle of radius 1/2 centred at (0, 1/2) in the
complex plane. In particular, the real part must satisfy the model-independent bound

|Re(aJ)| ≤
1
2

. (2.83)

For processes involving spin, the more general Jacob–Wick formalism [68] extends
the partial wave expansion to helicity amplitudes, by projecting onto states of definite
angular momentum and helicities λi. The amplitude can then be written as

Mλ3λ4;λ1λ2
(s, θ, φ) = 8π ∑

J
(2J + 1) dJ

λ,λ′
(θ) ei(λ−λ′)φ T J

λ3λ4;λ1λ2
(s), (2.84)

where λ = λ1 − λ2, λ′ = λ3 − λ4, and the dJ
λ,λ′

(θ) are Wigner d-matrices. The

quantities T J are the partial wave helicity amplitudes. Unitarity then implies

Im T J = T J†T J , (2.85)

and for elastic scattering simplifies to

|Re T J
λ3λ4;λ1λ2

| ≤ 1
2

. (2.86)

This allows unitarity constraints to be applied channel by channel, while keeping track
of spin and angular momentum.

A classic example is provided by Fermi’s four-fermion theory of weak interactions:

LFermi = −
GF√

2
(ψ̄γµψ)(ψ̄γµψ), (2.87)
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with GF the Fermi constant. This yields amplitudes that grow with centre-of-mass
energy asM∼GFs, violating the unitarity bound for

√
s & 300 GeV. This signals the

breakdown of the effective theory and the need for a UV completion. The discovery of
the W boson provided exactly that, restoring unitarity through propagator suppression
at high energies.

One of the most striking cases involves the scattering of longitudinally polarised
vector bosons. The longitudinal polarisation vectors scale as ε

µ
L∼ pµ/M at high

energies, so the amplitude increases with energy. In the process W+
L W−L →W+

L W−L , the
amplitude receives contributions from gauge interactions, Goldstone boson exchange,
and Higgs exchange. If the Higgs contribution is omitted, the amplitude grows as
M∼ E2/v2, eventually exceeding the unitarity limit. This can be made precise by
computing the J = 0 partial wave:

a0 =
1

32π

∫ 1

−1
d cos θM(s, θ). (2.88)

For longitudinal W+W− scattering at high energy, the leading term behaves as

a0∼
s

16πv2 . (2.89)

Requiring |Re(a0)| ≤ 1/2 leads to the constraint

√
s . 1.2 TeV. (2.90)

This is the essence of the Lee–Quigg–Thacker bound [71], which showed that new
physics must appear below the TeV scale to preserve unitarity in electroweak vector
boson scattering. The discovery of a 125 GeV scalar confirmed that the Standard Model
Higgs is sufficient to cancel the leading energy growth and maintain consistency.

Perturbative unitarity, therefore, plays a dual role: it serves as a theoretical check on
self-consistency and offers practical guidance on the energy range over which a theory
can be trusted. When amplitudes exceed the unitarity bound, new particles must be
introduced or a strongly coupled regime must be entered. In either case, unitarity
constraints act as signposts toward ultraviolet completions.
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Figure 2.1.: One-dimensional pull plot for every electroweak-precision observable (or SM
input) Oi, showing the difference between its direct measurement and the value
inferred from the global fit. [72]

The Predictive Power and Precision Tests of the Standard Model

The SM’s enduring success rests as much on its predictive power as on its descriptive
breadth. Once the gauge group and particle content are fixed, local gauge invari-
ance dictates the form of kinetic and interaction terms and determines the couplings
between matter and gauge fields through the covariant derivative. As a result, all
interaction vertices involving gauge bosons and fermions are fixed by symmetry prin-
ciples, leaving only a relatively small set of free parameters: three gauge couplings, six
quark masses, three charged-lepton masses, the Higgs mass and vev, and four CKM
parameters (discussed later in this section).
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Figure 2.2.: Best fit to the Peskin-Takeuchi S and T parameters at the LHC and its prospect at a
benchmark future collider by the GFITTER collaboration [72].

Because of this economy of input, many observables are over-constrained. Elec-
troweak quantities, for example, can be expressed in terms of the precisely measured
inputs like GF, MW and MZ, enabling robust predictions. Notably, the masses of the
top quark and the Higgs boson were estimated indirectly well before their discovery.
At the tree level, one finds the familiar relation

sin2 θW = 1− M2
W

M2
Z

, (2.91)

which is modified by loop corrections. A convenient diagnostic for these radiative
effects is the ρ-parameter discussed previously, which equals unity at tree level due
to custodial SU(2) symmetry. Any deviation parameterised as ∆ρ ≡ ρ− 1, signals
loop effects or new sources of custodial breaking. For example, in the SM, the leading
one-loop contribution arises from the top-bottom mass splitting, and for mb � mt,

∆ρ =
3 GF m2

t

8
√

2 π2 , (2.92)

which once provided a sensitive indirect probe of the top-quark mass [73].

Such relations form the backbone of global electroweak fits, which synthesise results
from many observables across a range of energy scales. The one-dimensional pull plot
shown in Fig. 2.1 illustrates the internal consistency of the SM: each point compares a



Theoretical Foundations for Standard Model and Beyond 27

direct measurement to its value inferred from the global fit. Particularly valuable are
the measurements from LEP and SLC, which determine the Z boson’s total and partial
widths, forward-backward and left-right asymmetries, the effective weak mixing angle
sin2 θeff, and the W mass to unprecedented precision. Additional constraints come
from low-energy observables such as atomic parity violation, Møller scattering, and
neutrino–nucleon scattering. Among these, the extraction of the number of light
neutrino species from the invisible Z width stands out as a textbook success of the
model [74].

Beyond the level of individual observables, global fits like those from the GFITTER

collaboration [72] test the SM at the quantum level. These analyses not only verified
the internal consistency of the theory but also anticipated the values of mt and mh

within narrow windows before the LHC era. The same framework is used to constrain
new physics indirectly by incorporating its virtual effects. Oblique corrections, defined
as new physics contributions to the vacuum polarisation (self-energy) diagrams of
electroweak gauge bosons, are encapsulated by the Peskin–Takeuchi parameters S,
T, and U [75]. These parameters provide a compact and model-independent way to
characterise the impact of heavy new states on precision observables, assuming that
new physics primarily affects gauge boson propagators rather than their vertices or
box diagrams. The T parameter is sensitive to custodial symmetry breaking, while S
can be shifted by the presence of additional chiral fermions or extended gauge sectors.
The current and projected fits to these parameters are illustrated in Fig. 2.2, which also
highlights the significant improvements anticipated from future colliders.

There are several ongoing efforts to sharpen electroweak tests, particularly improv-
ing the precision of Z-pole observables. While the original LEP and SLC programs
already achieved unprecedented accuracy in many such measurements, a new genera-
tion of e+e− colliders operating at

√
s = MZ could reduce experimental uncertainties

by one or two orders of magnitude [76–78]. This level of precision would enable
exceptional sensitivity to loop-level effects and subtle deviations from SM predic-
tions. Such improvements can reveal new physics through shifts in electroweak input
schemes and the global fit landscape, while also enhancing the discriminating power
of precision observables [79].

Additional theoretical constraints stem from the requirement of anomaly cancella-
tion, which is non-trivially satisfied by the chiral structure and charge assignments of
one SM fermion generation [23]. At much higher energies, the approximate conver-
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modes of the Higgs boson [81].

gence of the three gauge couplings [80] suggests the intriguing possibility of grand
unification, providing another layer of theoretical coherence.

The SM’s gauge symmetry, renormalisability, and minimal field content, therefore,
give rise to a remarkably predictive theory. Precision tests rooted in these foundations
continue to serve as some of the most powerful indirect probes of new physics, placing
stringent constraints on a wide range of possible extensions to the SM.

Higgs Physics

The discovery of the Higgs boson at the LHC in 2012 [10, 11] marked a milestone in
particle physics, finally completing the SM particle roster, by confirming the Higgs
mechanism and an explanation of particle masses. Beyond its role in the theoretical
consistency of the SM, the Higgs boson is a unique scalar particle whose couplings
and quantum numbers are subject to stringent experimental scrutiny. The various
production and decay topologies relevant to these tests are shown in Fig. 2.3.

At hadron colliders such as the LHC, the Higgs boson is predominantly produced
via gluon fusion (gg→ h, ggF), mediated primarily by a top-quark loop, accounting
for 85% of total production at

√
s = 13 TeV. Other important production mechanisms

include weak/vector boson fusion (WBF/VBF), associated production with a vector
boson (qq̄′→Vh, with V = W ± , Z), and associated production with top quarks (tt̄h,
th). Each production mode provides sensitivity to different aspects of Higgs couplings
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and offers complementary experimental coverage, as illustrated by the cross-section
measurements in Fig. 2.4(a).

The decay channels of the SM Higgs boson with mh ' 125 GeV reflect its couplings
to mass and loop-induced processes. The dominant mode is h→ bb̄, followed by
decays to τ+τ− and to massive vector bosons through off-shell transitions, h→WW∗

and ZZ∗. Loop-induced decays such as h→ γγ, Zγ and gg also occur, with h→ γγ

being especially important because of its clean experimental signature, playing a
crucial role in the discovery of the Higgs. The total decay width is extremely narrow,
ΓSM

h ≈ 4 MeV [81], and cannot be measured directly, necessitating indirect methods
(see the branching-ratio comparison in Fig. 2.4(b)).

Spin and parity analyses have confirmed that the observed resonance is a spin-
0, CP-even scalar, which is in agreement with SM expectations. This identification
relies on angular correlations in decays such as h→ ZZ∗→ 4`, which robustly exclude
alternative spin hypotheses with high confidence [83].
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Measurements of Higgs signal strengths (µh) in various production and decay
channels are parametrised as

µh =
σ(pp→ h) ·BR(h→X)

σSM ·BRSM , (2.93)

and currently show good agreement with SM predictions, as summarised in Fig. 2.5.
These measurements place important constraints on possible deviations from SM
couplings, which could arise in scenarios with extended Higgs sectors or from higher-
dimensional operators in an effective field-theory framework. A distinctive prediction
of the Higgs mechanism is the presence of self-interactions in the scalar potential:

L ⊃ −λvh3 − λ

4
h4, with λ =

m2
h

2v2 . (2.94)

At zero temperature, the cubic term fixes the trilinear coupling, ghhh = 3m2
h/v, while

the quartic term yields the quartic coupling ghhhh = 3m2
h/v2. The former can be

accessed through di-Higgs production (pp→ hh), already a major target for the HL-
LHC, whereas the latter can reveal itself in the much rarer triple Higgs process
(pp→ hhh) [84] and therefore calls for the higher energies and luminosities envisioned
at future facilities.
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Both self-couplings are more than just bookkeeping parameters: they shape the
Higgs potential at finite temperature and, in turn, the nature of the electroweak phase
transitions (EWPT). Any departure of ghhh or ghhhh from their SM values could modify
the electroweak vacuum structure, hence the strength of EWPTs, opening the door to
electroweak baryogenesis and leaving imprints in precision electroweak observables.
Higgs self-interaction measurements thus link collider physics to the early Universe,
making them a uniquely powerful probe of BSM physics.

The κ-Framework A widely used and model-independent approach to parameteris-
ing potential deviations from SM Higgs predictions is the so-called κ-framework [85],
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where the Higgs couplings to SM particles are rescaled by dimensionless factors κi,

κi =
gi

gSM
i

, (2.95)

such that κi = 1 corresponds to the SM expectation and any deviations can serve as
signposts of new physics. For example, the relevant fermion and gauge interaction
terms (in the broken phase) are modified as

L ⊃ κ f
m f

v
h f̄ f + κV

2M2
V

v
hVµVµ + . . . , (2.96)

with κ f and κV rescaling the Higgs couplings to fermions and vector bosons, respec-
tively. Loop-induced processes such as h→ γγ and h→ gg are similarly parametrised
by effective couplings κγ and κg, which can capture contributions from new particles
running in the loops.

The global fit to these coupling modifiers is illustrated in Fig. 2.6 [82]. Such fits pro-
vide a systematic way to constrain deviations from SM couplings without assuming a
specific UV completion. Although the framework neglects possible energy-dependent
shape effects, it remains a robust benchmark for testing the SM Higgs paradigm and
for bounding new-physics scenarios that might alter the observed pattern of Higgs
interactions.

As of today, Higgs physics remains a central focus of the LHC programme and of
future collider proposals. While current measurements are broadly consistent with
SM expectations, a full characterisation of the Higgs sector will be essential for either
revealing or further constraining new physics.

Flavour Physics

Flavour physics studies transitions between the three generations of quarks and
leptons. In the quark sector, such transitions arise because the weak–interaction
eigenstates are not aligned with the mass eigenstates that diagonalise the Yukawa
matrices. The resulting charged-current interactions are governed by the unitary CKM
matrix VCKM [56, 57]:

LW = − g√
2

ū i
L γµ Vij

CKM d j
L W+

µ + h.c., (2.97)
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where i, j = 1, 2, 3 label the generations. Unitarity forces VCKM to contain just three
mixing angles and one irreducible CP-violating phase. Its hierarchical pattern implies
a strong suppression of flavour change between distant generations.

In the Wolfenstein parameterisation [86], the CKM matrix takes the approximate
form:

VCKM ≈


1− λ2

2 λ Aλ3(ρ− iη)

−λ 1− λ2

2 Aλ2

Aλ3(1− ρ− iη) −Aλ2 1

+O(λ4), (2.98)

with λ ' 0.226 the sine of the Cabibbo angle and (A, ρ, η) encoding the remaining mix-
ing strength and CP phase. Phenomenology often employs the resummed parameters
(ρ̄, η̄), which absorb higher-order unitarity corrections.

Flavour observables provide some of the most stringent tests of the SM and of
potential new physics. Neutral-meson mixing in the K0, B0

d and B0
s systems; rare

loop-induced decays such as b→ sγ and Bs→ µ+µ− [87]; and both direct and indirect
CP violation have been measured with increasing accuracy. Direct CP violation refers
to asymmetries in decay amplitudes themselves, while indirect CP violation arises
from interference between mixing and decay in neutral meson systems. Because these
processes occur at one-loop or higher order, they are sensitive to heavy virtual particles
and, therefore, probe energy scales well beyond the direct reach of current colliders.

A crucial test of the SM flavour sector is the global consistency of all such measure-
ments with the unitarity of the CKM matrix. This is typically visualised in terms of
the so-called unitarity triangle, derived from the condition

VudV∗ub + VcdV∗cb + VtdV∗tb = 0, (2.99)

which describes a triangle in the complex plane. Its apex, (ρ̄, η̄), and its internal angles
are accessible through a wide variety of tree-level and loop-level measurements. Global
fits by the CKMFITTER [89] and UTFIT [90] collaborations show that all constraints
converge on a common point (Fig. 2.7), providing a striking confirmation of the SM
picture of quark mixing and CP violation.
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2.2. Physics beyond the Standard Model

2.2.1. Why physics beyond the SM?

While the SM has been extraordinarily successful in describing the fundamental parti-
cles and their interactions, it is widely understood to be incomplete. Both experimental
evidence and theoretical considerations point towards the existence of BSM. In this
section, the principal motivations for BSM physics are outlined, combining both
conceptual arguments and quantitative indications of the SM’s limitations.

The Hierarchy Problem

A longstanding theoretical concern within the SM is the so-called hierarchy prob-
lem [26, 27], which questions the stability of the Higgs mass under quantum radiative
corrections. In a hard cutoff regularisation scheme, the one-loop correction to the
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Higgs mass squared due to a generic fermion loop takes the form

δm2
h ∝ −

|y f |2

8π2 Λ2 + · · · , (2.100)

where y f is the relevant Yukawa coupling and Λ denotes the ultraviolet cutoff. Bosonic
contributions have a similar structure:

δm2
h ∝

g2

16π2 Λ2 + · · · . (2.101)

These quadratic divergences indicate that unless Λ is near the electroweak scale, an
enormous amount of fine-tuning is required to keep the physical Higgs mass at its
observed value of around 125 GeV. For example, with Λ approaching the Planck scale
(1019 GeV), the tuning is of the order of

m2
h

Λ2 ∼
(

125 GeV

1019 GeV

)2

∼ 10−34. (2.102)

While such quadratic sensitivity is not manifest in dimensional regularisation [91],
where only logarithmic divergences appear, the physical concern remains once the
SM is embedded into a more complete theory. Heavy states with masses M � v
generically induce finite threshold corrections of order ∆m2

h∼M2, driving the Higgs
mass towards the highest scale present in the spectrum. Within the renormalisable
SM taken in isolation this does not pose a problem, but in the presence of heavier
degrees of freedom it requires an unnatural fine-tuning between bare and radiative
contributions. This tension motivates mechanisms to protect mh from large correc-
tions. Supersymmetry achieves this by pairing each fermionic degree of freedom
with a bosonic partner whose loop contribution cancels the quadratic term [92], while
Composite-Higgs and extra-dimensional models replace the elementary scalar by a
bound state or a pseudo-Goldstone boson, softening the sensitivity to Λ.

Dark matter and Dark Energy

Roughly 27% of the Universe’s energy density is composed of dark matter, yet the
SM supplies no suitable particle candidate. Evidence is many-fold: the flat rotation
curves of spiral galaxies [93], gravitational-lens mass reconstructions such as the
Bullet Cluster [94], and the anisotropy spectrum of the cosmic microwave background
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(CMB) measured most recently by PLANCK [30] all require a cold, non-baryonic matter
component.

A minimal and widely studied possibility is a weakly interacting massive particle
(WIMP) [95]. In the early Universe, a stable species χ would have remained in thermal
equilibrium until its annihilation rate fell below the Hubble expansion rate, leaving a
relic abundance

Ωχh2 ' 0.1 pb
〈σv〉 , (2.103)

where 〈σv〉 is the thermally averaged annihilation cross-section. Matching the ob-
served value ΩDMh2 ' 0.12 requires 〈σv〉 ∼ 1 pb, corresponding to an interaction
strength and mass at the electroweak scale, a coincidence often dubbed the "WIMP
miracle". Because no SM particle possesses the requisite stability, mass and couplings,
dark-matter phenomenology strongly motivates BSM physics. Proposed solutions
range from supersymmetric neutralinos [96, 97] and extra-dimensional Kaluza–Klein
modes [98, 99] to axions [31, 100, 101] and feebly interacting massive particles [102],
each with distinct signatures for direct, indirect and collider searches [103–105].

An even larger component ∼ 68% is dark energy, inferred from the accelerating
expansion of the Universe [106, 107]. While consistent with a cosmological constant,
its small but non-zero value remains unexplained by the SM and represents a major
theoretical puzzle.

Neutrino Masses

A further, unequivocal signal of physics beyond the SM is provided by neutrino oscilla-
tions [28,29], firmly establishing that at least two neutrino species carry non-zero mass.
The minimal SM, which contains no right-handed neutrinos, forbids such masses; the
theory must, therefore, be extended. In a model-independent language, the leading
modification to the SM Lagrangian is the dimension-five Weinberg operator [46]

L5 =
cij

Λ
(

Lc
Li

Φ̃
)(

Φ̃†LLj

)
+ h.c., (2.104)

where LL are the lepton doublets, i, j represent lepton flavour indices, Φ̃ = iτ2Φ∗, cij

are dimensionless coefficients and Λ denotes the scale of new physics that has been
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integrated out. After EWSB, the operator generates Majorana masses

(mν)ij =
cij v2

Λ
, (2.105)

with v = 246 GeV the Higgs vev. Taking mν∼ 0.1 eV and cij∼ 1 points to Λ∼ 1014 GeV,
far above the electroweak scale and well beyond the Standard Model’s reach. Concrete
ultraviolet completions of the Weinberg operator–the Type-I, -II or -III Seesaw Mecha-
nisms, radiative models, extra dimensions, realise the operator in different ways; the
Type-II Seesaw Mechanism will be discussed in detail in Chapter 4.

Baryon asymmetry of the Universe

Observations of primordial light-element abundances and the CMB constrain the
baryon-to-photon ratio to be

ηB =
nB − nB̄

nγ
' 6× 10−10, (2.106)

where nB,B̄,γ represent the number of baryons, anti-baryons, and photons respectively,
illustrating a small but well-established excess of matter over antimatter [30]. Sakharov
showed that any dynamical explanation of this asymmetry must satisfy three condi-
tions: baryon-number violation, C and CP violation, and a departure from thermal
equilibrium [32].

Within the SM, the first two ingredients are present but quantitatively insufficient.
Non-perturbative electroweak processes (sphalerons) violate baryon and lepton num-
ber at high temperature [108], and the CKM phase provides CP violation, but the latter
is far too small to account for the observed ηB [109]. Moreover, lattice simulations
indicate that the electroweak phase transition is a smooth crossover for a 125 GeV
Higgs boson, rather than the strong first-order transition required for electroweak
baryogenesis [110, 111].

The baryon asymmetry therefore points to new physics capable of introducing
additional sources of CP violation and strengthening the electroweak transition, for
instance through extended Higgs sectors. Chapter 3 will revisit this question in the
context of triple-Higgs production in two Higgs doublet extensions, whose sensitivity
to the thermal potential makes them promising probes of electroweak baryogenesis.
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The Flavour Puzzle

The SM reproduces most known flavour observables with remarkable precision, bar-
ring a few persistent tensions and anomalies [54]. It, however, offers no explanation for
the pattern of fermion masses and mixings that underlie those successes. The Yukawa
sector contains three a priori arbitrary complex 3× 3 matrices yu,d,e. After electroweak
symmetry breaking, their eigenvalues generate fermion masses that span six orders of
magnitude, from ye ' 10−6 to yt ' 1, with no organising principle apparent.

In the quark sector, the misalignment of yu and yd produces the unitary CKM
matrix, whose near-diagonality reflects the smallness of quark flavour mixing. Flavour-
changing neutral currents are further suppressed by the Glashow–Iliopoulos–Maiani
(GIM) mechanism [112], and the single CP-violating phase in VCKM is far too small to
account for the baryon asymmetry of the universe. By contrast, neutrino oscillations
reveal large mixing angles in the lepton sector, encoded in the PMNS matrix, deepening
the mystery of why the two sectors differ so dramatically.

Why do three generations exist? What dynamical principle selects the extreme
hierarchies mu : mc : mt∼ 10−5 : 10−2 : 1 and simultaneously allows order-one lepton
mixing? These questions define the flavour puzzle. Popular ideas invoke horizontal
(family) symmetries, or Froggatt–Nielsen mechanisms [113], some others appeal to
extra dimensions or partial compositeness. Yet the very success of the CKM fit and the
strong experimental bounds on flavour-changing processes mean that any new physics
at the TeV scale must possess a highly non-generic flavour structure, a tension often
called the new-physics flavour problem. Frameworks such as minimal flavour violation
(MFV) [114] attempt to reconcile TeV-scale dynamics with the observed suppression of
flavour change, but a compelling, UV-complete solution is still lacking. Resolving the
flavour puzzle, therefore, remains a central goal of BSM physics.

The Strong CP problem

The QCD Lagrangian allows for a CP–violating term of the form

Lθ = θ
g2

s

32π2 Ga
µν G̃µνa, (2.107)

where G̃µνa = 1
2 εµνρσGa

ρσ is the dual field-strength tensor. This term violates CP and is
expected to contribute to a permanent electric dipole moment (EDM) for the neutron
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through non-perturbative QCD effects. However, the current experimental bound,
|dn| < 1.0× 10−26 e cm [115], implies an extraordinarily small value |θ| . 10−10,
which is difficult to explain naturally. This fine-tuning is known as the strong CP
problem. A compelling solution is the Peccei–Quinn mechanism [31], which promotes
θ to a dynamical field. The resulting pseudo-Goldstone boson, the axion [116, 117],
dynamically relaxes the effective θ to zero and, at the same time, offers a viable dark
matter candidate.

Gravity and gauge-coupling unification

Gravity is absent from the SM, and its gauge couplings (gi) fail to meet at a single scale
under renormalisation-group (RG) running. The evolution is given in terms of the
coefficients bi appearing in the one-loop β-function,

dgi
d ln µ

=
bi

16π2 g3
i , (2.108)

so the three couplings draw near but do not coincide. In the Minimal Supersymmet-
ric Standard Model for example, the couplings unify at MGUT ' 2× 1016 GeV [80].
The SM’s lack of exact unification, therefore, hints at additional particle content or
symmetry, possibly a grand-unified gauge group that emerges above the TeV scale.

These issues, ranging from fine-tuning to unexplained observations, point strongly
towards the necessity of new physics. In the next section, some of the theoretical
frameworks that aim to address these problems and extend the understanding beyond
the Standard Model are highlighted.

2.2.2. Approaches to Beyond Standard Model physics

The need for BSM physics has been motivated by numerous theoretical puzzles and
experimental anomalies, as discussed in the preceding section. A complete resolution
of these issues ultimately requires a consistent UV description that extends the SM at
high energies; some of the later chapters will examine explicit examples of such UV
completions. Until the underlying dynamics are revealed, however, one can adopt
effective strategies that are broadly applicable.
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When the scale of new physics Λ lies well above the electroweak scale, the heavy
degrees of freedom can be integrated out, and their low-energy effects systematically
captured by an effective field theory (EFT). A particularly well-studied instance is
the Standard Model Effective Field Theory (SMEFT) [118], which assumes a linear
realisation of electroweak symmetry breaking. The SMEFT Lagrangian expands the
SM by an infinite tower of higher-dimensional (here dimension refers to the canonical
mass dimension) operators that respect the SM gauge symmetry:

LSMEFT = LSM + ∑
d>4

∑
i

C(d)
i

Λ d−4 O
(d)
i , (2.109)

where the single operator at dimension five is the Weinberg term that has already
been discussed, generating Majorana neutrino masses. At dimension six, there are
59 independent baryon- and lepton-number-conserving operators (in the Warsaw
basis [119]), which dominate current phenomenology. The expansion in SMEFT is
organised both in terms of the operator dimension and powers of E/Λ, where E
is the relevant energy scale of the process under consideration. Higher-dimension
terms, such as those at d = 8, can be included as required by the precision of data.
The SMEFT framework accommodates both top-down and bottom-up approaches. In a
top-down setting, a given UV model is matched onto SMEFT at the high scale µ ' Λ
by integrating out the heavy fields, leading to specific predictions for the Wilson
coefficients C(d)

i [120–123]. These coefficients evolve down to the electroweak scale via
renormalisation group equations, known to one loop for dimension-six operators [124–
127]. Bottom-up analyses, on the other hand, start from experimental data, constraining
the C(d)

i from global fits [128], and potentially identifying patterns that can be traced
back to plausible UV completions. SMEFT thereby offers a unifying language in
which a diverse range of measurements, spanning Higgs and electroweak precision
observables, flavour constraints, and high-energy collider tails, can be consistently
interpreted.

Nonetheless, SMEFT relies on the assumption that the Higgs is part of an SU(2)L

doublet and that new physics is weakly coupled and decouples cleanly. In scenarios
where this is not the case, such as in composite Higgs models, strongly interact-
ing sectors, or when the scale separation is modest, electroweak symmetry may be
non-linearly realised [129–132]. The Higgs Effective Field Theory (HEFT) [133, 134]
framework provides a more general formalism for such cases. It decouples the Higgs
field from the Goldstone modes associated with electroweak symmetry breaking, and
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its Lagrangian takes the form (in the bosonic sector, for example)

LHEFT =
v2

4
F
(

h
v

)
Tr
[
DµU†DµU

]
+

1
2
(∂µh)2 −V(h) + ∑

k
ak
(
h/v

)
Ok, (2.110)

where U = exp
(
iτaπa/v

)
∈ SU(2) contains the longitudinal Goldstone modes associ-

ated with the spontaneous breaking of the global SU(2)L× SU(2)R→ SU(2)V sym-
metry. The functions F and ak encode arbitrary analytic polynomial dependence on
the Higgs field h. The higher-order operators include terms and custodial-symmetry-
violating structures demonstrating the theory’s flexibility in capturing non-decoupling
and strongly coupled phenomena. HEFT smoothly reduces to SMEFT in the limit
where the Higgs-dependent functions match those arising from a linear doublet repre-
sentation, e.g. F (h/v)→ (1 + h/v)2, but remains valid in regimes where SMEFT fails
to converge, such as in the presence of strong dynamics or light composite resonances.
It is, therefore, a more general EFT compatible with the SM symmetry structure, en-
suring no relevant effects are omitted due to restrictive assumptions on the Higgs
sector.

Complementing the EFT approach, recent years have witnessed a growing role for
machine learning (ML) techniques in particle physics [135]†. ML has proven useful
in a wide range of tasks: from real-time event selection and tracking to fast detector
simulation, jet substructure, and anomaly detection. Of particular relevance to the
present thesis are graph neural networks (GNNs), which naturally accommodate the
complex relational structure of LHC final states. In these applications, each event is
represented as a graph, with reconstructed particles or jets forming the nodes, and
kinematic or spatial correlations encoded in the edges. GNNs learn event-level features
through iterative message passing, uncovering subtle correlations that are difficult to
access with traditional methods. Chapter 6 will employ a GNN in a supervised setting,
sharpening signal discrimination in rare final states such as four-top production, and
enabling efficient exploration of the parameter spaces. Together with the EFT tools
discussed above, such ML methods offer a powerful complement, enhancing the
ability to interpret current collider data and uncover signs of new physics that might
otherwise go unnoticed.

†See [136] for a living review of ML applications in particle physics
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2.3. Summary

This chapter surveyed the theoretical framework and empirical successes of the SM.
The gauge structure, the Higgs mechanism and the consequent generation of gauge-
boson and fermion masses were reviewed before turning to observables that test these
ingredients with high precision: electroweak measurements, Higgs production and
decay rates at the LHC, and a broad set of flavour processes governed by the CKM
matrix. All of these taken together confirm the SM to be of impressive accuracy, yet
leave only a modest set of free parameters.

The second part of the chapter highlighted where the SM falls short. The hierarchy
problem threatens the stability of the Higgs mass; astrophysical and cosmological
observations demand a non-baryonic dark-matter component; neutrino oscillations
require new sources of lepton mass; and the baryon asymmetry of the Universe calls
for additional CP violation and out-of-equilibrium dynamics. In addition, the flavour
puzzle, the strong-CP problem, and the absence of gauge-coupling unification or a
quantum description of gravity all point to physics beyond the SM.

To bridge present experiments and unknown UV dynamics, a few novel approaches
to corner BSM physics have been introduced. The groundwork laid here prepares the
discussion in the following chapters, where concrete UV completions are examined,
along with their collider signatures and low-energy constraints, including a detailed
exploration of modern theoretical techniques that can guide the search for physics
beyond the Standard Model.



Chapter 3.

The BSM potential of Multi-Higgs
Processes

“The more Higgses, the more chaos—and the more answers.”
— Inspired by The Three Body Problem

The discovery of the Higgs boson has ushered in a new era of precision studies, with a
central goal of scrutinising the structure of the scalar sector and testing the mechanism
of electroweak symmetry breaking. While current measurements remain broadly
consistent with SM expectations, they still allow for sizeable deviations, particularly
in Higgs couplings and interactions, offering a valuable window into possible new
physics.

As the LHC progresses towards its high-luminosity upgrade, rare processes such
as double and triple Higgs production will become increasingly accessible. These
multi-Higgs final states are particularly sensitive to modifications of the Higgs po-
tential and its interactions, and hence offer a unique probe of extended scalar sectors.
Although a subdominant process, weak boson fusion (WBF) production of Higgs pairs
is particularly important, as it allows for the disentanglement of modifications in the
trilinear Higgs self-coupling and the quartic couplings between Higgs and vector
bosons from single Higgs couplings, which can be conveniently parameterised in
terms of the effective scaling parameters κλ, κV , and κ2V in the κ-framework. Mapping
out the viable parameter space in this framework and identifying the classes of models
that can saturate the allowed regions provides a model-independent bridge between
LHC measurements and BSM physics.

43
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In addition, triple Higgs production, though extremely rare in the SM, can receive
significant enhancements in theories with extended scalar sectors such as the Two
Higgs Doublet Model (2HDM). In these scenarios, new resonant contributions can
drastically modify the production rates, particularly in gluon-initiated channels, offer-
ing complementary sensitivity to both Higgs self-couplings and the underlying scalar
dynamics.

This chapter is organised as follows: Sec. 3.1 presents the constraints on the Higgs
self- and gauge-boson couplings in the κ-framework from WBF Higgs pair production.
The corresponding BSM scenarios capable of populating the allowed parameter space
are discussed in Sec. 3.2. In Sec. 3.3, the prospects for observing triple Higgs production
via gluon-gluon fusion in 2HDM extensions are examined in detail. Finally, a summary
and concluding remarks are provided in Sec. 3.4.

3.1. Scalar couplings in WBF Higgs pair production

The κ-framework [85], as discussed in Chapter 2, is a widely used tool in the context of
Higgs physics, as it provides an intuitive approach for capturing deviations in Higgs
couplings. Even though it is not gauge-invariant and becomes theoretically inconsis-
tent beyond leading order, the κ framework remains useful in specific experimental
contexts, such as WBF di-Higgs production, where recent results [137] constrain key
parameters like the Higgs self-coupling κλ and the quartic gauge-Higgs interaction
κ2V . The scalar couplings relevant for WBF Higgs pair production, κV , κ2V , and κλ, are
defined by the tree-level Gauge-Higgs interaction Lagrangian as shown (assuming
tree-level custodial symmetry, i.e., κW = κZ = κV and κ2W = κ2Z = κ2V)

L =
1
2
(∂h)2 + M2

W

(
W+

µ W−µ +
1

2c2
W

ZµZµ

)[
1 + κV

2h
v

+ κ2V
h2

v2

]
− κλ

m2
h

2v
h3 , (3.1)

where the Higgs vev v = 246 GeV and cW = cos θW is the cosine of the Weinberg angle.
Theoretically, the trilinear Higgs coupling modifier κλ can be embedded consistently
within the dimension-6 effective field theory (EFT) expansion [119], and several studies
have explored its effects at loop level [138–141]. In contrast, κ2V 6= 1 violates gauge
invariance and challenges renormalisability [142]. Yet, this coupling is highly relevant
in probing BSM scenarios like Higgs compositeness [143, 144], where deviations scale
with the parameter ξ as κV =

√
1− ξ and κ2V = 1− 2ξ. Alternative models like
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Figure 3.1.: Representative Feynman diagram topologies contributing to κ2V sensitivity via
weak boson fusion.

scalar singlet mixing predict κV = cos α, κ2V = cos2 α, where α is the scalar mixing
angle. These parameterisations map out different regions of the κ parameter space. In
addition, the weaker constraints on κ2V imply that it can therefore act as a powerful
discriminator between qualitatively different BSM dynamics.

The WBF Higgs production process probes the incoming weak bosons at space-like
momenta in the diagrams of Fig. 3.1. However, the analysis of Wh→Wh scattering
for physical momenta (the crossed process that enters WBF subdiagrams of Fig. 3.1)
provides insight into gauge-symmetry cancellations that carry over into qualitative
phenomenological outcomes via the effective W approximation [145, 146]. In the high
energy limit

√
s� mh + MW , the polarised amplitudes scale as∗

M2
W

s
A(WLh→WLh)∼ MW√

s
A(WTh→WLh)∼ κ2V − κ2

V . (3.2)

This shows that to maintain unitarity at high energies, one can expect a significant
destructive interference in the SM (as well as for direct Higgs mixing). The scaling
with energy in the WBF process is pdf-suppressed for massless partons (including
in the effective W approximation); however, large enough deviations from the SM
correlation manifest themselves as an enhanced cross-section so that limits can be
set. Note that κλ does not enter the Wh amplitude with energy enhancement, and its
constraints are therefore set by a priori perturbativity limits (see [149–151] for more
model-specific considerations).

∗This result is obtained with FeynArts [147], FormCalc [148], and LoopTools [148]. Phase-space and
polynomial suppression of the valence quark parton distribution functions significantly modify
these naive expectations.
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Figure 3.2.: Next-to-leading order QCD corrections to WBF pp→ hhjj production in the large
invariant tagging jet mass region mjj ≥ 800 GeV at the LHC (a) and FCC-hh (b) as
a function of κ2V for all other parameters chosen to be SM-like.

3.1.1. Hadron collider constraints on κV and κ2V

WBF pp→ hhjj production follows hjj production from the point of view of QCD, with
the search region that is selected by the LHC experiments exploiting the usual WBF
paradigm [152–155]. Similar to the findings in single-Higgs and double-Higgs produc-
tion via WBF [156, 157], the QCD corrections can be formidably captured through an
adapted choice of the renormalisation and factorisation scales, due to the ‘double-Deep
Inelastic Scattering’ structure of the process. The κ2V measurement region selected
by the LHC experiments then becomes extraordinarily stable. The pp→ hhjj WBF
cross-section component at NLO QCD in comparison to the LO estimate is illustrated
in Fig. 3.2, employing the central scale choice µ = Q (cf. Fig. 3.1) for the signal region
characterised by an invariant jet mass of mjj ≥ 800 GeV.† This extends to the FCC-hh at
a significantly increased cross-section, Fig. 3.2. The cross-section is well-approximated
by the LO µ = Q choice, and the NLO corrections are modest ∼ 5% at the LHC,
decreasing in relevance at the FCC-hh, running at 100 TeV [162]. The key limitation of
setting constraints on κ2V is then statistics and background systematics.

†This is obtained through a modification of the publicly available Vbfnlo Monte Carlo program [155,
158, 159]. Modifications have been cross-checked against Madgraph5_aMC@NLO [160]. See also [161]
for studies of rescalings of the Higgs self-coupling.
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The ATLAS Collaboration has previously published search results for non-resonant
hh→ bb̄bb̄ production using 27 fb−1 of early Run 2 data [163], as well as a dedicated
search for VBF hh production in 126 fb−1 of data collected between 2016 and 2018 [164].
The latest analysis [137] builds on these earlier results by incorporating the 2016-
2018 data for both production channels and taking advantage of improvements in jet
reconstruction and b-tagging techniques. Notably, the analysis employs an entirely
data-driven technique for background estimation, utilising an artificial neural network
to perform kinematic reweighting of data to model the background in the region of
interest, and it currently restricts κ2V to

κ2V ∈ [−0.0, 2.1] ([−0.1, 2.1]), observed (expected) 95% CL. (3.3)

The CMS Collaboration has also published results of a search for non-resonant hh→
bb̄bb̄ with its full Run 2 dataset [165], which restricts the allowed interval for κλ to
[−2.3, 9.4] ([−5.0, 12.0]), at 95% confidence level (CL). Furthermore, a more recent
CMS publication [166] that exploits topologies arising from highly energetic Higgs
boson decays into bb̄, restricts the allowed interval for κ2V to

κ2V ∈ [0.62, 1.41] ([0.66, 1.37]), at observed (expected) 95% CL. (3.4)

ATLAS and CMS have conducted investigations into non-resonant hh in the bb̄τ+τ− [167–
171] and bb̄γγ [171–173] decay channels as well. Considering the final state topologies
for the highest di-Higgs branching ratios, i.e.,

pp→ hhjj→ bb̄bb̄jj, (3.5a)

and,

pp→ hhjj→ bb̄τ+τ− jj, (3.5b)

Events are generated for each process scanning over the space of κV and κ2V , keeping
κλ = 1 fixed, utilising a χ2 fit to obtain the limits on the corresponding coupling
modifiers.
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Event generation and fiducial selection

Events are generated on Madgraph5_aMC@NLO [160] at LO at
√

s = 13 TeV, with stringent
cuts at the generator level on the WBF jet pair’s invariant mass (mjj > 800 GeV).
Additionally, the pseudorapidity of the b-jets is set to be |ηb| < 2.5 to ensure that the b-
jets produced from the Higgs pair are centrally located. The Madgraph5_aMC@NLO [160]
source code is modified to include the κ modifiers for event generation. The events are
subsequently showered with Pythia8.3 [174], utilising MadAnalysis [175] interfacing
FastJet [176, 177] to reconstruct the final states with a 70% b-tagging efficiency.

Forward-jets are required to satisfy pj
T > 30 GeV and 2.5 < |ηj| < 4.5, while the

central-jets are required to have pj
T > 40 GeV and |ηj| < 2.5. To select events in the

hh→ bb̄bb̄ channel, firstly, the jet pair with the highest invariant mass are identified as
the WBF-jets, imposing the forward-jet criteria. The WBF-jets are required to have a
pseudorapidity separation cut of |ηjj| > 3 and an invariant mass cut of mjj > 1 TeV.
At least 4 central-jets are required in the final state, all of which must be b-tagged. To
isolate the WBF region, the transverse component of the momentum vector sum of
the two WBF jets and the four jets forming the Higgs boson candidates is required to
be less than 65 GeV. The Higgs pair is constructed from the 4 b-jets with a minimum
invariant mass requirement on the Higgs pair invariant mass of Mhh > 400 GeV.

For the hh→ bb̄τ+τ− channel, the WBF-jets are chosen applying the same cuts as
previously. However, only two centrally located b-tagged jets are required in this
case. The τ-leptons can decay either hadronically or leptonically, with the latter being
selected using the criteria outlined in the latest ATLAS analysis [167], with a minimum
pT of 15 GeV and limited to |ηl| < 2.47. The light jets arising from the hadronic decay
of the τ-leptons are selected with a minimum pT of 10 GeV and |ηj| < 2.5. Additionally,
the leptonic decay of the τ’s results in missing energy. The di-Higgs invariant mass is
then reconstructed using the two b-jets and the τ-decay products, with a minimum
invariant mass requirement of Mhh > 400 GeV.

Sensitivity and projections

The current and the projected collider sensitivities of κV and κ2V are obtained from the
distribution of the reconstructed kinematic observable Mhh. The χ2 statistic for this
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analysis is computed as

χ2(κV , κ2V) = (bi
BSM(κV , κ2V)− bi

SM)V−1
ij (bj

BSM(κV , κ2V)− bj
SM), (3.6a)

where bi
BSM(κV , κ2V) represents the combined number of events in the ith bin of Mhh

from both decay channels, considering their respective cross-sections and acceptances,
at a given luminosity for a particular value of κV and κ2V , and bi

SM corresponds to the
expected number of events solely from the SM for κV = 1 and κ2V = 1. The covariance
matrix Vij is the sum-in-quadrature of two terms: 1) the statistical uncertainties com-
puted from the root of bin entries, i.e., the Poisson uncertainty associated with each
bin, bi

SM, and 2) fully correlated relative fractional uncertainties (εrel.), i.e.,

Vij = bi
SMδij + ε2

rel.b
i
SMbj

SM . (3.6b)

To fix εrel., κV is set to unity, the 95% CL limit of κ2V ∈ [0.2, 2.0] at 126 fb−1 at the LHC,
comparable to the limits set by ATLAS [137] and CMS [166] is reproduced scanning
over κ2V .

Once the methodology is validated through a comparison of the obtained κ2V

constraints with the predictions of ATLAS (Eq. (3.3)) and CMS (Eq. (3.4)), the 95% CL
constraints are obtained scanning over the entire parameter space of κV and κ2V . The
results are presented on the left hand side Fig. 3.3, where the 95% confidence bands
are shown for the LHC with an integrated luminosity of 126 fb−1, the constraints
for the High-Luminosity (HL-LHC) frontier with an integrated luminosity of 3 ab−1,
as well as the projected constraints for the Future Circular Collider (FCC-hh) with√

s = 100 TeV and an integrated luminosity of 30 ab−1, assuming the same εrel. as
for the LHC case. It should be added that using the χ2 calibrated to [137, 166] is a
conservative extrapolation for the FCC-hh. A limiting factor in this environment is
the reduction of QCD multi-jet contributions, as central jet vetoes are not available to
suppress these efficiently. This can lead to a considerable variation of the expected
sensitivity [178–180], in particular when considering the rejection of the irreducible
gluon fusion component.

3.1.2. Lepton collider constraints on κV and κ2V

The potential of di-Higgs processes has garnered significant attention at future lepton
colliders because of their exceptional sensitivity range, mainly attributed to a sig-
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Figure 3.3.: Current and projected constraints on κV and κ2V for various colliders. The current
LHC and projected HL-LHC limits on κV , represented by the black and blue
dashed lines respectively, have been set using Higgs data from ATLAS [82].

nificantly lower background interference compared to hadron colliders. The works
of [181–184] (see also Refs. [185, 186]) have been instrumental in investigating the
di-Higgs sector and obtaining exclusion limits on κλ and κV . Building on this suc-
cess, the scope of this exploration can be extended to obtain limits on κV and κ2V for
e+e−-colliders, adopting a methodology similar to that presented in Sec. 3.1.1. In this
scenario, the di-Higgs decay into four b-quarks is very attractive since the background
is orders of magnitude smaller, making it the primary focus of this analysis. The
process to be looked at is, therefore,

e+e−→ hhe+e−/νeν̄e→ bb̄bb̄e+e−/νeν̄e. (3.7)

The dominant contributions to the production cross-section come from the WBF
process and Higgs-strahlung. Events are generated on Madgraph5_aMC@NLO [160] for
two benchmark collider beam energies of 0.5 TeV and 3 TeV. The WBF signal region is
selected following analysis in [181]. A strict missing energy cut greater than 30 GeV
imposed, requiring four centrally located b-tagged jets with pT > 20 GeV and |η| < 2.5.
In order to reconstruct the Higgses individually from the b’s, the four b-jets, bi are
labelled in a way that minimises the quantity (m12/GeV− 125)2 + (m34/GeV− 125)2,
where mij represents the invariant mass formed by jets bi and bj. b1, b2 result from one
of the Higgs decay, and b3, b4 are the decay products of the other. The corresponding
jets are then used to reconstruct the two Higgs bosons within the on-shell window
(90 GeV, 130 GeV).
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With the selected signal events, a χ2 as described in Sec. 3.1.1 is constructed, again,
scanning over κV and κ2V . The constraints for both the benchmark points are presented
on the right-hand side of Fig. 3.3, at integrated luminosities of L = 1 ab−1 and 5 ab−1.
The analysis reproduces the CLIC projection [187],

κ2V ∈ [0.97, 1.05], expected 95% CL., 3 TeV, 5 ab−1. (3.8)

However, the potential to exploit beam polarisations in [187] (which is out of scope for
the comparison here) indicates that the obtained sensitivity estimates are conservative.

In the previous sections, the κV single Higgs constraints are treated independently
from the κ2V , κλ constraints for presentation purposes (in the discussion below, these
limits correspond to qualitatively different phenomenological parameters). Of course,
the individual rectangular regions indicated in Fig. 3.3 are simultaneously constrained
by these (correlated) data sets. To gauge how the rectangular regions map onto
the elliptical constraints in a combination of this information for the most sensitive
environments, a combination of single Higgs and WBF hh production is illustrated in
Fig. 3.4. This demonstrates that in the very sensitive future collider environments that
enable tight constraints on κ2V , this parameter will remain less constrained compared
to κV .

An additional promising avenue for probing κV and κ2V at lepton colliders lies
in high-energy muon colliders [188], which offer an exceptional environment for
precision Higgs measurements. Thanks to their clean experimental conditions and
high centre-of-mass energies potentially reaching 10 TeV, muon colliders can enhance
sensitivity to WBF processes, thereby accessing the same di-Higgs production channels
as in e+e− colliders but at substantially higher rates. The significantly boosted final
states at these energies also improve the resolution in reconstructing Higgs bosons
from b-jets, allowing for more robust discrimination of new physics effects in the gauge-
Higgs sector. Although a detailed simulation is beyond the scope of this chapter, the
combination of large cross-sections, suppressed backgrounds, and precise tracking
capabilities could render muon colliders competitive or even superior in constraining
κ2V , particularly when beam-induced background mitigation strategies are effectively
implemented.
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Figure 3.4.: The 95% CL constraints on κV and κ2V parameter space resulting from the combi-
nation of WBF di-Higgs and single Higgs production for various collider options.
Single Higgs constraints for future colliders are taken from the κW bounds in [189].

Remarks on κλ

WBF processes at hadron colliders play a less relevant role in constraining Higgs
self-interactions, predominantly the trilinear Higgs coupling, as Higgs pair production
from gluon fusion gg→ hh is more abundant. Representative extrapolations to the
HL-LHC phase [190] indicate that this coupling could be constrained at 50% around its
SM expectation. The environment of an FCC-hh at 100 TeV will increase the sensitivity
to 3-5% [191].

Higgs self-coupling measurements at lepton colliders are dominated by Z-boson
associated Higgs pair production for low centre-of-mass energies and WBF at large
energies, e.g., at CLIC. The latter, maximising the WBF potential, has a projected sensi-
tivity of about κλ = 1+0.25

−0.15 with some level of degeneracy between κλ and κ2V [187]. As
for hadron colliders, the constraint on κ2V is stronger compared to κλ, which highlights
the need for constraining κλ at hadron colliders such as the LHC. The sensitivity at
CLIC compares to an estimated ILC sensitivity (in the 250 GeV+500 GeV combined
phase) of κλ = 1± 0.25 [192].

The WBF channel in particular is primarily sensitive to κV , κ2V due to Eq. (3.2).
κλ however is relevant in comparison to κ2V , κV and therefore requires a discussion
in Sec. 3.2. κλ is known to be relatively efficiently constrainable in gluon fusion
Higgs pair production through sensitivity in the threshold region, whose inclusive
cross-section [193, 194] is an order of magnitude larger than WBF. κλ can therefore be
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understood as a potential additional constraint when considering κ2V measurements
as performed by the experiments.

3.2. κV , κ2V and κλ in BSM models

This section shifts the focus to BSM models that populate the space of κV , κ2V , and κλ,
paying particular attention to those that predict order-of-magnitude larger deviations
in either κ2V or κλ relative to κV ; in such cases future measurements of either κ2V

or κλ are likely to provide significant discriminating power. As discussed recently
in [195], a large deviation in κ2V relative to κV will require non-decoupling TeV-scale
new physics.

3.2.1. Extended scalar sectors at tree level

Consider a generic extended scalar sector built out of a set M of electroweak multiplets
ΦA. Let ΦA have an SU(2) irreducible representation (irrep) of dimension dA, and a
hypercharge YA, with the renormalisable lagrangian

L = ∑
A∈M
|DΦA|2 −V(Φ) . (3.9)

The charged current part of the covariant derivative is defined to be

DµΦA =

(
∂µ −

1√
2

igW(W+
µ T+

A + W−µ T−A )− . . .
)

ΦA , (3.10)

where the components of the generators in the SU(2) irrep of dimension dA are given
by

[T±A ]αβ =


√(

dA+1
2

)
(α + β− 1)− αβ if α± 1 = β

0 otherwise
, (3.11)

with the SU(2) indices α, β running between 1 (labelling the component with maximum
third component of isospin, T3) and dA (labelling the component with minimum T3).



54 The BSM potential of Multi-Higgs Processes

The
[(

dA+1
2

)
+ YA

]
-th component is electrically neutral, and after electroweak

symmetry breaking can be decomposed into vevs, vR and vI , and vev-free fields hR

and hI

[ΦA]
( dA+1

2

)
+YA

=
1√
2
(vR + hR) +

i√
2
(vI + hI) . (3.12)

These are separated into real (R) and imaginary (I) parts. The imaginary components
are absent from real irreps, as well as, without loss of generality, from one complex
irrep due to the freedom of gauging it away. Assuming the scalar sector contains a
hypercharge-1

2 doublet, its imaginary component is gauged away.

Substituting Eqs. (3.10) and (3.12) into Eq. (3.9), in the broken phase, the charged
current interactions of the neutral Higgses are governed by

L = ∑
i

1
2
(∂hi)

2 −V(v, h) +
1
4

g2W+W−
[
Cijvivj + 2Cijvihj + Cijhihj

]
+ . . . , (3.13)

where i, j index the neutral Higgses, and repeated indices are summed over, and the
matrix C is diagonal with entries

Cij = δij

(
1
2
(d2

A − 1)− 2Y2
A

)
. (3.14)

dA, YA are the dimension and hypercharge of the multiplet from which the ith compo-
nent came: real and imaginary components of the same multiplet have the same entry.
Cij is normalised to be the identity matrix in an n-Higgs doublet model.

The 125 GeV Higgs, h, is defined as a unit direction in the space of neutral Higgs
components:

hi = h n̂i , where n̂in̂i = 1 . (3.15)

The above relation is substituted into Eq. (3.13) and compared with Eq. (3.1). Identify-
ing the total vev as

v ≡
(

Cijvivj

) 1
2
= 246 GeV , (3.16)
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the coupling modifiers (κs) can be written as

κV =
Cijvin̂j(
Cijvivj

) 1
2

,

κ2V = Cijn̂in̂j .

(3.17)

Note that it is assumed that the electroweak multiplets form complete custodial irreps,
so that κV = κW = κZ and κ2V = κ2W = κ2Z.

κV and κ2V are therefore correlated in particular extended scalar sectors, i.e. for
particular Cij, and can now be computed at tree level in specific extended scalar sectors,
using the master formulae Eqs. (3.14) and (3.17).

Higgs + scalar SU(2) singlet In unitary gauge, there is one neutral component of
the Higgs doublet and one from the singlet, with the C matrix

Cij =

1 0

0 0

 . (3.18)

Writing vi = (v1, v2)
T and n̂i = (cos α, sin α)T, it is straightforward to obtain

κV = cos α , (3.19)

κ2V = cos2 α , (3.20)

with α being the scalar mixing angle, as expected.

2 Higgs Doublet Models In unitary gauge, there are two scalar neutral components,
which both generically contain vevs and mix with each other, and a pseudoscalar
neutral component which, when custodial symmetry is imposed, obtains no vev and
does not mix with the other neutral components [196]. The C matrix is the identity
matrix,

Cij =


1 0 0

0 1 0

0 0 1

 . (3.21)
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Writing

n̂i = (sin α, cos α, 0)T (3.22)

vi =v (cos β, sin β, 0)T (3.23)

where the third entry is associated with the pseudoscalar component, one can obtain

κV = sin(α− β) , (3.24)

κ2V =1 . (3.25)

Triplet extensions Looking at the Georgi-Machacek model [197], ordering the neu-
tral components respectively as that of the Higgs doublet, the two components of the
complex Y = 1 triplet and the one component of the real Y = 0 triplet, the C matrix is

Cij =


1 0 0 0

0 2 0 0

0 0 2 0

0 0 0 4

 (3.26)

Custodial symmetry implies that v2 = v3 = v4 among the triplet components, and
also that the mass matrix is invariant under permutations among the 2, 3 and 4 indices,
meaning n2 = n3 = n4 in the light Higgs eigenvector. Thus,

n̂i =

(
cos α,

1√
3

sin α,
1√
3

sin α,
1√
3

sin α

)T
(3.27)

vi =v
(

cos β,
1

2
√

2
sin β,

1
2
√

2
sin β,

1
2
√

2
sin β

)T
(3.28)

which implies that

κV = cos β cos α + 2

√
2
3

sin β sin α , (3.29)

κ2V = cos2 α +
8
3

sin2 α . (3.30)

This result is reproduced using the mass matrices of [197], see also [195].
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In Fig. 3.7, the lines and regions that the models discussed above can populate in
the κV-κ2V plane are shown. Notably, for any tree-level model

v2
(

κ2V − κ2
V

)
= Cijn̂in̂j Cklvkvl −

(
Cijvin̂j

)2
≥ 0 , (3.31)

which follows from the Cauchy-Schwarz inequality when C is a positive definite
matrix. It is only zero in the alignment limit, when n̂i ∝ vi, or in the case of mixing
with singlets, when C is only positive semidefinite.

Thus, one requires electroweak triplets or higher representations to obtain a large
deviation in κ2V but not κV in an extended scalar sector, as well as a departure from the
alignment limit (i.e., a departure from the parabola κ2V = κ2

V), see also [196]. This, in
turn, implies significant mixing of components of the Higgs doublet with other states
that cannot be made arbitrarily heavy. This is likely to cause some tension with direct
searches. For instance, a significant triplet component to electroweak symmetry break-
ing introduces resonant tell-tale same-sign WW WBF production [198] which drives
constraints on the triplet nature of the observed Higgs boson [199] (see also [200]). In
the decoupling limit, both κV and κ2V approach 1, and in principle do so from different
directions in the κV-κ2V plane, depending on the model — compare, for instance,
the singlet and 2HDM trajectories in Fig. 3.7. However, in the decoupling limit, the
deviations from the Standard Model in WW→ hh due to κV , κ2V are comparable to
the short-distance contributions from heavy Higgs exchange. These latter exchange
contributions are calculated for the singlet and 2HDM model in [201], where this
effect is discussed in detail. The effect of both κ2V and the short distance heavy Higgs
exchange can be combined into a κeff

2V , which satisfies

1− κ2
V = κ2

V − κeff
2V , (3.32)

in the decoupling limit. This corresponds to the pattern predicted by the SMEFT at
dimension 6 (see, for example, [195]).

Turning now to κλ, this is generally a free parameter for renormalisable potentials
V(Φ) containing cubic interactions among the electroweak irreps. However, if the
cubic interactions are absent (as often happens accidentally due to the charges of the
multiplets, or is imposed by certain Z2 symmetries), the range of κλ can be understood
close to the alignment limit. The potential among the neutral components before
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electroweak symmetry breaking will have the generic form

V =
1
2

µ2
ijrirj +

1
4

λijklrirjrkrl , (3.33)

where the tensors µ2 and λ are necessarily symmetric in their indices, and ri = 0
corresponds to the electroweak symmetry preserving vacuum. After electroweak
symmetry breaking, substituting ri = vi + hi leads to

V = const. +
1
2

µ2
ijhihj +

3
2

λijklhihjvkvl + λijklhihjhkvl + O(h4) (3.34)

using the vev condition

µ2
ijvj + λijklvjvkvl = 0 . (3.35)

From comparison with Eq. (3.1), κλ takes the form

κλ =
(

Cijvivj

) 1
2 2λijkl n̂in̂jn̂kvl

m2
h

(3.36)

Close to the alignment limit, Eq. (3.36) can be expressed in terms of mass parameters
and the degree of alignment. Without loss of generality, in the mass basis where the
mass matrix of Eq. (3.34) satisfies

µ2
11 + 3λ11klvkvl =m2

h

µ2
1a + 3λ1aklvkvl =0

µ2
ab + 3λabklvkvl =m2

aδab

(3.37)

can be used, where a, b = 2, 3, . . . label heavy Higgs directions, each with mass m2
a. In

this basis, vi satisfies

vi = v
(

1− 1
2

εaεa, ε2, ε3, . . .
)T

+ O(ε3) , (3.38)

for some small parameters εa describing the amount of the vev in the heavy Higgs
directions when close to the alignment limit. The summation over repeated a indices
is implied.
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Expanding µ2
11, µ2

1a, µ2
ab and λ111lvl, λ11alvl , λ1ablvl order-by-order in εa, Eqs. (3.35)

and (3.37) can be expanded to solve for

κλ =
2vλ111lvl

m2
h

= 1 +
1
2

εaεa − 2εaεb

(
limεa→ 0 µ2

ab

)
m2

h
+ O(ε3) . (3.39)

In the decoupling limit, where m2
a are large, the model is necessarily aligned and

εa∼O
(

1
m2

a

)
are correspondingly small. The quartic couplings of the model are

limited in size by perturbative unitarity, and so from Eq. (3.37) µ2
ab approaches m2

aδab.
In this case

κλ ≈ 1− 2 ∑
a

ε2
a

(
m2

a

m2
h
− 1

4

)
, (3.40)

and the deviation in κλ enjoys a parametric enhancement of m2
a

m2
h

relative to the devia-

tions in κ2
V and κ2V which are both O(C× ε2

a). This enhancement does not necessarily
happen in the case of alignment without decoupling.

3.2.2. Extended scalar sectors at loop level

Turning to the case of an arbitrary electroweak scalar multiplet, ΦA, with a Z2 symme-
try that prevents it from acquiring a vev, and a cross-quartic interaction λ with the SM
Higgs doublet Φ:

L = |DΦA|2 −m2
ϕ|ΦA|2 − 2λ|ΦA|2

(
Φ†Φ− v2

2

)
. (3.41)

If the scalar is sufficiently heavy, 2mϕ > mh, its leading order effects are at one-
loop level. When augmented with a small amount of Z2 splitting to allow charged
particles to decay, Eq. (3.41) presents a minimal class of models that includes multiple
viable candidates for BSM particles of mass m2

ϕ . 1 TeV [131]. If the cross-quartic
is large, such that m2

ϕ∼ λv2, there can be sizeable effects in the electroweak phase
transitions [202].
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In the simplest case of a Z2 symmetric singlet,
√

2ΦA∼
√

2Φ†
A∼ S and Eq. (3.41)

reads

L = LSM +
1
2
(∂µS)2 − m2

S
2

S2 − λS2

(
Φ†Φ− v2

2

)
. (3.42)

In this scenario, the WW→ hh subamplitudes (as any amplitude) can be renormalised,
in the on-shell scheme as described in Ref. [203], which is the common scheme used for
electroweak corrections (treating tadpoles as parameters as in Ref. [204]).‡ The effects
of the singlet, to order O(λ3), can be accounted for by substituting the following finite
expressions into Fig. 3.1

κ2V − 1 = − λ2v2

8π2 Re
[

B′0(m
2
h, m2

S, m2
S)
]
' κ2

V − 1 ,

κλ − 1 = − λ3v4

6π2m2
h

C0(M2
hh, m2

h, m2
S)

− λ2v2

8π2
1

M2
hh −m2

h

(
B0(M2

hh, m2
S, m2

S)− Re[B0(m
2
h, m2

S, m2
S)]
)

− λ2v2

48π2m2
h

(
4B0(m

2
h, m2

S, m2
S) + 2B0(M2

hh, m2
S, m2

S)

− Re[6B0(m
2
h, m2

S, m2
S)− 3m2

hB′0(m
2
h, m2

S, m2
S)]
)

.

(3.43)

Here B0, B′0 are the Passarino–Veltman [206] two-point function and its derivative,
respectively, C0 is the 3-point function (see App. A for explicit definitions), and Mhh is
the di-Higgs invariant mass. κλ becomes a M2

hh-dependent form factor; this momen-
tum dependence is particularly useful for light scalar masses mS which do not admit a
reliable EFT description and can modify the phenomenology at threshold.

Note that, for the loop-level singlet, the correction to κV and κ2V is purely through
the wavefunction renormalisation of the Higgs, and therefore follows a characteristic
κ2

V ' κ2V pattern, the corrections to both scaling as λ2. κλ, on the other hand, receives
a λ3 contribution from a 1PI singlet loop. When λ is large, this generically means the
κλ sensitivity to this model at HL-LHC is greater than that of κV , κ2V , as illustrated in
Fig. 3.5.

‡Specifically choosing {MW , MZ, α} as input parameters for the electroweak sector. The Weinberg
angle is then a derived quantity [205].
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In principle, a ΦA with non-trivial electroweak charges can contribute 1PI correc-
tions to hWW and hhWW vertices; in practice, however, these states’ corrections to
the κ parameters are parametrically similar to the singlet case. To see this, take ΦA

to be a second (inert) Higgs doublet as a representative example, and work to order
O(m−2

ϕ ), assuming the extra states are sufficiently heavy for their effects in WW→ hh
to be well approximated by constant κs. Performing the same calculations as before in
the on-shell scheme for the off-shell SM-like 1PI vertex functions Γ,

ΓWWh

ΓWWh
LO

∣∣∣∣
SM

= κ̄W = 1− g2
W

1920π2m2
ϕ

(
2M2

W + M2
Z

)
− λ2v2

24π2m2
ϕ

,

ΓWWh

ΓWWh
LO

∣∣∣∣
SM

= κ̄Z = κ̄W +
g2

Y

960π2m2
ϕ

(M2
W −M2

Z) ,

ΓWWhh

ΓWWhh
LO

∣∣∣∣
SM

= κ̄2W = 1− g2
W

480π2m2
ϕ

c2
W

s2
W

(
M2

W + M2
Z

)
− λ2v2

12π2m2
ϕ

, (3.44)

ΓZZhh

ΓZZhh
LO

∣∣∣∣
SM

= κ̄2Z = κ̄2W +
e4v2

1920π2m2
ϕ

g2
Y

g2
W

,

Γhhh

Γhhh
LO

∣∣∣∣
SM

= κ̄λ = 1− g2
W M2

Z

1920π2m2
ϕ

− λ2v2

72π2m2
ϕ

(
7 + 2

M2
hh

m2
h

)
+

λ3v2

3π2m2
ϕ

v2

m2
h

.

These are now no longer related to physical quantities by introducing the bar. The
physical couplings in the amplitudes are the product of both these corrections to
the κs, and the corrections to the electroweak couplings due to the non-trivial gauge
quantum numbers of the new fields. In particular, for non-vanishing hypercharge,
the new states are additional sources of custodial isospin violation as directly visible
above. The gaugeless part of the corrections mirrors those of the singlet Eq. (3.43). In
particular, the O(λ2) corrections to κV and κ2V come exclusively from wavefunction
normalisation of the Higgs boson.§

The results above clearly show that additional gauge interactions can sculpt the
κV , κ2V parameter regions, however, in a phenomenologically highly suppressed
way compared to new additional inter-scalar interactions. Focussing on the gauge-
independent part in practical κ2V , κV , κλ analyses, the λ contributions all scale with the
number of real degrees of freedom, D. This gives approximate values for an arbitrary

§Parametrically comparable 1PI contributions to hWW and hhWW arise from dimension-six operators
∼ |Φ|2VµVµ. In cases where couplings are forbidden by gauge-invariance, the dimension-6 contri-
butions are conventionally included to the κ definition as is the case for κγ, κg, κZγ, see e.g. [207,208].
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Figure 3.5.: κλ-κ2V plot for the aforementioned singlet mixing scenario for a representative
value of Mhh = 300 GeV & 2mh which provides the region sensitive to κλ inves-
tigations in Higgs pair production from gluon fusion. The HL-LHC projected
sensitivity bound on κλ is represented by the dashed black lines [190]. The range
on the κ2V axis comes from HL-LHC bounds on κV , assuming κ2V = κ2

V as in this
singlet model. mS ∈ [90, 400] GeV and λ ∈ [−2, 2] are varied to obtain the contour.

irrep of

κV ' κ̄V ≈ 1− D
λ2v2

96π2m2
ϕ

,

κ2V ' κ̄2V ≈ 1− D
λ2v2

48π2m2
ϕ

, (3.45)

κλ ' κ̄λ ≈ 1 + D
λ3v2

12π2m2
ϕ

v2

m2
h

.

assuming λv2 � m2
h to drop the λ2 piece in κλ, and focussing on the HL-LHC mea-

surement region Mhh & 2mh. The full momentum dependence for any such irrep can
be restored from Eq. (3.43) by multiplying by the dimension D.

3.2.3. Compositeness and dilaton mixing

The κ values of a composite Higgs model depend on the details of the symmetry
breaking. In the minimal composite Higgs model (MCHM), the components of the
Higgs doublet chart the coset SO(5)/SO(4) [143, 144, 209], whose relevant dynamics
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are readily constructed through the linear sigma model, see [210]. The five components
φ1, . . . , φ5 have kinetic terms

L =
1
2

4

∑
M=1

(
(Dφ)M

)2
+

1
2
(∂φ5)2 , (3.46)

where the first four components have SM-like gauge couplings to the W and Z. The
components are restricted to the surface

4

∑
M=1

(φM)2 + (φ5)2 = f 2 (3.47)

which, in unitary gauge, can be parameterised by

(
φ1, φ2, φ3, φ4, φ5

)
=

(
0, 0, 0, f sin

h

f
, f cos

h

f

)
(3.48)

where h is understood to be the Higgs coordinate shifted such that h = 0 in the absence
of electroweak symmetry breaking. Substitution of Eq. (3.48) into Eq. (3.46) yields the
unitary gauge Lagrangian

L =
1
2
(∂h)2 +

g2 f 2

4
sin2

(
h

f

)[
W+W− +

1

2c2
W

Z2

]
, (3.49)

and expanding about the vacuum h = 〈h〉+ h then gives

κV =
√

1− ξ ,

κ2V =1− 2ξ ,
(3.50)

in terms of ξ = v2

f 2 . While this pattern will change for different cosets, it was shown

in [211] that for all custodial-symmetry-preserving cosets arising from the breaking of
a compact group, it is guaranteed that

1− κ2
V ≥ 0 ,

κ2
V − κ2V ≥ 0 .

(3.51)
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By contrast, this can be violated for non-compact groups. A non-compact coset
SO(4, 1)/SO(4) can be constructed via the linear sigma model Lagrangian [210]

L =
1
2

4

∑
M=1

(
(Dφ)M

)2
− 1

2
(∂φ5)2 , (3.52)

restricted to the surface

4

∑
M=1

(φM)2 − (φ5)2 = − f 2 (3.53)

which is then parameterised in unitary gauge by

(
φ1, φ2, φ3, φ4, φ5

)
=

(
0, 0, 0, f sinh

h

f
, f cosh

h

f

)
. (3.54)

(Note that trigonometric functions in Eq. (3.48) become hyperbolic ones in Eq. (3.54),
similar in spirit to the compactification of the Lorentz group.) This yields

κV =
√

1 + ξ ,

κ2V =1 + 2ξ ,
(3.55)

for the hyperbolic composite Higgs model.

In composite Higgs theories, the Higgs potential can be written schematically
in MCHM5 (and MCHM5-like theories such as Ref. [212], where the 5 refers to the
spurionic irrep of the top quark) as

f−4VCH

(
h

f

)
= α cos

(
2h
f

)
− β sin2

(
2h
f

)
=

m2
h

8v2(1− ξ)

[
sin2

(
h

f

)
− ξ

]2

+ V0 ,

(3.56)

where V0 is a constant, see also [213]. The coefficients α, β are related to two and four-
point functions of the underlying strongly interacting theory [214, 215] responsible
for partial compositeness, and they can be replaced as a function of ξ and the Higgs
mass. These coefficients can, in principle, be inferred from lattice computations (for
recent progress see [216, 217]) to uncover realistic UV completions. The Higgs trilinear
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coupling modifier is then given by

κλ =
1− 2ξ√

1− ξ
(3.57)

The expression for the hyperbolic composite Higgs model is again obtained from the
replacement ξ→ − ξ [210].

The above expressions satisfy

κVκλ = κ2V . (3.58)

Therefore, Fig. 3.1(a) reproduces the behaviour of Fig. 3.1(b) at leading order in the
MCHM5 scenario. This is due to the symmetry breaking potential being of the same
functional form as the interaction of the Goldstone bosons.¶

Ultimately, the value of κλ depends on the (spurionic) representations of the explicit
SO(4) symmetry breaking in the model. Larger representations, leading to higher
order Gegenbauer polynomials of sin

(
h
f

)
in the potential, can break the above corre-

lation between κλ and κV , κ2V , and generally lead to a parametric enhancement in the
deviations of κλ from the SM [219].

Deforming the MCHM with a dilaton

The MCHM, together with its hyperbolic counterpart, define a line in the κV-κ2V plane
(shown in green and blue in Fig. 3.6) corresponding to the maximally symmetric
coset spaces of constant positive or negative curvature [220]. Ref. [195] considered
deformations away from this line that can arise from deformations of the coset space.
A viable model for these deformations comes from the mixing of the composite Higgs
with a TeV-scale dilaton.

Practically, the coset space can be deformed by replacing the constant radius f in
Eqs. (3.47) and (3.53) with a mildly φ5 dependent function

f 2→ f 2(φ5) ≈ f 2
0 + f 2

0
(φ5)2

f 2
t

, (3.59)

¶In MCHM4 the potential reads f−4VCH

(
h
f

)
= α cos

(
h
f

)
− β sin2

(
h
f

)
leading to κλ =

√
1− ξ, see

also [218]. In this scenario, which suffers from tension with electroweak precision constraints, one
also has κVκλ 6= κ2V .



66 The BSM potential of Multi-Higgs Processes

0.4 0.6 0.8 1.0 1.2 1.4 1.6

κV

0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

2.00

κ
2V

MCHM

Hyperbolic CHM

sinx deformation

sinhx deformation

κ2
V = κ2V

SM

Figure 3.6.: κV-κ2V predictions for the composite Higgs models and their deformation through
Eq. (3.59) as described in the text, for κV ∈ [0.5, 1.5], ξ = v2/ f 2 ∈ [0, 1], and ft as
a consistent solution of the W mass given κV , ξ. This leaves κ2V determined as a
function of these parameters.

for some f 2
t > f 2

0 . This promotes φ5 to a modulus that is common in higher-dimensional
theories of electroweak symmetry breaking.‖ The function is expanded to order (φ5)2,
assuming the linear term is forbidden by symmetry, so a linear deformation doesn’t al-
ter the findings qualitatively. The modifications κV , κ2V are calculated to linear order in
f 2
0 / f 2

t , after performing a field redefinition to canonically normalise the kinetic terms
(This field redefinition necessarily introduces momentum-dependent self-interactions
of the would-be Higgs boson, which is discussed below.). Scanning over f 2

0 / f 2
t , as il-

lustrated in Fig. 3.6, it can be seen that such manifolds deviate from the line of uniform
curvature in the κV-κ2V plane.

The effective φ5 dependence of f can be brought about through mixing with a
dilaton direction, χ, which can be analysed using the approach of [222]. χ measures the
departure from conformal symmetry through its vacuum expectation value 〈χ〉 [223].
In a UV completion where the composite Higgs components are mesonic states arising
from a confining gauge group SU(Nc), 〈χ〉 ∼ f if the dilaton is another mesonic state,
〈χ〉 ∼ f

√
Nc if the dilaton is a glueball like state [222]. Here 〈χ〉 is a free parameter,

‖The motivation of the scalar metric from which this theory derives also follows the discussion
presented in [221].
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required to be O(TeV) in order to get sizeable mixing effects with the composite Higgs
states.

Interaction terms with the composite Higgs can be constructed by multiplying
operators by (χ/〈χ〉)n, where n is the canonical mass dimension of the operator, in
order to restore conformal symmetry. Thus

L ⊃ g2
W f 2

4

(
χ

〈χ〉

)2

sin2
(
h

f

)[
W+W− +

1

2c2
W

Z2

]
−
(

χ

〈χ〉

)4

VCH

(
h

f

)
. (3.60)

in terms of the composite Higgs model operators Eqs. (3.49) and (3.56). Expanding
this Lagrangian around the minimum 〈h〉, 〈χ〉 and including effects of Higgs-dilaton
mixing through the usual isometry h

χ− 〈χ〉

 =

 cφ sφ

−sφ cφ

h′

χ′

 , (3.61)

from the couplings of the mass eigenstate h′, one can obtain

κV = cφ

√
1− ξ − sφ

√
ζ ,

κ2V = (1− 2ξ)c2
φ + ζs2

φ − 2
√

ζ(1− ξ)s2φ ,

κλ = c3
φ

1− 2ξ√
1− ξ

− 4c2
φsφ

√
ζ − 8

V0

m2
hv2 s3

φζ
3
2 ,

(3.62)

where ζ = v2/〈χ〉2, with the MCHM5 potential for VCH taken from Eq. (3.56).

These couplings indeed cover, a priori, a wide area in the κV-κ2V plane. In particular,
the area κ2V < 1 < κV , which was not populated by the models considered in previous
sections, can be reached if the Higgs is considered mostly as a pseudo-dilaton. This
area partially overlaps with the geometric deformations shown in Fig. 3.6 (Eq. (3.59)
can be thought of as approximating the leading order effects of dilaton mixing).

κλ can also accommodate large deviations from 1 in the case of significant Higgs-
dilaton mixing. In addition, the dilaton χ has additional χ3 terms from explicit sources
of conformal symmetry violation as described in [223, 226]. This means that trilinear
interactions will receive momentum-dependent interactions as a consequence of the
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Model κV κ2V cref.

Singlet cos α cos2 α §Sec. 3.2.1
2HDM sin(α− β) 1 §Sec. 3.2.1
Georgi-Machacek cos α cos β +√

8
3 sin α sin β

cos2 α + 8
3 sin2 α §Sec. 3.2.1

Tree-level scalar
Cijvin̂j(

Cijvivj

) 1
2

Cijn̂in̂j §Sec. 3.2.1

Loop-level scalar
1− D

λ2v2

96π2m2
ϕ

1− D
λ2v2

48π2m2
ϕ

§Sec. 3.2.2
(large λ)

SMEFT free ' 2κ2
V − 1 e.g. [119, 224]

MCHM
√

1− ξ 1− 2ξ §Sec. 3.2.3
MCHM + Dilaton cφ

√
1− ξ − sφ

√
ζ (1 − 2ξ)c2

φ + ζs2
φ −

2
√

ζ(1− ξ)s2φ

§Sec. 3.2.3

HEFT free free e.g. [225]

Table 3.1.: A collection of κV , κ2V values of the simplified models described in Sec. 3.2.

a-theorem [227], leading to

L ⊃ 4 ∆a

〈χ〉3
(∂χ)2�χ + . . . (3.63)

where the ellipses denote higher order terms in the dilaton and ∆a = O(%) (see [227,
228]). This leads to an additional momentum-dependent modification of κλ of

∆κλ = s3
φ

4 ∆a
3

ζ

[
Mhh
〈χ〉

]2 [Mhh
mh

]2
(

1− 4m2
h

M2
hh

)
, (3.64)

with Mhh denoting the invariant di-Higgs mass. Modifications vanish close to the
threshold, but can lead to a large modification of the invariant di-Higgs mass spectrum
for considerable mixing.

The examples discussed so far exhaust the phenomenological possibilities in the
κV-κ2V plane, and therefore provide a theoretical avenue to interpret the results of
associated analyses. Of course, κV constraints are also informed by single Higgs
measurements, and therefore, there are significant constraints on these scenarios
from a range of experimental findings. Similarly, both momentum-dependent and
momentum-independent modifications to κλ are best constrained in measurements of
gluon fusion Higgs pair production, given the larger rate and the generic sensitivity
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of WBF to (multi-) gauge boson interactions. Table 3.1 presents a collection of κV , κ2V

values of the simplified models described in Sec. 3.2.

3.2.4. Running of coupling modifiers

Going beyond tree level, the correlations of κV , κ2V , and κλ become scale and scheme
dependent. In the HEFT framework, the leading-order operators that modify κV , κ2V ,
and κλ (free, uncorrelated parameters in HEFT) not only run into each other, but also
into higher derivative, next-to-leading-order operators (in a chiral dimension power-
counting scheme) that modify the measured κs, as shown in Table 3.2. To encapsulate
these effects, an effective κV can be defined from the coefficient of gµν in the effective
vertex for hWW (as defined in [134, 142])

Z
1
2
h Γ̂µν

hW−W+ , (3.65)

with all legs on-shell. The wavefunction normalisation of the Higgs is

Z−1
h = 1 + 4

m2
h

v2 a�� (3.66)

in terms of the operator coefficient a�� defined in Table 3.2 [134]. One can then obtain

κeff
V =κV +

m2
h

v2 (2ahWW + ad2 + 2a�VV − ahVV − 2κV a��)−
M2

W

v2 4ahWW (3.67)

Similarly, from the value of

Z
3
2
h Γ̂hhh (3.68)

with all legs on-shell, an effective coupling can be defined as

κeff
λ = κλ +

m2
h

v2 (−2ah�� + add� − ahdd − 6κλa��) . (3.69)

These effective couplings serve the purpose of effectively field-redefining the redun-
dant higher derivative operators generated by the running back into κV and κλ, respec-
tively. An analogous on-shell κeff

2V would be a complicated function of components of
the hhWW effective vertex and components of diagrams containing, e.g., hWW and
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OhWW −2ahWW g2
W

h
v Tr
[
WµνWµν

]
OhVV −ahVV

m2
h

2
h
v Tr
[
VµVµ

]
O�VV a�VV

�h
v Tr

[
VµVµ

]
Oh�� ah��

h
v
�h�h

v2

Od2 iad2 g ∂νh
v Tr

[
WµνVµ

]
Odd� add�

∂µh∂µh

v3

O�� a��
�h�h

v2 Ohdd ahdd
m2

h

v2
h
v ∂µh∂µh

Table 3.2.: HEFT operators Oi relevant for the RGE analysis, ai are the corresponding HEFT
coefficients. Vµ = (DµU)U† and DµVµ = ∂µVµ + i[gWµ,Vµ]. W, B are the standard
gauge field and field strengths. The non-linear sigma model parametrising the
Goldstone fields is U(πa) = exp

(
iπaτa/v

)
.

hhh vertices. Using the results of [134, 225] (see also [142, 229–233]), the couplings run

according to

16π2 d

d log µ2 κeff
V =

m2
h

v2

(
3
2
(κ2V − κ2

V)(κλ − κV)− κV(1− κ2
V)

)
+

M2
W

2v2

(
3κV(1− κ2

V) +
20
3

κV(κ2V − κ2
V)

)
+

M2
Z

2v2 3κV(1− κ2
V) ,

16π2 d

d log µ2

[
κ2V − (κeff

V )2
]
=

m2
h

2v2

(
2(κ2V − κ2

V)
2 + 4κ2

V(1− κ2
V)

− (κ2V − κ2
V)(4κ2V − 16κ2

V + 18κλκV − 3κ4)
)

+
M2

W

v2

(
3(κ2V − κ2

V)
2 + (3− 20

3
κ2

V)(κ2V − κ2
V)

)
+

M2
Z

2v2 3(κ2V − κ2
V)(1− κ2

V) ,

16π2 d

d log µ2 κeff
λ =

m2
h

2v2

(
9(κλ − κV)κ

2
λ + (κλ + 3κV)(κ2V − κ2

V) (3.70)

+ 6κλκ4 − 6κ3
V

)
+

3(M2
W + M2

Z)

2v2 3κλ(1− κ2
V) .

κ4 is the multiplicative modifier of the h4 vertex, and is set to 1 in the following. The
running of κ2V is presented in terms of that of the combination κ2V − (κeff

V )2, which
controls the energy growth of the WW→ hh process.
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The SM is a fixed point of the running, as the RHSs of Eq. (3.71) vanish when
κV = κ2V = κλ = 1.∗∗ Linearising the RGEs about this point by defining

δκV =κeff
V − 1 ,

δK2V =κ2V − (κeff
V )2 ,

δκλ =κeff
λ − 1 ,

(3.71)

one can find

16π2 d

d log µ2 δκV =δκV

(
2

m2
h

v2 −
3(M2

W + M2
Z)

2v2

)
+ δK2V

(
3M2

W

v2

)

16π2 d

d log µ2 δK2V =δκV

(
−4

m2
h

v2

)
+ δK2V

(
−3m2

h

2v2 −
40M2

W

3v2

)

16π2 d

d log µ2 δκλ =δκV

(
−27m2

h

2v2 −
9(M2

W + M2
Z)

2v2

)
+ δK2V

(
2m2

h

v2

)
+ δκλ

(
15m2

h

2v2

)
(3.72)

up to O((δκ)2) corrections. Note that, to expand the RHS of Eq. (3.71), it is assumed
that the couplings are running from a point where all higher order a coefficients are
zero.

From Eq. (3.72) it can be noted that δκλ, which is experimentally the least con-
strained of the three parameters, self-renormalises significantly stronger than the other
two. Also, the negative coefficient for the self-renormalisation of δK2V means that a
positive δK2V , as is the case for all renormalisable models, grows in the IR, away from
the δK2V = 0 alignment limit.

3.3. Triple-Higgs at Hadron Colliders

Di-Higgs production via gluon fusion or WBF has already been explored [137,170], and
there is growing interest in triple Higgs production as a deeper probe of the structure
of the Higgs potential and the nature of electroweak symmetry breaking. Unlike single
or double Higgs processes, which have already been observed or constrained with
increasing precision, the production of three Higgs bosons remains largely uncharted

∗∗Without defining κeff
λ to take account of the effect of the higher derivative operators, κλ would appear

to run even at the Standard Model point.
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Figure 3.7.: κV-κ2V correlation for different 95% CL collider sensitivity extrapolations, assum-
ing κλ = 1. The BSM model discussion of Sec. 3.2 is overlaid to highlight regions
for which κ2V can provide information beyond κV . In particular, the fourth quad-
rant (where κ2V < 1 < κV) is populated by scenarios of large dilaton-Higgs mixing
(we scan −1 ≤ κ2V ≤ 2, |sθ | ≤ 1 with a physical solution of ζ > 0; again assuming
Mhh = 300 GeV as before). Note that the dilaton includes effects beyond the
deformation truncated in Eq. (3.59). Hence, the covered area is comparatively
larger. The black dashed line represents κ2

V = κ2V and all BSM renormalisable
models lie in the region above this line, i.e., κ2

V ≤ κ2V .

territory at current collider energies. As such, it provides a unique window into
potential new dynamics in the scalar sector.

In the SMEFT framework, gauge invariance enforces tight correlations between
single, double, and triple Higgs couplings [119], limiting the extent to which one
can independently modify the hhh interaction. In contrast, HEFT allows for more
freedom [134, 225, 234], enabling significant deviations in triple Higgs couplings with-
out necessarily affecting h or hh rates. This opens the door to scenarios where the
hhh production rate could be enhanced by an order of magnitude or more [234, 235],
making it a promising avenue for uncovering signs of physics beyond the Standard
Model (BSM).

Beyond EFT considerations, many UV extensions of the Higgs sector, such as
models with additional scalar fields or extended gauge symmetries, predict reso-
nant enhancements in multi-Higgs final states [236,237]. These enhancements often
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emerge in connection with mechanisms that address fundamental shortcomings of
the Standard Model. One compelling example is the generation of the observed
baryon asymmetry of the Universe via a strong first-order electroweak phase tran-
sition (SFOEWPT) [32, 238], which necessitates alterations to the Higgs potential.
Such modifications generically affect the shape of the potential in a way that leaves
characteristic imprints on the rates of di-Higgs and, more prominently, triple Higgs
production.

Given these motivations, triple Higgs production stands out as a powerful probe
of the scalar sector self-interactions, with sensitivity to both low-energy effective
couplings and high-scale resonant phenomena. This section explores its implications
for BSM physics, with particular emphasis on SFOEWPT scenarios and prospects for
future collider experiments.

3.3.1. Models, Scans and Cross-Sections

Resonant extensions of the SM have the potential to enhance cross-sections through
new on-shell contributions that are not present in the continuum production expected
in the SM. Such modifications of scalar couplings are ubiquitous in Higgs sector exten-
sions, with related interference effects between different new physics and modified
SM contributions can lead to an intricate interplay of different phase space regions.
Together, these can lead to either a net enhancement or a reduction of the cross-sections
of hh(h) production. Whilst some differential information might be obtainable for
the hh final states at the HL-LHC, this is less likely for hhh production. However,
experimental proof-of-principle investigations have yet to be made available. It is
therefore imperative to focus on the integrated cross-sections as relevant physical
observables, including the interplay of different phase space regions that highlight
resonance and interference contributions in relation to the SM.

Along these lines, a particularly motivated class of models is the extension of
the SM by an additional doublet, as in 2HDMs and the latter’s complex and singlet-
extended variation. These models introduce all aforementioned phenomenological
modifications in clear relation to existing Higgs measurements and exotics searches;
they further enable a direct correlation of multi-Higgs rates with an SFOEWPT (see
in particular [239]). This is most transparently expressed through the so-called “real”
2HDM (R2HDM), where all the 2HDM parameters are assumed to be real variables,
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thus making clear distinctions between CP-even and -odd exotic Higgs bosons. The
R2HDM is generalised by admitting complex phases (giving rise to the “complex"
2HDM, C2HDM), which provides a natural interface to incorporate CP-violation as
an avenue to satisfy Sakharov’s criteria further. Extensions of the R2HDM by an
additional real singlet field (the Next-to-Minimal 2HDM, N2HDM) generalise the
typical correlations of the R2HDM through additional contributions to the potential
and a richer mixing structure [240] of states with given CP quantum numbers. The
following analysis considers these three scenarios to discuss correlations and their
modifications when requiring a sufficient SFOEWPT.

The 2HDM Extensions

The potential for the 2HDM is given by

V2HDM = m2
11Φ†

1Φ1 + m2
22Φ†

2Φ2 −
(

m2
12Φ†

1Φ2 + h.c.
)
+

λ1
2

(
Φ†

1Φ1

)2
+

λ2
2

(
Φ†

2Φ2

)2

+ λ3

(
Φ†

1Φ1

) (
Φ†

2Φ2

)
+ λ4

(
Φ†

1Φ2

) (
Φ†

2Φ1

)
+

[
λ5
2

(
Φ†

1Φ2

)2
+ h.c.

]
,

(3.73)

with

Φi =
1√
2

(
φ+

i

ϕi + iai

)
, i = 1, 2, (3.74)

transforming as (1, 2, 1/2) under the SM gauge group. The potential obeys the usual
Z2 symmetry assignments to remove flavour-changing interactions [241], which is
softly broken by the m2

12 term in V2HDM. In the case of the R2HDM, all parameters in
this potential are taken to be real

m2
11, m2

22, m2
12, λ1,...,5 ∈ R (R2DHM), (3.75)

whereas in the CP-violating version

m2
11, m2

22, λ1,...,4 ∈ R, m2
12, λ5 ∈ C (C2DHM) (3.76)

(with independent phases for m2
12 and λ5 so that they cannot be absorbed by field

redefinitions).
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The usual equations to obtain the minimum for this potential alongside the physical
masses and mixing angles hold, e.g., for the R2HDM, the physical neutral Higgs masses
are related to the Lagrangian eigenstates via(

H

h

)
= R2(α)

(
ϕ1

ϕ2

)
, (3.77)

where R2(α) is the standard 2-dimensional orthogonal rotation matrix. Furthermore,

tan β =
〈Φ2〉
〈Φ1〉

=
v2
v1

(3.78)

denotes the diagonalisation angle of R2(β) for the CP-odd and charged fields (includ-
ing the massless Goldstone mode). The brackets around the fields denote their respec-

tive vacuum expectation values (vevs), with the total vev,
√

v2
1 + v2

2 ≡ v ≈ 246.22 GeV.

In the C2HDM, due to explicit CP violation, one can still define massless Goldstone
modes through R2(β) (i.e. the vacuum expectation values 〈Φ1,2〉 can be aligned), but
the neutral electromagnetic fields no longer have defined CP quantum numbers and
are now diagonalised by a 3-dimensional orthogonal rotation matrix R3(α1, α2, α3).

Extending the 2HDM with an additional real singlet under the SM gauge group
ΦS∼ (1, 1)0 leads to the N2HDM with the potential,

VN2HDM = VR2HDM +
1
2

m2
SΦ2

S +
λ6
8

Φ4
S +

λ7
2

(
Φ†

1Φ1

)
Φ2

S +
λ8
2

(
Φ†

2Φ2

)
Φ2

S , (3.79)

which generalises the mixing in the CP-even sector compared to the R2HDM to a
3-dimensional orthogonal rotation after expanding ΦS around a non-vanishing VEV
〈ΦS〉, ΦS = 〈ΦS〉+ ϕ3. The potential is invariant under the usual (softly broken) Z2

symmetry and an additional Z
′
2 symmetry, under which Φ1,2→Φ1,2 and ΦS→ −ΦS.

In all these scenarios, the interactions of the Higgs boson(s) with known matter are
changed as a consequence of the Z2 assignments giving rise to the usual classification
of 2HDM models (see Ref. [242] for a review) as well as mixing. The focus of this
analysis is on the type-I scenario in the following, as this provides a wider range of
acceptably strong phase transitions [243–245]. The couplings of the extended Higgs
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spectrum to the SM quarks in the R2HDM are then given by

ξu,d
h =

cos α

sin β
,

ξu,d
H =

sin α

sin β
,

ξu,d
A = cot β ,

(3.80)

relative to the SM Higgs couplings. In the extended 2HDM, these couplings are
then further modified by the aforementioned rotations in the C2HDM and N2HDM,
respectively.

The inter-Higgs interactions obtained from expanding the potential in the mass
basis further impact the multi-Higgs production through modified trilinear and quar-
tic Higgs boson interactions. Depending on the realisations considered, these can
be very different, ranging from relatively rigid correlations in the 2HDM to relaxing
them in the N2HDM and the C2HDM along the lines of singlet admixture and explicit
CP violation, respectively. This enables comments on the impact of these various
phenomenological variations on the expected hh(h) production rates in light of the
strength of the electroweak phase transition. A notable exception to the phenomenol-
ogy discussed is provided by the 2HDM with additional symmetry protection that
achieves alignment through an enhanced custodial symmetry [246–248].

Scanning for SFOEWPTs and multi-Higgs cross-sections

Fixing the Higgs mass at mh = 125.09 GeV, viable parameter points are generated
on ScannerS [249, 250], where all other input parameters (such as the masses of the
heavier exotics and mixing angles) are varied randomly in wide ranges to cover the
parameter space allowed by the relevant theoretical constraints and by the experi-
mental constraints given by the Higgs measurements (as checked via an interface to
HiggsTools [251–253]), flavour constraints (Rb [254, 255] and B → Xsγ [255–260]),
and electroweak precision data (by demanding the S, T, and U parameters [75] to be
within 2σ of the SM fit [72]).

The finite temperature phenomenology of the scalar extensions is explored us-
ing BSMPTv3 [261–263]. The strength of the phase transition is assessed during the
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percolation stage, and a phase transition is deemed to be of first order and strong when

ξp =
vp(Tp)

Tp
> 1 , (3.81)

i.e. when the vev at the percolation temperature Tp is larger than unity in units of
Tp. This is a conventional measure to safeguard against sphaleron washout effects
when considering electroweak baryogenesis (see also [264,265] for further discussions).
For a given parameter choice that is consistent with the theoretical constraints and
the current experimental outcome as verified by ScannerS, the thermal history of
the corresponding model is tried using BSMPT, which achieves this by including the
following finite-temperature potential up to one-loop order

Veff(T) = V0(T = 0) + VCW(T = 0) + VCT(T = 0) + VT(T) + Vdaisy(T) (3.82)

including thermal corrections (see e.g. [266–268] for excellent reviews of the subject)
as well as Daisy-resummation (concretely considering these in the Arnold-Espinosa
approach [269]). As in Refs. [243, 270, 271], the finite counterterm contributions are
included to identify the minima of the potential, the Higgs masses and mixing angles
at tree level (V0) and at one loop (V0 + VCW + VCT) at T = 0, to facilitate tests for
the compatibility with experimental constraints. Here VCW and VCT denote the one-
loop Coleman-Weinberg and the counterterm potential, respectively. With BSMPT, the
trilinear and quartic Higgs self-couplings are computed from the third and fourth
derivatives of the potential, respectively, whose tree-level values are used as input to
the hh(h) cross-sections.

To compare the results of the EWPT with the expected LHC phenomenology, the
various (extended) 2HDMs are implemented using FeynRules [64] and NLOCT [272],
which is interfaced via a Ufo [273] model with Madgraph5_aMC@NLO [160]. Cross-
sections are generated for hh(h) production through gluon fusion, pp→ hh(h), at
leading, i.e. one-loop order, including top and bottom quark contributions (derived
from Eq. (3.80) directly or as part of the parameter scan). Points from the ScannerS +
HiggsTools + BSMPT scan are interfaced with this toolchain for centre-of-mass energies√

s = 13, 100 TeV to compare ξp and cross-section modifications of multi-Higgs modes
at the LHC and a future FCC-hh. It is known that the dominant QCD corrections that
largely increase the parton-level leading order cross-section generalise qualitatively to
BSM resonance structures, see e.g. [274].
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3.3.2. Results and Discussion

Turning to the results, all scenarios considered are defined by fixed charge assignments
under the electroweak group, leading to an expected tight correlation between hh and
hhh phenomenology. In such cases, one would anticipate that deviations from the
Standard Model should appear first in the more abundant hh final states. However,
the presence of new resonant structures can make a significant difference, particularly
given that the continuum Standard Model expectation for

σ(pp→ hhh) ' 50 ab (3.83)

at the LHC [235] is deceptively small. For comparison, the gluon fusion Higgs pair
production cross-section at next-to-leading order in QCD is approximately [276–279]

σ(pp→ hh) ' 27 fb (3.84)

for 13 TeV collisions in the Standard Model. In scenarios with new resonances, the hhh
cross-section could be enhanced to a level where it becomes experimentally relevant
at the HL-LHC and serves as a meaningful cross-check of potential discoveries in
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Figure 3.8.: 2HDM scan results for gluon fusion hh(h) production relative to the non-resonant
SM expectation for ξp > 1 at the LHC and 13 TeV collisions. The colours denote
the various phase transition strengths in the R2HDM and the C2HDM. The red
shaded region shows the current and HL-LHC hh sensitivity [275].
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Figure 3.9.: Invariant di- and triple-Higgs mass distributions for the SM as well as for bench-
mark points with a large (BP-1) and representatively small (BP-2) enhancement
for the hhh-production cross-sections. The respective cross-sections and parameter
choices for the points are shown in Table 3.3.

Benchmark Points σhh/σSM
hh σhhh/σSM

hhh mh [GeV] ΓH [GeV] C f f h C f f H

largely enhanced 3.24 15.26 274.29 0.20 1.027 -0.124
SM-like 1.02 1.02 469.30 2.49 0.997 -0.484

Benchmark Points ghhh [GeV] ghhH [GeV] ghhhh ghhhH

largely enhanced 167.26 75.28 0.661 0.203
SM-like 190.54 -7.11 0.774 -0.011

Table 3.3.: Cross-sections and parameter choices for chosen benchmark points with large (BP-1)
and representatively small (BP-2) enhancements in hhh-production cross-sections.

hh production. That said, depending on the parameter space, deviations could also
arise primarily in the hhh channel, with little to no visible effect in hh. Either outcome
would motivate a follow-up analysis at a future hadron collider such as the FCC-
hh. The obtained cross-sections for di- and triple-Higgs production, normalised to
the respective SM expectation, are illustrated in Fig. 3.8 for the R2HDM and the
C2HDM scans for phase transition strengths ξp > 1. Underproduction relative to
the SM is possible, but phenomenologically is largely uninteresting; however, new
resonant contributions can greatly enhance the hh(h) rates. As expected, there is a clear
correlation between hh and hhh cross-sections, yet the relative enhancement tends to
be greater for hhh production. A fully differential analysis of triple Higgs final states
will always be a serious experimental challenge, yet the

M2
hhh = (ph1

+ ph2
+ ph3

)2 (3.85)
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distribution is a particularly telling observable to quantitatively understand the ob-
served cross-section modifications as illustrated in Fig. 3.9.

In case the heavy state is close to the mh ' 2mh threshold, pp→ hh receives a large
enhancement in the resonance region which in turn is accompanied by underproduc-
tion for M2

hh = (ph1
+ ph2

)2 & m2
h compared to the SM expectation as these contribu-

tions effectively enhance the destructive interference between the involved triangle
and box topologies [151, 194, 280]. This situation is mirrored in pp→ hhh where the
threshold region Mhhh ' 3mh probes a wider range of Mhihj

' 2mh, i, j = 1, 2, 3, j > i
enhancement (effectively isolating pp→Hh, H→ hh). This can lead to a comparably
larger enhancement of hhh production compared to hh. One can find such maxi-
mum enhancements up to factors of ∼ 4 of hhh over hh production (relative to their
respective SM values) for the R2HDM in the performed scan.

For parameter choices that lead to heavier spectra, enhancements can again arise
from H→ hh resonance structures. These are, however, small when compared to
enhancements arising from three-body decays H→ hhh. While the latter correspond
to small branching ratios of the typically top-philic states, the excess over the relatively
small SM expectation can be considerable.

These observations can be used to correlate to the strength of the first-order phase
transition; given a thermodynamic process, the EWPT is driven by the physics of the
light degrees of freedom. For the concrete example of the R2HDM with relatively
rigid coupling constraints of the Higgs bosons to other matter (in particular when
considering the Higgs signal strength constraints inferred from LHC measurements),
this is achieved by making the non-SM degrees of freedom more accessible via lighter
spectra. This is visible from Fig. 3.10, which distils the results of a scan of the strength
of the phase transition ξp at the percolation stage as a function of the mass of the
neutral CP-even heavy Higgs boson H.

A priori, this is good news for multi-Higgs final states and their observation at
the LHC. Triple Higgs production can receive new contributions from nested Hh
production, but, more importantly, new resonant H→ hhh decays. Cross-section
enhancements for moderately strong transitions†† ξp & 1, are σhhh/σSM

hhh ' 40 and
σhh/σSM

hh ' 20 (the relation with an SFOEWPT is discussed below as these numbers

††In fact, there are percent-level differences between the nucleation and percolation temperatures. For
the models discussed, the distinction between these temperatures is somewhat irrelevant; however,
they have very different meanings for the phenomenology of the early Universe, see [281, 282].
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Figure 3.10.: Mass spectra, here specifically for the resonance H, explored in the scan.

can also be found for ξp < 1.). Enhancements of this size in the triple Higgs rate
of Eq. (3.83) amount to around 140 events in the 6 b final state after applying a 70%
b-tagging efficiency at the HL-LHC phase (13 TeV, 3 ab−1). Whilst this is undeniably
challenging, the appearance of additional resonance structures in the b jet distribution
can be exploited to combat backgrounds. Cross-relating such an enhancement with
hh and exotics measurements will enable the phenomenological dissection of the
TeV scale’s relation with electroweak baryogenesis: To guide the eye in identifying
which enhancements can be relevant from hh limits, the red bands in Fig. 3.8 highlight
estimates of current and HL-LHC hh sensitivity [275].

Moving to stronger phase transitions, the three-Higgs threshold H→ hhh becomes
decreasingly relevant, and most observations are from correlated resonant H→ hh and
Hh→ hhh contributions. There is a wider phase space available for Hh→ hhh com-
pared to H→ hh, which leads to a comparably larger enhancement in hhh production,
however, compared to a small baseline rate expected in the SM. As the hh rate starts
from a much larger expectation compared to hhh production, it is clear that the former
will statistically dominate the multi-Higgs phenomenology at the HL-LHC if agree-
ment with the SM prevails. Should a discovery be made, factors of ten enhancements
in the triple Higgs rate might provide further motivation to target hhh production at
the HL-LHC. The multi-resonant structures described above will then also contribute
to further control backgrounds compared to non-resonant considerations, which are
harder to isolate from continuum backgrounds. Overall, the strength of the phase
transition is predominantly driven by the mass scale of the non-SM states. These will
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Figure 3.11.: Double and triple Higgs production cross-sections relative to the SM expectation
for a scan over the N2HDM for ξp > 1 at the LHC (for a centre-of-mass energy of
13 TeV).

leave correlated effects in the rates, but the neutral Higgs rates alone are not indicative
of the strength of the phase transition in the R2HDM.

Introducing additional resonances into the spectrum opens up significant regions
of parameter space for non-standard phenomenology. This is evident in the cross-
sections obtained in the complex extension of the R2HDM, namely the C2HDM,
particularly along the hhh direction compared to hh, as shown in Fig. 3.8. The cross-
section enhancements discussed earlier such as those from H→ hh and H→ hhh,
can occur simultaneously when both of the new scalar degrees of freedom in the
C2HDM are kinematically accessible in two- and three-body decays. As a result, the
phenomenology of the hh(h) final states becomes considerably richer.

Nevertheless, tight constraints from electric dipole moment measurements [283]
(see also the discussion on the C2HDM in [284, 285]) imply that the complex phases
associated with the top- and bottom-Higgs interactions remain small. The Higgs
mixings absent in the R2HDM are also suppressed, so the departure from the R2HDM
framework is modest. This is also reflected in the size of the CP admixture, which
quantifies the scalar-pseudoscalar mixing in the SM-like Higgs. For the Type-I C2HDM,
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following Refs. [284, 286], the pseudoscalar admixture is defined as

ΨC2HDM
i = (Ri3)

2, (3.86)

where R is the orthogonal matrix that diagonalises the neutral scalar mass matrix. In
this setup, the maximum CP admixture observed for the SM-like Higgs reaches about
9.5% for ξp > 1, and around 10% for ξp < 1.

As in the C2HDM, the presence of additional resonances in the N2HDM leads to
distinct features in the Mhh and Mhhh invariant mass distributions. These features
can enhance triple Higgs production by factors of around 20 compared to di-Higgs
production, as shown in Fig. 3.11. Interestingly, some of the benchmark points do not
exhibit particularly unusual behaviour in the hh final state. This is likely due to the
limited number of scan points where the heavier exotic scalars lie close to the 2mh

threshold, where double Higgs production is most enhanced. While enhancements
of up to a factor of 10 in triple Higgs production would remain extremely difficult to
observe at the HL-LHC, they represent a promising target for future colliders such
as the FCC-hh. In this context, it is worth noting that all the results discussed so far
can be directly extrapolated to the FCC-hh, with reference cross-sections of σSM

hh ≈ 800
fb [287] and σSM

hhh ≈ 2.9 fb [288].

The results presented here are based on a leading-order study of the electroweak
sector. While QCD corrections are generally insensitive to the new mass scales in-
volved in multi-Higgs production, an assumption commonly used in higher-precision
calculations, weak radiative corrections may still impact the results quantitatively. For
discussions of their effect on the Higgs self-coupling at 125 GeV, see [280, 289–291].
These corrections form only part of the full resonant amplitude and deserve more
detailed investigation. Even so, the key observations related to the mass spectrum of
the new degrees of freedom should remain qualitatively robust under higher-order
effects.

3.4. Conclusions

This chapter details a comprehensive study of multi-Higgs production channels at
hadron colliders, combining phenomenological projections with theoretical analyses
of representative BSM scenarios, with a particular emphasis on WBF Higgs pair
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production and triple Higgs production via gluon-gluon fusion, motivated by their
distinct sensitivity to modifications of the Higgs sector.

In WBF di-Higgs production, κ2V is subject to considerably weaker experimental
constraints than κV . This relative looseness makes WBF di-Higgs production an ideal
channel for probing deviations in κ2V that remain hidden in single-Higgs processes.
In the context of SMEFT, where a decoupling structure is assumed, κ2V and κV are
expected to exhibit a tight correlation. In contrast, more general HEFT frameworks al-
low these parameters to vary independently, enabling larger and structurally different
deviations.

Significant departures of κ2V from its SM value require the presence of extended
scalar sectors featuring tree-level mixing with electroweak multiplets of dimension
greater than one, such as triplets or quadruplets. In these scenarios, large positive shifts
in κ2V arise naturally, with loop-induced effects typically aligned with the SMEFT
expectation κ2V = κ2

V , up to small corrections. All renormalisable extensions to the SM
satisfy the inequality κ2V − κ2

V ≥ 0, and this quantity increases under renormalisation
group running. However, non-renormalisable completions, including composite Higgs
models with dilaton admixtures or strongly coupled conformal sectors, can generate
negative values of κ2V − κ2

V . This distinctive behaviour offers an experimentally
testable signature of non-decoupling UV dynamics.

While κλ has only a mild effect on WBF di-Higgs production, substantial deviations
can be identified in a wide range of BSM theories, including models with strong scalar
quartic couplings, softly broken symmetries, or extended scalar sectors. Since κλ is
most directly constrained via ggF-induced di-Higgs production, correlations with
WBF observables can significantly strengthen overall exclusion or discovery potential.

The latter part of the chapter focuses on triple Higgs production via gluon-gluon fu-
sion in 2HDM extensions and its singlet-augmented variant. Parameter scans targeting
regions of the model parameter space compatible with a strong first-order electroweak
phase transition show that triple Higgs cross-sections are largely enhanced over the
SM expectations compared to the corresponding di-Higgs values. Enhancements by
up to a factor of 40 over the SM prediction for pp→ hhh can be observed, primarily
due to resonant production mechanisms such as pp→H→ hhh and cascade decays of
heavy scalars into multiple Higgs bosons. These enhancements broaden the kinematic
reach of triple-Higgs searches and offer a unique probe of otherwise elusive exotic
scalar states. Therefore, despite the inherent challenges posed by the small SM rate for
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triple-Higgs production, the signal has been shown to become relevant at the HL-LHC
for the realistic BSM scenarios under consideration. These results provide strong
motivation for the continued development of experimental strategies targeting this
channel, especially in light of its direct sensitivity to scalar dynamics associated with
the electroweak phase transition and the early thermal history of the Universe.

Multi-Higgs production channels thus offer a powerful and complementary win-
dow into Higgs sector extensions. The distinct sensitivities of the myriad processes to
different scalar couplings and model structures underscore their relevance in a future
precision Higgs program, both at the HL-LHC and at potential future colliders.
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Chapter 4.

Phenomenology of a (deformed-)
Type-II Seesaw Mechanism

“Neutrino masses are perhaps the most compelling evidence for physics
beyond the Standard Model.”

— Every BSM collider physicist talking about neutrinos.

The quest to dynamically explain the smallness of neutrino masses [292–295] has been
both extensive and long-standing. Unlike charged leptons, neutrinos admit a broad
range of model-building possibilities for generating their mass terms. Continuing the
discussion on neutrino mass generation from Chapter 2, a key theoretical insight in
this quest is provided by the unique canonical mass dimension-5 Weinberg operator,

O5 = (Lc
LΦ̃)(Φ̃†LL), (4.1)

and its hermitian-conjugate, where LL represents the left-handed lepton doublet, the
superscript c represents charge-conjugation, and Φ̃ = iτ2Φ∗, where Φ is the SM
Higgs doublet. This operator offers a powerful bottom-up clue for understanding
how neutrino masses can arise once the Higgs field acquires a vacuum expectation
value (vev). Despite being non-renormalisable, the Weinberg operator can be UV-
completed at tree level in precisely three ways, corresponding to the well-known
Seesaw Mechanisms. These include the introduction of right-handed neutrino SM
singlets (Type-I) [45, 48], extensions of the scalar sector (Type-II) [296–301], and the
inclusion of fermionic triplets (Type-III). Loop-level completions, such as those in the
Zee and Babu models [302, 303], also offer viable alternatives.
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Gauge invariance connects neutrinos to the charged lepton sector in the SM, mak-
ing precision measurements in the latter highly relevant for probing neutrino mass
generation. Among the Seesaw Mechanisms, the Type-II Seesaw, characterised by the
inclusion of a complex scalar triplet, has particularly rich phenomenological implica-
tions. It offers distinctive collider signatures, notably via Drell-Yan-like production
processes [304, 305], and is actively being explored at the LHC [306–309]. In addition,
the presence of charged scalar states enables complementary probes via low-energy
meson decays and off-shell processes [310, 311].

Nevertheless, it remains plausible that the mass scale of the new degrees of freedom
responsible for neutrino mass generation lies beyond the direct reach of the LHC. This
expectation is particularly true in the minimal Type-II scenario, where the scalar
triplet mass is often constrained to be very large by experimental bounds. However,
deviations from the minimal assumptions, such as through the inclusion of higher-
dimensional operators, can lead to modified phenomenological outcomes. Moreover,
stringent constraints from rare decay processes such as µ→ 3e and µ→ eγ frequently
push the mass scale of new states beyond LHC sensitivity, further motivating the
study of non-minimal extensions.

This chapter investigates a modified version of the Type-II Seesaw Mechanism,
incorporating higher-dimensional effective operators. A specific set of couplings is
identified, under which compatibility with electroweak precision observables and
low-energy muon decays can be maintained, while allowing for new resonant sig-
natures at collider-accessible energy scales. Such a scenario demands a departure
from the standard Type-II framework at the TeV scale, leading to novel and testable
implications. The vanilla Type-II Seesaw model is introduced in Sec. 4.1, followed
by a detailed analysis of the parameter constraints in Sec. 4.1.1. The non-minimal,
TeV-scale modifications are presented in Sec. 4.2, where it is shown that the relevant
mass scales can be lowered to within reach of current and future collider experiments.
Finally, the connection between low-energy precision observables, particularly from
muon physics and their TeV-scale implications via renormalisation group evolution is
explored in Sec. 4.2.

4.1. The Type-II Seesaw Mechanism

The Type-II Seesaw Mechanism offers a natural and minimal framework to account
for the smallness of observed neutrino masses, which comes about by extending the
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SM scalar sector minimally by a SU(2)L triplet scalar ∆, with a hypercharge Y∆ = 1,
thus transforming as (1, 3, 1) under the SM gauge group SU(3)C× SU(2)L×U(1)Y.
The inclusion of ∆ leads to new terms in the scalar potential V(Φ, ∆),

V(Φ, ∆) = −m2
H (Φ†Φ) + λH(Φ

†Φ)2+m2
∆Tr[∆†∆] + λ∆1

(Tr[∆†∆])2 + λ∆2
Tr[(∆†∆)2]

+λ∆3
(Φ†Φ)Tr[∆†∆]+λ∆4

Φ†∆∆†Φ +
[
µ∆Φ†iσ2∆†Φ + h.c.

]
,

(4.2)

with Φ denoting the SM SU(2)L Higgs doublet. In addition to the neutral components,
∆ also comprises singly-charged and doubly-charged scalars, holding significant
phenomenological implications as direct probes of the Type-II Seesaw Mechanism and
its characteristics in various collider experiments [307, 312–319]. ∆ can be explicitly
expanded around its vacuum expectation value v∆,

∆ =
1√
2

(
δ+

√
2∆++

(δ0 + v∆ + iχ) −δ+

)
. (4.3)

The addition of the complex triplet results in novel Yukawa interactions between ∆
and the left-handed lepton doublet (LL),

LBSM
Yukawa = −Y∆ Lc

L∆LL + h.c. . (4.4)

Here, Y∆ is the BSM Yukawa coupling matrix, and the c superscript represents charge-
conjugation. These are quintessential for generating non-zero neutrino masses through
the non-zero vev of the complex triplet ∆ after electroweak symmetry breaking (EWSB).
The Lagrangian for the Type-II Seesaw Mechanism is therefore given by,

LType-II = LSM + Tr[Dµ∆†Dµ∆]−V(Φ, ∆) + LBSM
Yukawa , (4.5)

where LSM represents the full SM Lagrangian excluding the scalar potential. After
EWSB, the two vevs vΦ and v∆ contribute to the masses of the gauge bosons, with,

M2
W ± =

g2

4
(v2

Φ + 2v2
∆), M2

Z =
g2 + g′2

4
(v2

Φ + 4v2
∆) , (4.6)



90 Phenomenology of a (deformed-) Type-II Seesaw Mechanism

where g and g′ are the gauge couplings corresponding to the SU(2)L and U(1)Y gauge
groups, respectively. The masses of the scalars become,

M2
neutral, CP-even =

 2λHv2
Φ −

√
2µ∆vΦ + v∆vΦ(λ∆3

+ λ∆4
)

−
√

2µ∆vΦ + v∆vΦ(λ∆3
+ λ∆4

)
µ∆v2

Φ√
2v∆

+ 2v2
∆(λ∆1

+ λ∆2
)

 ,

(4.7)

M2
neutral, CP-odd =

 2
√

2µ∆v∆ −
√

2µ∆vΦ

−
√

2µ∆vΦ
µ∆v2

Φ√
2v∆

 , (4.8)

M2
charged =


µ∆v2

Φ√
2v∆
−

1
4

v2
Φλ∆4

−µ∆vΦ +
vΦv∆λ∆4

2
√

2

−µ∆vΦ +
vΦv∆λ∆4

2
√

2

√
2µ∆v∆ −

1
2

v2
∆λ∆4

 , (4.9)

M2
∆± ± =

µ∆v2
Φ√

2 v∆
− v2

∆λ∆2
−

1
2

v2
Φλ∆4

. (4.10)

Since ∆ acquires a non-zero vev, the scalar sector, apart from the doubly charged scalar
(∆± ± ), involves non-trivial mixing, as can be seen in Eqs. (4.7) to (4.9). The physical
states can be recovered in the following manner,(

h

∆0

)
=

(
cos α sin α

− sin α cos α

)(
φ

δ0

)
,

(
G0

A

)
=

(
cos β0 sin β0

− sin β0 cos β0

)(
η

χ

)
,

(
G±

∆±

)
=

(
cos β± sin β±
− sin β± cos β±

)(
φ±

δ±

)
, (4.11)

with

tan 2α =
vΦ

[√
2µ∆ − v∆(λ∆3

+ λ∆4
)
]

[
v2

Φ

(
1

2
√

2

µ∆

v∆
− λH

)
+ v2

∆(λ∆1
+ λ∆2

)

] , (4.12)

tan β0 = 2v∆/vΦ , tan β± =
√

2v∆/vΦ . (4.13)



Phenomenology of a (deformed-) Type-II Seesaw Mechanism 91

In addition to the three Goldstone bosons (G0 and G± ), this gives rise to additional
singly-charged scalars ∆± , one CP-odd scalar A, and CP-even scalars ∆0 and h. The
lighter CP-even neutral scalar (h) is identified with the observed 125 GeV Higgs boson.
Diagonalising M2

neutral,CP-even, M2
neutral,CP-odd and M2

charged determines the masses of
the CP-even neutral scalars, CP-odd scalars and charged scalars respectively, while
the masses of the Goldstone bosons are identically zero. The electroweak vev is
defined as v2 ≡ v2

Φ + 2v2
∆ ≈ (246 GeV)2, signalising a violation of custodial isospin:

the ratio of the gauge boson masses is parameterised by the ρ-parameter, given by
ρ = M2

W/(M2
Z cos2 θW), and the current electroweak precision constraints on ρ, sets

an upper limit on the triplet vev v∆ < 4.8 GeV [313, 316] at 95% CL. Upon EWSB, the
new physics contributions to the Yukawa interactions in the neutrino sector are given
by,

LBSM
Yukawa ⊃

v∆√
2

[
(Y∆ + YT

∆ )ij ν̄c
i νj

]
, (4.14)

where i, and j are flavour indices. The neutrino mass-mixing matrix (Mν) originating
from the Lagrangian is diagonalised by the unitary Pontecorvo–Maki–Nakagawa–
Sakata (PMNS) matrix [320, 321],

Mν = U∗PMNS Mdiag
ν U†

PMNS , (4.15)

where Mdiag
ν = diag(mν1

, mν2
, mν3

). The different mνi
represent the three physical neu-

trino masses. The PMNS matrix (UPMNS) is given in terms of the neutrino oscillation
parameters,

UPMNS =


c12c13 s12c13 s13e−iδ

−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13

s12s23 − c12c23s13eiδ −c12s23 − s12c23s13eiδ c23c13

 , (4.16)

where cij = cos θij and sij = sin θij, θij representing the mixing angles between the
neutrino flavours, and δ being the CP-phase. The two additional Majorana phases in
UPMNS are set to zero for simplicity since no experimental bounds are available. The
Yukawa matrix, therefore, is given by

Y∆ =
Mν√
2v∆

. (4.17)

The nature of the Yukawa matrix is thus determined by neutrino oscillation parameters
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Parameter Best-fit

∆m2
21 [10−5 eV2] 7.55+0.20

−0.16
∆m2

31 [10−3 eV2] 2.50± 0.03
sin θ12/0.1 3.20+0.20

−0.16

θ12/◦ 34.5+1.2
−1.0

sin θ23/0.1 5.47+0.20
−0.30

θ23/◦ 47.7+1.2
−1.7

sin θ13/0.1 2.160+0.083
−0.069

θ13/◦ 8.45+0.16
−0.14

δ/π 1.21+0.21
−0.15

δ/◦ 218+38
−27

Table 4.1.: Best-fit constraints from the global-fit of neutrino oscillation data by the NUFIT

collaboration [322] for normal ordering in neutrino masses, i.e., mν1
< mν2

< mν3
.

(see Table 4.1 for the best-fit constraints for a normal ordering in neutrino masses), v∆

and mν1
. Non-zero neutrino mass-splittings allow for non-zero flavour off-diagonal

couplings, which can lead to interesting lepton flavour violating signatures [323–325].

4.1.1. Constraints

The addition of a complex SU(2)L triplet leads to a wide range of theoretical and
phenomenological implications. The rich scalar spectra introduce distinctive col-
lider signatures, precision constraints, and novel low-energy interactions and decay
modes. These features offer multiple ways to probe and constrain the viable param-
eter space. Existing studies, such as Ref. [313], have analysed combined theoretical
bounds from vacuum stability, perturbative unitarity, electroweak precision data, and
Higgs observables and signal strengths, particularly in terms of the triplet mass split-
ting (∆M = M∆± − M∆± ± ) and the mass M∆± ± . With the LHC Run-3 underway,
its high-luminosity upgrade on the horizon, and future colliders under considera-
tion [76, 77, 162, 326], this analysis revisits collider bounds using recent ATLAS and
CMS results [306–309] as benchmarks, exploring the potential of improved electroweak
precision tests and constraints from lepton flavour-violating processes.

Direct Collider Constraints

The parameter space of the Type-II Seesaw model can be constrained significantly
using the wealth of collider analyses. The production of ∆± ± is the primary LHC
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Figure 4.1.: Representative Feynman diagrams for the production of doubly charged scalars
through (a) pair production via neutral-current DY and (b) associated production
via charged-current DY processes.

search channel and the smoking gun signal for the model. The main production
process is the pair production of doubly charged scalars through the neutral-current
Drell-Yan (DY)-like process mediated by virtual Z/γ contribution. Another relevant
mode of production is via the charged-current interactions mediated by W bosons
(see Fig. 4.1). The primary decay channels for ∆± ± for these searches are mainly the
decays into same-sign lepton pairs (∆± ± → l±α l±β with l = e, µ), and the decays into
gauge bosons (∆± ± → W ±W ± ). In the limit of v∆ � 0.1 MeV(� v), the dilepton
channel dominates, and therefore, the four-lepton channel (∆++∆−− → l+l+l−l−)
arising from the neutral-current DY process, will provide a clear BSM signature. This
can be utilised to dramatically suppress expected backgrounds in the SM through
sideband analyses of the same-sign mass spectra, which are experimentally under
very good control (see [309, 327–330]). The branching ratios related to the exclusive
final states of the ∆± ± decay depend on the neutrino mass-mixing matrix and thus
serve as a probe of its structure.

The ATLAS and CMS collaborations have been able to exclude masses of M∆± ± <

850 GeV in their analyses, assuming a 100% decay into a light-lepton pair (ee, µµ, or
eµ) [306, 307]. Model-specific constraints can be obtained by direct rescaling of the
corresponding branching ratios (including tau contributions). For larger v∆, the triplet
Yukawa couplings become small, and the diboson decay channel dominates (at the
price of rising tension with the ρ parameter). The current upper limit set by ATLAS
on M∆± ± is 220 GeV for v∆ = 0.1 GeV [308], which corresponds to a smaller collider
sensitive region compared to the dilepton search channels. The collider analyses
carried out by ATLAS and CMS, however, are not representative of the full parameter
space of the model. They probe specific regions of the triplet vev (in particular, to the
very low and very high values of v∆ for the two decay channels), whilst assuming
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Figure 4.2.: Cross-section for pair production of the doubly-charged scalars through neutral
DY currents for (a)

√
s = 14 TeV and (b)

√
s = 100 TeV in the four-lepton final

state (assuming a 100% branching ratio as Ref. [307, 314]). The 3σ LHC (139 fb−1)
and HL-LHC (3 ab−1) exclusion bounds are shown by the black dashed and dotted
lines, respectively, on subfigure (a). The 95% CL on the search for ∆± ± with a
100% branching ratio into light leptons, cf. Ref. [307] is represented by the blue
dotted line, showing a good agreement. The 95% confidence bound for FCC-hh
(30 ab−1) is shown by the black dashed line on subfigure (b). These plots show that
the LHC is sensitive to doubly charged scalars up to masses ∼ 870 GeV currently,
and up to masses ∼ 1390 GeV in its high-luminosity phase. The FCC-hh will be
sensitive to similar final states up to a mass scale of ∼ 8.5 TeV.

mass degeneracy of the scalar triplet masses. These assumptions render the decays
of ∆± ± into same-sign leptons and dibosons phenomenologically dominant. The
analyses conducted by the LHC experiments can be extended to obtain the expected
direct future bounds from the HL-LHC phase, as well as a future hadron-hadron
machine.

To this end, the model is implemented on FeynRules [64] with normal ordering
in the neutrino mass hierarchy (i.e., mν1

< mν2
< mν3

), which is then interfaced with
Madgraph5_aMC@NLO [160] as a Ufo [273] model. Events are generated at centre-of-mass
energies of

√
s = 14, 100 TeV for the neutral current Drell-Yan-like pair production

process: pp→ ∆++∆−− → l+l+l−l− (see Fig. 4.1), assuming a 100% branching ratio.
The analysis strategy is centred around the search for doubly charged scalars [305,307]
with parton-level cuts to provide qualitative sensitivities at present and future colliders.
Specific cuts are imposed, requiring all leptons (l = e/µ) to be within the central part
of the detector (|η(l)| < 2.5) and with a transverse momentum pT > 30 GeV. Only
leptons with no jet activity within the cone radius are considered (∆R(j, l) < 0.4), and
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the final states containing exactly one positively-charged and one negatively-charged
lepton pair are selected; otherwise, the event is vetoed. An invariant mass cut is always
applied for each lepton pair Ml± l± > 200 GeV.

Given that the same-signed leptons should result from ∆± ± decays, the consis-
tency of the two masses is checked by calculating,

M =
Ml+l+ + Ml−l−

2
, (4.18)

∆M = |Ml+l+ −Ml−l− | . (4.19)

The two masses are consistent if ∆M/M < 0.25, imposing a resonant signal charac-
ter. Additionally, an event is vetoed if there exists an opposite-signed same-flavour
lepton pair with an invariant mass in the range Ml+l− ∈ [81.2, 101.2] GeV to suppress
background resulting from Z decays.

The total number of signal events is then determined as NS = σ× Lint.× A, where
A represents acceptance. Assuming a good background subtraction which is possible
through sideband analyses [309, 327–329, 331], the statistical significance at integrated
luminosities Lint. = 139 fb−1 and 3 ab−1 at

√
s = 14 TeV is calculated as

√
NS, ob-

taining 3σ mass sensitivities at the LHC and the high-luminosity limit, as depicted in
Fig. 4.2(a). The acceptances are calibrated to reproduce the bounds from the ATLAS
search for doubly charged scalars reported in [307]. The expected 95% confidence
limit (CL) shown by the blue dotted line in Fig. 4.2(a) [307] demonstrates a very good
agreement as the reference point for the extrapolation. These mass limits also align
with those reported in [307, 319]. The same methodology can be applied to a future
hadron collider with

√
s = 100 TeV. The exclusion limit at an integrated luminosity of

30 ab−1 shown in Fig. 4.2(b) elucidates the fact that, in searches at low backgrounds,
the sensitivity gain when moving to 100 TeV entirely stems from the much larger rele-
vant partonic energy range that can be obtained. The scaling of sensitivities, therefore,
directly reflects the available centre-of-mass energy.

Electroweak Precision Constraints

The model parameter space can be constrained indirectly (e.g. at a future lepton
machine) from electroweak precision observables, namely the S, T, and U oblique
parameters. Following [332], the oblique parameters for the Type-II Seesaw Mechanism
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can be written as,

S = − 1
3π

ln
M2

∆± ±

M2
∆0

− 2
π

[
(1− 2s2

W)2ξ

(
M2

∆± ±

M2
Z

,
M2

∆± ±

M2
Z

)
+ s4

Wξ

(
M2

∆±

M2
Z

,
M2

∆±

M2
Z

)

+ξ

(
M2

∆0

M2
Z

,
M2

∆0

M2
Z

)]
, (4.20)

T =
1

8πc2
Ws2

W

[
η

(
M2

∆± ±

M2
Z

,
M2

∆±

M2
Z

)
+ η

(
M2

∆± ±

M2
Z

,
M2

∆±

M2
Z

)]
, (4.21)

U =
1

6π
ln

M4
∆±

M2
∆± ± M2

∆0

+
2
π

[
(1− 2s2

W)2ξ
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M2
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M2
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,
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∆± ±

M2
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,
M2

∆±

M2
Z

)
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(
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,
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− 2

π

[
ξ

(
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∆± ±

M2
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,
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)
+ ξ

(
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,
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, (4.22)

where the functions ξ and η are defined as,

ξ(x, y) =
4
9
− 5

12
(x + y) +

1
6
(x− y)2

+
1
4

[
x2 − y2 − 1

3
(x− y)3 − x2 + y2

x− y

]
ln

x
y
− 1

12
d(x, y) f (x, y) ,

η(x, y) = x + y− 2xy
x− y

ln
x
y

,

d(x, y) = −1 + 2(x + y)− (x− y)2 ,

f (x, y) =


−2
√

d(x, y)
[

arctan x−y+1√
d(x,y)

− arctan x−y−1√
d(x,y)

]
, d(x, y) > 0,√

−d(x, y) ln x+y−1+
√
−d(x,y)

x+y−1−
√
−d(x,y)

, d(x, y) ≤ 0.

(4.23)

Assuming a degeneracy in the physical triplet masses (M∆0 ' M∆± ' M∆± ± ), con-
straints reported by the GFITTER collaboration [333] impose M∆± ± & 35 GeV at 95%
CL. The constraints on the said oblique parameters are expected to improve dramati-
cally with the high luminosity Z-pole programs of circular lepton colliders like the
FCC-ee and CEPC. To get an estimate on the constraints in future from electroweak
precision observables [334, 335], motivated from TLEP [336] and GigaZ [337], the un-
certainties in S, T and U obtained from GFITTER are reduced by an order of magnitude,
and the limit relaxes to M∆± ± & 105 GeV at 95% CL. This implies that even dramati-
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Figure 4.3.: Representative Feynman diagrams for the lepton flavour violating decays µ→ 3e
and µ→ eγ.

cally improved electroweak precision measurements of oblique parameters at future
lepton colliders will not lead to significant sensitivity enhancements. Non-oblique
vertex corrections, on the other hand, might provide a complementary avenue to probe
non-trivial flavour structures in case such high precision related to the electroweak
input parameter set of the SM is achieved.

Constraints from Lepton Flavour Violating Decays

The Yukawa interactions presented in Eq. (4.4), naturally lead to flavour-changing
lepton decays such as l−i → l+j l−k l+l and l−i → l−j γ [323, 338–340]. Two such lepton
flavour-violating (LFV) decays that have been widely explored for the Type-II Seesaw
Mechanism are highlighted in this section, µ → 3e and µ → eγ∗ (see Fig. 4.3). The
former arises at tree-level, mediated by the doubly charged scalar (∆± ± ), and its
branching ratio is given by,

BR(µ→ 3e) =
|(Y∆)ee(Y∆)

∗
µe|2

4G2
F M4

∆± ±
, (4.24)

where GF ' 1.166× 10−5 GeV−2 is the Fermi constant. Setting v∆ = 1 eV, and
mν1

= 0.05 eV, using the global fit of neutrino oscillations data (Table 4.1), the latest
BR(µ→ 3e) < 10−12 constraint [343] sets a lower limit of M∆± ± & 1650 GeV, which
is well beyond the reach of the current LHC sensitivity regime, as obtained in Fig. 4.2.
µ→ eγ on the other hand occurs through one-loop diagrams as illustrated in Fig. 4.3,
mediated by ∆± or ∆± ± . In the process mediated by ∆± , the photon is emitted
exclusively from the ∆± boson at one-loop, whereas for the ∆± ± contribution, the
photon can be emitted from either ∆± ± or the charged fermion propagator in the

∗The results in this chapter rely on the earlier measurement of the µ→ eγ branching ratio [341]. A
more recent update [342] has lowered the value by roughly a factor of two; this revision, however,
does not alter the phenomenological conclusions presented here.
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Figure 4.4.: Constraints from µ→ 3e and µ→ eγ for (a) mν1
= 0.05 eV, and (b) v∆ = 1 eV. The

black dashed and dotted lines on both plots represent the 3σ LHC and HL-LHC
exclusion limits, respectively.

loop. The contributions from both scalars interfere coherently as they couple to leptons
with the same chirality, resulting in a branching fraction [313],

BR(µ→ eγ) =
αEM

192πG2
F
|Y†

∆Y∆|2µe

(
1

M2
∆±

+
8

M2
∆± ±

)2

, (4.25)

with the electromagnetic fine-structure constant αEM ' 1/137.

Setting v∆ = 1 eV, M∆± ∼M∆± ± , and mν1
= 0.05 eV the lower bounds on the

triplet mass is M∆± ± & 850 GeV from the current BR(µ → eγ) < 3.1× 10−13 con-
straint [341, 344]. Assuming degeneracy in the masses of the charged triplet scalars,
and using the neutrino oscillation data from NUFIT (Table 4.1), both the branching
ratios contain three free parameters, v∆, mν1

and M∆± ± . The current limits on both
these branching ratios can be used to obtain constraints on the resulting parameter
space as illustrated in Fig. 4.4, where the shaded regions show the parts of the parame-
ter space currently excluded by these constraints. The plots indicate that the regions
not already excluded by the lepton flavour violating constraints lie mostly beyond
the reach of current LHC sensitivity, as well as the HL-LHC, especially for the µ→ 3e
process. More precise measurements for these decays are going to push the mass limit
even further beyond the reach of colliders. Any potential discovery at the LHC that
phenomenologically fits the experimentally clean ∆± ± expectation could therefore
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point towards a richer phenomenology of the TeV scale than predicted by the vanilla
Type-II Seesaw model.

4.2. Implications of EFT deformations

To analyse the implications of a reduced ∆± ± mass scale within the LHC’s sensitivity
reach, the parameter space of the Type-II Seesaw Model is extended by gauge invariant
dimension-6 operators that incorporate at least one ∆ alongside the usual SMEFT inter-
actions [119], suppressed by a UV cutoff Λ� M∆. This provides a new perspective for
accommodating or predicting TeV-scale resonances in the light of highly constraining
LFV experiments. This construction, also referred to as a “BSM-EFT" scenario, is
justified by the possibility that the lightest non-SM particle might exist not very far
from the electroweak scale, making it accessible to upcoming collider experiments,
including improved analysis techniques for the HL-LHC phase [345]. The potential
discovery of charged scalars in future colliders has been extensively studied in the
literature within various BSM models, e.g., complex singlets [346–350], the two-Higgs
doublet model (2HDM) [351–355], or complex-triplet extensions [305, 356–359]. This
further motivates the idea of extending these scenarios with EFT interactions to obtain
a qualitative understanding of energy scales beyond the reach of current colliders.
In parallel, these interactions highlight the correlation constraints that are theoreti-
cally imposed by the most direct implementation of a certain model †. The relevant
gauge-invariant operators have been adopted from Refs. [119, 361].

Given that the constraints from µ → 3e set the mass scale well beyond the reach
of the LHC sensitive regime as discussed in Sec. 4.1.1, it is imperative to focus on
the impact of EFT deformations on this particular LFV process. The gauge-invariant
dimension-6 operators for the SM extended by a complex triplet scalar, relevant for
µ → 3e have been tabulated in Table 4.2. Their phenomenological relevance can
be traced, again by implementing the additional operators on FeynRules [64], and
using FeynArts [147], and FormCalc [148] for the analytical computation of the µ→ 3e
branching ratio including the EFT extensions. The dimension-6 modifications to

†For instance, EFT deformations can significantly modify the phase transition history of the early
universe physics, thereby accessing parameter regions that are seemingly excluded by LHC measure-
ments of the 2HDM [353] with implications for the LHC exotics program [354]. Similar observations
have been made to reconcile the anomalous muon g− 2 with leading order constraints of Higgs
sector extensions [305, 360].
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Table 4.2.: Relevant dimension-6 operators for SM extended by a complex triplet scalar (∆) [119,
361, 362], contributing to µ → 3e, where i, j, k, m are flavour indices, and α, β are
SU(2) indices. Φ represents the SM Higgs doublet.
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Figure 4.5.: Allowed regions from µ→ 3e on Wilson coefficients (CBSM
µe , and CBSM

ee ) for M∆± ± =
500 GeV (a) without contributions from the SMEFT 4-lepton operators, and (b)
setting C1112

ll /Λ2 = C1112
le /Λ2 = C1211

le /Λ2 = C1112
ee /Λ2 = 2.5× 10−6 TeV−2.

the Yukawa couplings have a significant impact on the mass constraints arising from
µ→ 3e. These corrections originate from the effective operatorsO(1)

LΦ∆,ij,O
(2)
LΦ∆,ij,O

(1)
L∆,ij,

and O(2)
L∆,ij after EWSB. Among these, the contributions from O(1)

LΦ∆,ij are absorbed into
the Yukawa matrix Y∆, playing a role in the generation of neutrino masses. The
contributions from O(1)

L∆,ij and O(2)
L∆,ij are suppressed since v2

∆ � v2. In the parameter
space of interest, the dominant corrections to the Yukawas arise from the operator
O(2)

LΦ∆,ij. The modified Yukawa couplings can be expressed as:

Ymod.
ij = (Y∆)ij −

CBSM
ij v2

2Λ2 , (4.26)
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where CBSM
ij denotes the Wilson coefficient associated with the effective operator

O(2)
LΦ∆,ij. Plugging in the modified Yukawa couplings into the BR(µ→ 3e) in Eq. (4.24),

setting v∆ = 1 eV, mν1
= 0.05 eV, and M∆± ± = 500 GeV such that exotics searches

imply a discovery at the LHC, the Wilson coefficients can be constrained to the region
depicted in Fig. 4.5(a). Since the diagonal Yukawas are ∼ 2 orders of magnitude
larger than their off-diagonal counterparts, Fig. 4.5(a) clearly illustrates that larger
cancellations (∼ 2 orders of magnitude) are required in the ee direction compared
to µe. µ → 3e also gets direct contributions from SMEFT 4-lepton operators (Oijkm

ll ,
Oijkm

ee , andOijkm
le ). There can be additional contributions fromOij

eφ, which are, however,
suppressed and therefore not included in this analysis. Non-zero Wilson coefficients
for the relevant SMEFT operators (in particular O1112

ll , O1112
ee , O1112

le , O1211
le ) change the

allowed parameter space for the Wilson coefficients ofO(2)
LΦ∆,ij, which can be seen from

Fig. 4.5(b).

To check how far the mass scales can be brought down for v∆ = 1 eV, mν1
= 0.05 eV,

the relevant Wilson Coefficients are set to equal values, i.e., CBSM
ee = CBSM

µe . This
condition was assumed to obtain the tightest constraints on the BSM-EFT Wilson
coefficients, assuming them to be of the same order of magnitude. The µ → 3e
constraints manifest into the plots shown in Fig. 4.6, which illustrate that mass scales
well within the region sensitive to the LHC are achievable whilst satisfying constraints
from the LFV decay. To present a complete argument on this front, a similar analysis is
performed for µ→ eγ. The modified Yukawas outlined in Eq. (4.26) directly contribute
to the µ→ eγ branching ratio given in Eq. (4.25). Additionally, the SMEFT operators
that contribute to µ→ eγ at tree-level [363] are listed in Table 4.3. The results in this
front are illustrated on Fig. 4.6, elucidating the fact that mass scales within (HL-)LHC
sensitivity can still be probed. As anticipated, cancellations from the SMEFT operators
fine-tune and tighten the constraints on the BSM-EFT Wilson coefficients.

The combined exclusion contours from µ → 3e on the Wilson coefficients corre-
sponding to the SMEFT 4-lepton operators and the relevant BSM-EFT operators are
presented in Fig. 4.7, for three chosen benchmark mass scales, M∆± ± = 870 GeV

OeW (LLi
σµνeRj

)ταΦWα
µν OeB (LLi

σµνeRj
)ΦBµν

Table 4.3.: Relevant SMEFT dimension-6 operators [119], contributing to µ → eγ, where i, j
are flavour indices, µ, ν are Lorentz indices, and α, β are SU(2) indices. Φ represents
the SM Higgs doublet.
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Figure 4.6.: The allowed parameter space of the BSM-EFT Wilson coefficients and M∆± ± for
(a) C1112

ll = C1112
le = C1211

le = C1112
ee = CSMEFT

4 f = 0, CeB = CeW = CSMEFT
µ→eγ = 0 and

(b) CSMEFT
4 f /Λ2 = 2.5× 10−6 TeV−2, and CSMEFT

µ→eγ /Λ2 = 0.5× 10−6 TeV−2. Here,
CBSM

ee = CBSM
µe = CBSM. The black dotted lines on both plots represent the LHC

exclusion limits.

(representing the current LHC-exclusion limit), 1 TeV and 1.4 TeV (representing the
projected HL-LHC exclusion limit). This plot further elucidates the decrease in the
allowed parameter space as one tries to bring the mass scale down to the LHC ob-
servable region. The constraints on the SMEFT-parameterised Wilson coefficients
that improve the tension between the ∆± ± states and low energy measurements
are relatively weak, and further discrimination of the two directions would predom-
inantly be driven by a direct resolution of the cutoff scale, e.g. at a future hadron
machine with a higher centre-of-mass energy. It is worth noting that experiments like
MUONE [364,365] are unlikely to provide additional constraints as they predominantly
fingerprint the low q2 behaviour of the scattering process, although the experiment
should be sensitive to the signature of µe→ ee.

TeV-modified Seesaw at Colliders

The SMEFT four-lepton operators relevant to µ→ 3e can be probed directly at electron-
positron machines through the process e+e− → e± µ± . To check the constraints at
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Figure 4.7.: Exclusion contours on SMEFT and BSM-EFT Wilson coefficients for M∆± ± =

870, 1000, 1400 GeV from BR(µ → 3e) limits, where CBSM
ee = CBSM

µe = CBSM, and
C1112

ll = C1112
le = C1211

le = C1112
ee = CSMEFT

4 f .

future colliders, events are generated for this process on Madgraph5_aMC@NLO [160] with
the Ufo [273] model updated with the relevant dimension-6 operators, for the FCC-ee
running at the Z boson pole at 192 ab−1, callibrating the acceptances to reproduce
the bounds on 4-lepton operators presented in Refs. [128, 366]. The 2σ-bounds on
these operators is |CSMEFT

4 f | . 10−4 TeV−2. At a future high centre-of-mass energy
e+e−-collider with

√
s = 3 TeV, with an integrated luminosity of 5 ab−1 this improves

to |CSMEFT
4 f | . 10−5 TeV−2 [366], therefore implying that µ→ 3e will set more stringent

bounds on these Wilson coefficients than future ee-Colliders.

In the context of hadron colliders, these effective operators do not play a role
in the production processes of triplet scalars. The dimension-6 BSM-EFT operators
that modify the Yukawa couplings do influence the branching ratios; however, given
that dominant branching ratios have been considered for the doubly charged scalar
decaying into leptons, this does not imply a sensitivity enhancement compared to the

O(1)
Φ∆D

[
Φ†(Dµ∆)

][
(Dµ∆)†Φ

]
O(2)

Φ∆D

[
∆†(DµΦ)

][
(DµΦ)†∆

]
O(3)

Φ∆D Tr
[
(∆†∆)

][
(DµΦ)†(DµΦ)

]
O(4)

Φ∆D (Φ†Φ) Tr
[
(Dµ∆)†(Dµ∆)

]
Table 4.4.: Dimension-6 operators for SM extended by a complex triplet scalar (∆) [119,361,362],

relevant for Drell-Yan production of ∆± ± .
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prior analysis. What is more relevant for the production of the doubly-charged scalars
is the relevance of the potential EFT deformations to the Z/γ ∆++∆−− vertex. These
deformations would induce modifications of the pair production cross-sections.

Table 4.4 tabulates the operators leading to modifications of the (Z/γ) ∆++∆−−

interactions. It is worth noting that the contributions from these operators would lead
to an enhanced (when including squared dimension-6 contributions) cross-section for
the DY production of ∆± ± , which in principle should provide updated and improved
limits on M∆± ± from collider analyses as functions of these Wilson coefficients. The
analyses performed in the context of the renormalisable Type-II scenario therefore
provide conservative estimates of the sensitivity reach, predominantly making the
mass scales of the Type-II exotic states accessible to collider experiments. More precise
measurements of the neutrino oscillation parameters from various experiments, along
with updated measurements of the ρ-parameter providing a more accurate estimate
of v∆, which essentially constrains the Yukawa matrix, would lead to a more precise
determination of the hadron-collider sensitive region for the model. Similarly, analyses
of the ∆± states can add additional sensitivity, however, with reduced experimental
sensitivity due to a significant amount of missing energy and a smaller electroweak
coupling.
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Impact of RGE running

As the µ experiments probe very different energy scales of the theory compared to
the collider searches, RGE effects can a priori be important. Below the mass scales of
the Higgs sector exotics (which are assumed to be degenerate), the running of the
SM couplings is unchanged. To estimate the relevance of these effects, e.g., at the
scale of resonance (M∆ � mµ) the modified ∆-contributions can be mapped on the
SMEFT four-fermion interaction that accurately describes µ→ 3e at the scale of the
muon mµ � M∆. The Wilson coefficients are then parameterised by,

C1112
ll, BSM(M2

∆± ± ) = C1112
ll (M2

∆± ± )−Ymod.
ee (Ymod.

µe )∗ , (4.27)

where Ymod.
ij is written in terms of BSM Yukawa couplings (Y∆)ij and the BSM-EFT Wil-

son coefficients as shown in Eq. (4.26). The RGE flow of the SMEFT Wilson coefficients
including the BSM effects is computed using DSixTools [367, 368] and wilson [369],
between Λµ = mµ = 105 MeV and the scale of the resonance ΛUV = M∆ to obtain a
qualitative estimate of the impact of the renormalisation group flow.

The RG evolution of the Wilson coefficients of the four-fermion operators from Λµ

up to the scale of resonance ΛUV = 1 TeV is given by

C1112
ll (ΛUV) = 1.121×C1112

ll (Λµ) + 0.003×C1211
le (Λµ) , (4.28)

C1112
ee (ΛUV) = 1.113×C1112

ee (Λµ) + 0.005×C1112
le (Λµ) , (4.29)

C1112
le (ΛUV) = 0.963×C1112

le (Λµ) + 0.021×C1112
ee (Λµ) , (4.30)

C1211
le (ΛUV) = 0.968×C1211

le (Λµ) + 0.003×C1112
ll (Λµ) . (4.31)

For this specific resonance scale (M∆ = 1 TeV), with v∆ = 1 eV and mν1
= 0.05 eV, the

expressions in Eqs. (4.28) and (4.31) for the SMEFT Wilson coefficients are plugged
into the µ→ 3e branching ratio. The resulting exclusions on the parameter space of
the Wilson coefficients of the relevant SMEFT and BSM-EFT operators are depicted in
Fig. 4.8. Thus, RGE flow does not qualitatively change any findings.

4.3. Conclusions

Neutrino masses and oscillations provide direct evidence of physics beyond the SM,
with potential implications for TeV-scale phenomena currently under investigation
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at the LHC. Simultaneously, precise measurements of lepton observables impose
stringent constraints on the parameter space of relevant models at low energies. The
precision of these measurements can suggest that new physics resides at energy scales
beyond the reach of the LHC or even future colliders. Under what circumstances can
colliders and potential discoveries at such facilities continue to play a pivotal role in
identifying the underlying dynamics?

The Type-II Seesaw Mechanism and its effective field theory generalisation have
been examined in this chapter, with particular emphasis on the complementarity
of low-energy coupling measurements and TeV-scale exotic states. Non-minimal
extensions of this scenario can be systematically described using effective field theory
techniques. The rare decay processes, when attributed to the exchange of the extended
scalar sector of the Type-II scenario, can push the particle spectrum to mass scales
where experimental sensitivity is challenging. However, it has been demonstrated that
TeV-scale modifications of the vanilla Type-II scenario can lower these mass scales to
collider-accessible ranges, allowing future discoveries to be contextualised within low-
energy neutrino phenomenology. These effects are correlated with a richer spectrum of
interactions above the dynamical degrees of freedom of the Type-II framework, which
can be further investigated and constrained at the LHC and forthcoming experimental
facilities.

As blind directions in the effective field theory-extended parameter space are ex-
ploited, it must be acknowledged that the phenomenology discussed in this chapter
is associated with fine-tuning, which has not been dynamically addressed through
explicit ultraviolet completions. A potential approach to resolving this issue could
involve extending “custodial symmetry" to multiple Higgs triplets, akin to the ideas
presented in, e.g., [248]. This would correlate coupling modifications with the mass
eigenstates of the extended scalar spectrum, similar to how the hierarchy of charged
and neutral current interaction strengths is correlated with the gauge boson masses. Al-
though a dynamical realisation of this scenario has not been pursued, it is emphasised
that the continued search for lepton-flavour-relevant new states at the LHC remains a
well-motivated endeavour, even in light of high-precision low-energy measurements
that might suggest otherwise.



Chapter 5.

New physics effects in
momentum-dependent widths and
propagators

“What would be the use of such extreme refinement in the science of mea-
surement? Very briefly and in general terms, the answer would be that in
this direction the greater part of all future discovery must lie. The more
important fundamental laws and facts of physical science have all been dis-
covered, and these are so firmly established that the possibility of their ever
being supplanted in consequence of new discoveries is exceedingly remote.
Nevertheless, it has been found that there are apparent exceptions to most of
these laws, and this is particularly true when the observations are pushed to
a limit, i.e., whenever the circumstances of experiment are such that extreme
cases can be examined.”

— A. Michelson, 1903

Collider observables are determined by production cross-sections and decay rates, both
of which depend on particle masses, widths, and propagators. A precise treatment
of finite particle lifetimes is therefore essential for the accurate interpretation of high-
energy physics data. At leading order, implementing particle widths requires care
to preserve gauge invariance; the commonly used Breit-Wigner prescription can
violate this at tree level [370, 371]. The optical theorem relates the imaginary part
of a particle’s self-energy to its total decay width [70, 372], but complications arise

107
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when dealing with unstable particles [373]. Their propagators exhibit poles on the
second Riemann sheet of the S-matrix [374], complicating the direct application of
the LSZ reduction formula. Various approaches have been developed to address
this, including resummation schemes and field-theoretic formalisms [375]. Gauge-
invariant treatments of unstable particle widths can be constructed using Nielsen
identities [376–378], while the complex mass scheme provides a self-consistent and
widely adopted framework for loop-level computations [379, 380].

The narrow-width approximation assumes a constant width and is widely used
in phenomenology, but it may neglect important momentum-dependent effects, es-
pecially in new physics or higher-order contexts. Dyson resummation accounts for
this by introducing a running width from the one-loop self-energy function Σ(q2),
Γ(q2) = Im[Σ(q2)]/m, modifying both masses and cross-sections:

iG(q2) =
i

q2 −m2 + imΓ(q2)
. (5.1)

These effects can be significant in precision analyses [381], where mass determinations,
especially for the W and Z bosons, can exhibit scheme-dependent shifts larger than
experimental uncertainties [382–384].

This chapter examines whether neglecting momentum-dependence in widths intro-
duces phenomenological discrepancies. The validity of the fixed-width approach and
potential deviations relevant for precision measurements is explored for SM particles
in Sec. 5.1. The sensitivity to new physics effects parameterised by SMEFT-induced
deviations is explored in various collider environments, including hadron and lepton
colliders in Sec. 5.2.

5.1. Widths of SM particles

Widths naturally enter the propagators of unstable particles through higher-order
effects, giving rise to poles in the second Riemann sheet of the S-matrix. This discus-
sion introduces concepts and enables identifying SM particles that are particularly
susceptible to lineshape modifications from new physics. These modifications can
then result in potential experimental consequences, particularly at the high-precision
frontier of future colliders.
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5.1.1. The Higgs boson

Due to its scalar nature, the concepts become particularly transparent in the case of
the Higgs boson. The renormalised Higgs one-particle irreducible (1PI) two-point
function is given by

H H = Γ̂H(q2) = −i(q2 −m2
h)− iΣh(q2), (5.2)

where Σh denotes the self-energy of the Higgs boson considered at the one-loop level
in the following. The on-shell renormalisation conditions for the Higgs two-point
function Γ̂h(q2) are (see e.g. [385])

Re Γ̂h(q2)
∣∣∣
q2=m2

h
= 0,

lim
q2→m2

h

1

q2 −m2
h

Re Γ̂h(q2)

∣∣∣∣∣
q2=m2

h

= i.
(5.3)

The equations shown above result in the following on-shell renormalisation conditions
for the Higgs self-energy function Σh(q2)

Re Σh(q2)
∣∣∣
q2=m2

h
= Re

∂Σh(q2)

∂q2

∣∣∣∣∣
q2=m2

h

= 0. (5.4)

The Dyson-resummed Higgs propagator is then given in terms of the renormalised
self-energy

iGh(q
2) =

i

q2 −m2
h + Σh(q2)

. (5.5a)

By construction, this propagator exhibits unity pole residue when approaching the
real on-shell Higgs mass value, leaving an imaginary component that can be identified
as a running width in comparison with Eq. (5.1):

Γh(q
2) =

Im Σh(q2)

mh
with Γh(q

2 = m2
h) ≈ 5.5 MeV, (5.5b)

(for mh = 125 GeV at leading order) which is related to the tree-level computation of
h→{SM fields} via the optical theorem. This value also agrees with current experi-
mental bounds, e.g. as listed by the PDG [54]. Eq. (5.5) implies that, near the on-shell
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Figure 5.1.: Plots showing (a) the momentum-dependent Higgs width, and (b) the correspond-
ing invariant masses of the Higgs using the propagators constructed with a fixed
and a running width. The lower panel on the right shows the ratios between the
two propagators.

Higgs mass, the loop-corrected propagator approximates the Breit-Wigner form. This
leads to the familiar exponential decay of the intermediate Higgs state derived from the
squared matrix element. Representative plots illustrating the q2 dependence of Γh and
the resulting Higgs propagator are shown in Fig. 5.1 for the SM. Given that the Higgs
width is much smaller than its mass, the ratio of the two propagators shows minimal
deviation from unity, as seen in the lower panel of Fig. 5.1(b). This demonstrates that
the ratio Γ/m is a meaningful figure of merit for evaluating the validity of treating
unstable particles like the Higgs as asymptotic states in S-matrix analyses, even though
the true nature of the resonance is more subtle and scheme-dependent. The same
reasoning applies to BSM scenarios [386, 387]. For heavier SM Higgs bosons (as con-
sidered pre-discovery [388]), the width grows significantly, affecting the convergence
of the electroweak perturbative expansion, and thus highlighting the importance of
scheme choice. In the SM, supported by current observations, Γh/mh∼ 10−5, implying
that momentum-related modifications near the on-shell region are difficult to resolve
with current or expected experimental resolution [189, 389]. Consequently, scheme
dependencies are numerically small [390, 391]. Nonetheless, BSM effects can still
alter these observables more significantly through direct modifications of pseudo-
observables rather than through distortions of the resonance profile itself [392, 393],
making the Higgs less suited for studying finite-width effects in isolation.
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5.1.2. The W boson

The W boson can be used as a proxy for the massive gauge bosons; the treatment
of the Zγ mixing is detailed elsewhere in the literature, e.g. [385], yet the previous
discussion of the Higgs boson generalises to all massive gauge bosons in broad terms.
The renormalised two-point vertex function for the W field can be written (considering
the Feynman-’t Hooft gauge) as

Wµ Wν = Γ̂W
µν(q)

= −igµν(q
2 −m2

W)− i

(
gµν −

qµqν

q2

)
ΣW

T (q2)− i
qµqν

q2 ΣW
L (q2),

(5.6)

where ΣW
T and ΣW

L denote the transverse and longitudinal parts of the W-boson self-
energy, respectively. The renormalisation conditions for the W two-point function for
on-shell external physical fields are given by

Re Γ̂W
µν(q)ε

ν(q)
∣∣∣
q2=m2

W
= 0,

lim
q2→m2

W

1

q2 −m2
W

Re Γ̂W
µν(q)ε

ν(q)

∣∣∣∣∣
q2=m2

W

= −iεµ(q),
(5.7)

where εν(q) is the polarisation vector of the external W fields. Gauge-invariance and
its manifestation in the gauge-fixed effective theory in terms of Slavnov-Taylor identi-
ties [61, 62] ensure that the longitudinal part of the propagator does not affect physical
observables through the quartet mechanism [394]. Therefore, only the imaginary part
of ΣT

W contributes directly to the decay width pseudo-observable. From the equations
shown above, the following on-shell renormalisation conditions for the transverse part
of the self-energy function can be obtained as

Re ΣW
T (q2)

∣∣∣
q2=m2

W
= Re

∂ΣW
T (q2)

∂q2

∣∣∣∣∣
q2=m2

W

= 0. (5.8)

The Dyson-resummed W-propagator, involving only the renormalised transverse part
ΣW

T , is then given by

iGµν
W (q2) =

−i

q2 −m2
W + ΣW

T (q2)

(
gµν − qµqν

q2

)
. (5.9)
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(b) W propagator.

Figure 5.2.: Plots showing (a) the momentum-dependent W-width, and (b) the corresponding
invariant masses of the W computed using the propagators constructed with a
fixed and a running width. The lower panel shows the ratio between the respective
propagators.

From the propagator shown in Eq. (5.9), the q2-dependent running width of the W
boson can be identified as

ΓW(q2) =
Im ΣW

T (q2)

mW
with ΓW(q2 = m2

W) ≈ 1.99 GeV, (5.10)

similar to the Higgs boson. The dependence of ΓW on q2 and the corresponding
W propagator are shown in Fig. 5.2. The variations are at the percent level in the
W boson invariant mass lineshape as illustrated in Fig. 5.2(b). It is of interest, how-
ever, to explore whether the running width has implications for the precise W-mass
measurements reported by CDF [395], ATLAS [396], and very recently CMS [397],
where each analysis measured the reconstructed transverse mass of the W (mT

W). The
differential mT

W distribution for both fixed and running ΓW is shown in Fig. 5.3. As
expected, the percent level differences in the W-propagator do not offer significant
deviations in the transverse mass differential distribution. Of course, this momentum-
dependence should be viewed against the complete set of electroweak corrections,
which are scheme and process-dependent. The conclusion at this point is that the W
propagator does not provide significant a priori potential to constrain the momentum-
dependencies away from the peak observables, resulting in a subleading effect for
phenomenological analyses [398].
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Figure 5.3.: Differential distribution of the reconstructed transverse mass of the W boson in
13 TeV pp collisions comparing results for fixed and running widths. The lower
panel shows the ratio of the two distributions.

The momentum-dependent width of the Z boson exhibits a behaviour similar to
that of the W boson, with quantitatively distinct contributions from fermion loops.
Despite these differences, the variations in the momentum-dependent width of the
Z boson are even smaller than those observed for the W boson. Consequently, any
potential impacts on the invariant mass or transverse mass distributions of the Z boson
are negligible, offering even reduced potential compared to the discussion of the W
boson.

5.1.3. The Top Quark

The analysis of calculating the momentum-dependent width can finally be extended
to the top quark. The study of the top resonance characteristics provides valuable
insights into possible BSM effects. Most analyses so far have relied on peak pseudo-
observables (e.g. ATLAS analyses like [399] used in the EFT analyses like [400–406]).
Recently, there has been a resurgence in the literature on hypothetical bound states of
top and antitop quarks, toponium [407–409] triggered by anomalies of LHC data. While
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toponium itself remains a short-lived entity due to the rapid decay of the top quark
(before the bound state is formed), it can alter distributions at threshold production in,
e.g., top pair production. Therefore, this currently evolving situation can be considered
an additional source of uncertainty for the topics discussed in this section.

The framework established in the previous sections for the W boson and the Higgs
can be utilised to delve into the unique features of the top quark width and the
corresponding propagator, whose calculations are comparatively more involved than
the previous cases. The renormalised 1PI two-point function for the top quark is given
by,

t t = Γ̂t
ij(q)

= i(/q −mt) + i
[
/qω−Σt

L(q
2) + /qω+Σt

R(q
2) + mtΣ

t
S(q

2)
]

,

(5.11)

where ω± = (1± γ5)/2 are the chiral projectors, Σt
L and Σt

R correspond to the left-
and right-handed wave-function corrections, and Σt

S denotes the scalar part of the
top-quark self-energy. The renormalisation conditions for on-shell external fields are
given by

Re ūi(q
′)Γ̂t

ij(q
′)
∣∣∣
q′2=m2

t
= 0,

lim
q2→m2

t

/q + mt

q2 −m2
t

Re Γ̂t
ii(q)ui(q) = iui(q),

lim
q′2→m2

t

ūi(q
′)Re Γ̂t

ii(q
′) /q

′ + mt

q′2 −m2
t
= iūi(q

′)

(5.12)

where u(q) and ū(q′) are the spinors of the external top quark fields. The renormalisa-
tion conditions can then be obtained on the top quark two-point functions

Re Σt
L(q

2)
∣∣∣
q2=m2

t
+ Re Σt

S(q
2)
∣∣∣
q2=m2

t
= 0,

Re Σt
R(q

2)
∣∣∣
q2=m2

t
+ Re Σt

S(q
2)
∣∣∣
q2=m2

t
= 0,

Re Σt
L(q

2)
∣∣∣
q2=m2

t
+ Re Σt

R(q
2)
∣∣∣
q2=m2

t

+2m2
t

∂

∂q2

[
Re Σt

L(q
2) + Re Σt

R(q
2) + 2Re Σt

S(q
2)
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(5.13)
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Figure 5.4.: The imaginary parts of the different two-point amplitudes associated with the top
quark self-energy.

The plot of the imaginary parts of ΣL, ΣR, and ΣS that are relevant for the top width
calculations in the SM are depicted in Figure 5.4. Defining

iΣt
2(q) = i

[
/qω−Σt

L(q
2) + /qω+Σt

R(q
2) + mtΣ

t
S(q

2)
]

,

the full top propagator, including the sum of all 1PI insertions, can be obtained as the
sum of an infinite geometric series.

iG(q) = t t + t t + t t + ...

=
i

/q −mt
+

[
i

/q −mt
iΣt

2(q)
i

/q −mt

]
+

[
i

/q −mt
iΣt

2(q)
i

/q −mt
iΣt

2(q)
i

/q −mt

]
+ ...

=
i

/q −mt + Σt
2(q)

.

The full expression for the top quark propagator is

iG(q) =
i

/q [1 + ω−Σt
L(q

2) + ω+Σt
R(q

2)]−mt[1− Σt
S(q

2)]
. (5.14)

The Breit-Wigner form then follows from Eq. (5.14) as

iG(q) = i /q [1 + ω−Σt
L(q

2) + ω+Σt
R(q

2)] + mt[1− Σt
S(q

2)]

q2[1 + Σt
L(q

2)][1 + Σt
R(q

2)]−m2
t [1− Σt

S(q
2)]2

. (5.15)
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Starting from Eq. (5.15), isolating the q2 term in the denominator, the propagator takes
the form,

iG(q) = i /q [1 + ω−Σt
L(q

2) + ω+Σt
R(q

2)] + mt[1− Σt
S(q

2)]

(1 + Σt
L(q

2))(1 + Σt
R(q

2))

(
q2 − m2

t [1−Σt
S(q

2)]2

[1+Σt
L(q

2)][1+Σt
R(q

2)]

) , (5.16)

which can then be expressed as (see e.g. [410]),

M2
t,pole − iMt,poleΓt =

m2
t (1− ΣS)

2

(1 + ΣL)(1 + ΣR)

∣∣∣∣∣
q2=m2

t

. (5.17)

To one-loop order, Eq. (5.17) can be expanded perturbatively

M2
t,pole − iMt,poleΓt = m2

t (1− ΣL − ΣR − 2ΣS)
∣∣∣
q2=m2

t
.

From this the pole-mass and the width can then be derived [410] (for mt = 172.7 GeV [54])

Mt,pole = mt

(
1− 1

2
ΣL −

1
2

ΣR − ΣS

)∣∣∣∣
q2=m2

t

≈ 172.7 GeV,

Γt(q
2) = mt Im (ΣL + ΣR + 2ΣS) , Γt(q

2 = m2
t ) ≈ 1.44 GeV.

(5.18)
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Figure 5.5.: Plots showing (a) the momentum-dependent top width and (b) the corresponding
invariant masses of the top using the propagators constructed with a fixed and a
running width (right). The lower panel on the right represents the ratio of the two
plotted propagators.
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This result is consistent with the current PDG value for Γt [54]. In the narrow-width
approximation, where Γt � mt, the top quark propagator can be written up to one-
loop order as

iGt(q) = i /q + mt

q2 −m2
t + im2

t Im (ΣL + ΣR + 2ΣS)
. (5.19)

The q2-dependent running width described by Eq. (5.18) and the corresponding prop-
agators constructed from the fixed and the running top width have been plotted in
Fig. 5.5. A pronounced change in the running width after q2 = m2

t is observed, dis-
cernible from the two-point amplitudes characterised by ΣL, ΣR and notably ΣS as
shown in Fig. 5.4. The marked increase in the imaginary parts of these amplitudes at
q2 = m2

t arises due to the top quark self-energy contributions, specifically from the
gluonic diagrams turning on at q2 = m2

t due to the optical theorem. This behaviour is
further reflected in the top propagator as depicted in Fig. 5.5, where a significant devi-
ation is observed in the running width from the propagator constructed with the fixed
width, as illustrated in the lower panel on the right. Thus, any new physics scenarios
that modify the top quark two-point functions may leave a substantial imprint on the
running width and, consequently, on the invariant mass, which may be detectable by
the extensive array of current and future colliders. It should again be noted that these
effects will be part of a larger set of electroweak corrections. Especially when dealing
with the massless fields that shape distributions as detailed above, the matching of
infrared singularities becomes relevant, e.g. [411] for a detailed discussion. In this
context, however, it is worth stressing that, by construction, EFT deformations do
not modify the soft and collinear behaviour of the SM [412]. So, while the presence
of virtual massless states requires care from the point of view of the dimension-four
interactions, the relation of dimension-six interactions to the SM is not sensitive to
such an interplay. However, the emission of hard photons or gluons certainly poses a
direct avenue to limit interaction modifications.

5.2. New Physics effects in Running Top Quark Widths

and Propagators

The SMEFT framework is an ideal candidate to examine the effects of new physics
on the q2-dependent running width and the resulting propagator of the top quark.
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OtG (t̄LσµνTAtR)Φ̃GA
µν OtW (t̄LσµνtR)τ

IΦ̃W I
µν

OtΦ (Φ†Φ)(t̄LtRΦ) OtB (t̄LσµνtR)Φ̃Bµν

Table 5.1.: Dimension-six SMEFT operators [119] in the top quark sector that modify the top
quark two-point function. φ̃ is the charge conjugated SM Higgs doublet.

The top quark two-point function can be modified by introducing dimension-six
SMEFT operators in the Warsaw basis [119], which alter the top quark vertices that
appear in self-energy diagrams. The SMEFT operators considered in the analysis are
listed in Table 5.1, all in the top quark sector. The corresponding Wilson coefficients
hold significant BSM potential due to the currently relatively loose constraints on
them (O(0.1− 1) TeV−2 [128, 405]). The SMEFT operator OtG directly modifies the
ttg vertex, and can therefore capture the effects of new physics affecting the gluonic
topologies contributing to the top self-energy. This operator does not affect Γt(q

2)

directly, contributing solely to the tails of the top invariant mass lineshape. However,
this scenario changes with the inclusion of additional effective operators, specifically
OtW , OtB, and OtΦ. A notable subtlety arises here, as the operator OtW directly
modifies Γt(t → Wb); any phenomenologically relevant momentum-dependence
could therefore enhance the new physics potential, but is unlikely to drive it.

150 160 170 180 190 200

q [GeV]

−3

−2

−1

0

1

2

3

Γ
t

[G
eV

]

PDG bounds

SM

Γfixed
t (CtW = 1.5 TeV−2)

CtG = 1.5 TeV−2

CtX = 1.5 TeV−2

(a) Modified top width.

165 170 175 180

q [GeV]

10−7

10−6

10−5

10−4

|G
t(
q)
|2

ΓSM
t (q2)

ΓEFT
t (q2, CtG)

ΓEFT
t (q2, CtX)

ΓEFT
t (CtW )

(b) Modified top propagator.

Figure 5.6.: Plots showing (a) the momentum-dependent top width, and (b) the corresponding
invariant masses of the top using the propagators constructed with a running
width for different SMEFT insertions, and a fixed width corresponding to a direct
modification of t → W+b decay. In both plots, CtW = CtB = CtG = CtΦ = CtX =

1.5 TeV−2.
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Figure 5.7.: Wilson coefficient dependence of Γt computed from (1) running width with SMEFT
insertions at q2 = m2

t , and (2) from t → W+b. Here, CtW = CtB = CtG = CtΦ =
CtX.

Following the on-shell renormalisation procedure as described in the previous sec-
tion, the expression for the perturbative width up to one-loop order can be computed
as

Γt = Im [mt(ΣL + ΣR + 2ΣS)] .

The q2-dependent widths and the corresponding propagators for both scenarios are
presented in Fig. 5.6, including the fixed width and the corresponding propagator
obtained by examining the direct contribution of OtW on the t → Wb decay. As
anticipated, theOtG insertion does not alter the width calculated at q2 = m2

t . However,
by observing the running width at higher q2, a slight divergence from the SM running
width is apparent for the selected values of the associated Wilson coefficient. The
running width computed with multiple operator insertions, assuming equal values
for the relevant Wilson coefficients, deviates significantly from the SM running width
and the modifications induced by the direct alteration of t→ Wb. This difference can
also be visualised by examining the dependence of the running width on the Wilson
coefficients at q2 = m2

t and contrasting this with the modification of the fixed decay
width, as illustrated in Fig. 5.7. Given that new physics affecting the Wilson coefficients
under consideration may lead to observable changes in the running width of the top
quark, it is crucial to explore whether observables sensitive to running width effects
could provide constraints on these Wilson coefficients comparable to those achieved
through global fit methodologies.
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Figure 5.8.: Differential distribution of the reconstructed invariant mass of a lepton and the
corresponding b-jet (Mlb) in the dileptonic decay of tt̄ production in 13 TeV pp-
collisions, for fixed and running top widths.

5.2.1. Hadron Colliders

On the hadron collider front, the ATLAS collaboration, for instance, has conducted
a direct measurement of the top quark decay width [413] at

√
s = 13 TeV, with an

integrated luminosity of L = 139 fb−1. This measurement utilises a profile-likelihood
template fit applied to the invariant mass distribution of a charged lepton and its
associated b-jet (Mlb) in the dileptonic decay channel of tt̄ production. Consequently,
it is essential to employ their search strategy to assess the impact of running widths
on the kinematic properties of the top quark. Following the approach outlined in
Ref. [413], the differential distributions for the kinematic observable Mlb, comparing
the SM fixed and running top quark widths is displayed in Fig. 5.8, indicating that
hadron colliders exhibit limited sensitivity (variations only at the percent level) to
running width effects of the top quark, feeding into a low BSM potential.
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5.2.2. Lepton Colliders

Unlike hadron machines, future lepton colliders offer unique advantages by providing
cleaner environments for precision studies due to the absence of hadronic initial
states and smaller experimental uncertainties. This structural simplicity is particularly
beneficial when analysing processes such as top quark pair production, which yields a
cleaner signal in hadronic final states. Lepton colliders are thus well-suited for precise
measurements of the top quark mass and electroweak couplings via the s-channel
pair production process. Proposed electron-positron machines like FCC-ee [76, 77],
ILC [414], CEPC [78], and CLIC [415] hold significant potential for probing the top
quark invariant mass lineshape should relevant centre-of-mass energies be achieved
there, leveraging high luminosity and advanced detector capabilities. While the FCC-ee
excels near the s-channel tt̄ production threshold due to its precise energy calibration,
at higher energies, such as CLIC running at

√
s = 3 TeV becomes competitive, with

its high luminosity potentially allowing a more detailed exploration of the lineshape
over a wide range. However, significant beamstrahlung in CLIC can broaden the
energy spectrum and reduce the precision in reconstructing the top invariant mass
lineshape [415–417]. Muon colliders [418], on the other hand, offer distinct, exciting
advantages over electron-positron colliders, as they can achieve higher centre-of-mass
energies without significant synchrotron radiation losses, effectively making them
vector boson colliders. This enables muon colliders to probe top quark physics not only
through s-channel pair production but also via weak boson fusion (WBF) processes
(Fig. 5.9), whose cross-section grows with centre-of-mass energy (see [419–421]). This
makes muon colliders ideal for capturing subtle variations in the top invariant mass
lineshape influenced by the SMEFT operators discussed previously, hence potentially
identifying new physics effects.

Event Simulation Details

The relevant Wilson coefficients are implemented on FeynRules [64] using SmeftFR [224,
422, 423] and linked to Madgraph5_aMC@NLO [160] using a Ufo [273] output. Events are
generated by combining the processes µ+µ− → tt̄ and µ+µ− → tt̄νµν̄µ to include
both s-channel production of tt̄ as well as top quark pair production through vector
boson collisions. The top quark pairs are subsequently decayed semileptonically
into light leptons (e, µ), jets from the resulting W bosons, and b quarks. The effects
of a q2-dependent running top quark width are incorporated by modifying the top
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Figure 5.9.: Representative Feynman topologies for s-channel and WBF tt̄-production in µ+µ−

colliders.

propagator on the Helas [424] routines entering the matrix element calculations for
each value of the relevant Wilson coefficients.

Events are simulated for hypothetical future muon colliders with centre-of-mass
energies of

√
s = 3, 10 TeV. The top quark candidates are reconstructed closely

following the analyses performed in Refs. [425–427] for semileptonically decaying tt̄
candidates. The final states are required to have four jets, two of which are b-tagged,
and exactly one light lepton with pl

T > 10 GeV. The invariant mass of the two non
b-tagged jets and the b-jet that is farther from the lepton is used to reconstruct the
lineshape of the top quark candidate.

Bounds from Top Invariant Mass Lineshape

A combined bound on the relevant SMEFT Wilson coefficients can be obtained using
the lineshape of the reconstructed top quark invariant mass distribution (Mt). The
binned χ2 statistic for the analysis is constructed as

χ2(CtX) = (bi
SM+EFT(CtX)− bi

SM)V−1
ij (bj

SM+EFT(CtX)− bj
SM). (5.20)

where bi
SM+EFT(CtX) denotes the combined number of events in the ith bin of the Mt

distribution, incorporating a running top quark width in the SMEFT framework and
weighted by the cross-section, for a given value of CtX, and, bi

SM corresponds to the
number of events when considering only the SM running width. The covariance
matrix Vij is constructed using the statistical Poisson uncertainty associated with each
bin bi

SM, along with a fully correlated relative fractional uncertainty (εr). Thus, the
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L εr
√

s = 3 TeV
√

s = 10 TeV

5 ab−1 25% (−0.83, 1.12) TeV−2 (−0.52, 0.48) TeV−2

10% (−0.54, 0.60) TeV−2 (−0.23, 0.21) TeV−2

10 ab−1 25% (−0.72, 0.91) TeV−2 (−0.42, 0.41) TeV−2

10% (−0.51, 0.57) TeV−2 (−0.20, 0.18) TeV−2

Table 5.2.: 95% CL bounds on the relevant SMEFT Wilson coefficients (CtX) from the top
invariant mass lineshape at a future muon collider.

covariance matrix can be expressed as

Vij = bi
SMδij + εrbi

SMbj
SM. (5.21)

The resulting 95% confidence level bounds on CtX = CtW = CtB = CtG = Ctφ for
different centre-of-mass energies and integrated luminosities, for εr = 10% and 25%
are presented in Table 5.2. How do these bounds compare to global fit analyses?
The operators CtG, and CtΦ are well constrained in hadron collider processes [128];
however, CtW and CtB can be directly probed at lepton colliders near the tt̄-production
threshold. The methodologies employed in Refs. [428, 429] and TOPFITTER [400] for
e+e− colliders (see also [430]), are adapted for muon colliders to assess whether the
top invariant mass lineshape can effectively constrain these operators more robustly
than the present robust global fit analyses.

Refs. [428,429] use the sensitivity of both the total cross-section (σ) and the forward-
backward asymmetry (AFB) to obtain bounds on the effective operators, and conse-
quently, the same analysis methodologies can be adapted for muon collider scenarios.
The forward-backward asymmetry is defined as

AFB =
σFB
σ

, (5.22)

where the forward-backward cross-section σFB is given by

σFB =
∫ 1

−1
d cos θt sign(cos θt)

dσ

d cos θt
, (5.23)

with θt representing the scattering angle in the centre-of-mass frame. Events are
generated in Madgraph5_aMC@NLO [160] for various initial beam polarisations of the
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Figure 5.10.: 95% CL upper bounds on CtW and CtB from (left) cross-section and (right) forward-
backward asymmetry [428, 429] for different initial beam polarisations.

µ+µ− states. From the resulting events, the SM, linear, and quadratic dependences of
the effective operators on the respective observables can be computed.

The sensitivity of an observable o to a Wilson coefficient Ci (So
i ) is calculated as per

Ref. [428], as its normalised variation around the SM point:

So
i =

1
o

∂o
∂Ci

∣∣∣∣
Ci=0

=
oi

oSM
, with o = oSM + Cioi + CiCjoij + ... . (5.24)

Here, the cutoff scale is conveniently set to Λ = 1 TeV, which can also be absorbed
into the definitions of oi, oij, etc. The 95% confidence limit constraints on CtB and
CtW from the sensitivities of the cross-section and forward-backward asymmetry
as functions of centre-of-mass energy for different initial beam polarisations and
integrated luminosities are shown in Fig. 5.10. Fig. 5.10 shows that these constraints
offer substantially stronger bounds on the respective effective operators compared to
those obtained from the top invariant mass lineshape. The methodology employed
by TOPFITTER [400] can also be used to cross-check the aforementioned bounds.
Following Ref. [400], and motivated by the dependence of the total cross-section of the
process µ+µ− → tt̄ on the Wilson coefficients (σ[CtX]), a polynomial of degree greater
than two can be fitted on the total cross-section. Without systematic uncertainties,
each observable would ideally follow a second-order polynomial in the coefficients;
higher-order terms account for bin uncertainties that introduce deviations from this
ideal form. The following χ2 distribution is constructed to determine the constraints
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L Wilson coefficient
√

s = 3 TeV
√

s = 10 TeV

5 ab−1 CtB (−0.02, 0.15) TeV−2 (−0.02, 0.04) TeV−2

CtW (−0.02, 0.24) TeV−2 (−0.03, 0.05) TeV−2

10 ab−1 CtB (−0.02, 0.14) TeV−2 (−0.02, 0.03) TeV−2

CtW (−0.02, 0.23) TeV−2 (−0.02, 0.05) TeV−2

Table 5.3.: 95% CL individual bounds on the relevant SMEFT Wilson coefficients from the
TOPFITTER [400] analysis.

on the Wilson coefficients

χ2(CtX) =
(σ[CtX]− σ)2

σ
, (5.25)

where σ = σSM(1 + Σ). Here, σSM represents the SM cross-section for the same
process, and Σ represents the combined theoretical and experimental uncertainties
associated with the cross-section. Assuming a 10% combined uncertainty in the SM
cross-section, the 95% confidence limit constraints for CtW and CtB at various centre-
of-mass energies

√
s and integrated luminosities are presented in Table 5.3. These

bounds further demonstrate that direct constraints from global fit analyses are more
effective in constraining the relevant Wilson coefficients than those derived from the
top invariant mass lineshape.

5.3. Conclusions

Width pseudo-observables have been recognised as essential across past, present,
and future collider experiments; however, momentum-dependent widths in the SM
have often been overlooked due to their subdominant role given current experimental
sensitivity. With increasing discussion on future precision machines, the extent to
which these effects become relevant remains uncertain. Additionally, the influence of
heavy physics on SM lineshapes under future sensitivity expectations remains poorly
understood. This chapter addresses these gaps by parameterising new heavy physics
using SMEFT, focusing on electroweak-scale SM particles such as the W boson, the
Higgs boson, and the top quark.

For bosonic particles, the running width in the SM introduces minor deviations
from the fixed-width approximation, with percent-level effects observed in transverse
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mass distributions. These corrections, while subtle, could influence precision W
boson mass measurements, as seen in ATLAS and CMS analyses. In contrast, for the
Higgs boson, due to its narrow width, momentum dependence has been shown to be
negligible. Thus, the W boson appears more sensitive to such effects in future precision
measurements. The impact of BSM physics on the momentum-dependence of these
widths remains uncertain but may become relevant as precision improves.

For the top quark, significantly larger effects have been observed due their impact
in the self-energy contributions. Pronounced deviations between fixed-width and
running-width propagators emerge above the mass threshold, attributed to the energy-
dependent imaginary parts of self-energy components. With SMEFT operators, these
effects are further amplified, modifying the top quark’s invariant mass lineshape
and reinforcing its role as a promising probe for new physics. At hadron colliders,
such as the LHC, reconstructed top quark invariant mass distributions exhibit only
percent-level deviations, constrained by detector effects. However, future lepton
colliders, such as proposed muon colliders at 3 and 10 TeV, offer a cleaner environment.
Simulations indicate that improved constraints on SMEFT-induced deviations in the
top propagator and running width can be achieved. These constraints complement
global fit analyses, reinforcing the capability of collider experiments to detect subtle
BSM effects.

This chapter underscores the relevance of momentum-dependent widths in theoret-
ical predictions, particularly as precision in measurements and calculations advances.
While certain effects remain below current experimental sensitivity, next-generation
lepton colliders are expected to probe these phenomena with unprecedented accuracy,
refining SM particle properties and enhancing discovery potential for new physics.



Chapter 6.

Cornering new physics in four top
quark production in the LHC

“These are not incremental improvements... These are very, very, very big
improvements people are making by adopting really advanced techniques.
It’s going to be quite transformative for our field.”

— Prof. Mark Thomson on the impact of ML/AI.

The absence of evidence for BSM physics at the array of colliders at disposal remains
puzzling. The optimistic expectations of the pre-LHC BSM benchmarking programme
have not been realised, necessitating a shift in focus towards less abundant collider
processes that may serve as probes for new interactions. Model-independent and
theoretically motivated techniques have been increasingly employed, alongside the
exploitation of model-(un)specific correlations. Machine learning techniques have
seen a resurgence in LHC analyses to capture these correlations, especially to tackle
the dearth of sensitivity in rare collider processes. Four top quark final states, for
which the ATLAS and CMS collaborations have recently reported evidence of SM-like
production [431–436], pose an interesting avenue in this regard. These final states are
relevant for EFT deformations of expected SM correlations [437–439], contributing
significantly to large-scale EFT fits while also providing insights into electroweak
Higgs properties [440]. The large kinematic information available in these final states
enhances sensitivity when machine learning techniques (see also [441]) are used to
distinguish signals from SM backgrounds [442].

127
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Four top final states are often considered less motivated due to the large produc-
tion cross-section of tt̄ resonances via gluon fusion and the relative experimental
ease of top pair resonance searches. However, interference effects with QCD back-
grounds [443,444] can significantly suppress BSM signals in dominant production and
decay channels, leaving processes with lower cross-sections as viable discovery modes.
Four top final states could offer a more robust alternative in such scenarios.

This chapter aims to clarify these aspects by building on sensitivity enhancements
in distinguishing SM four top production and quantitatively assessing the potential
for BSM discovery, particularly emphasising the role of interference effects in four top
final states. The structure of this chapter is as follows: the details of event simulation
and inclusive fiducial selection for the studied lepton-dominated partonic collider
processes are presented in Sec. 6.1. The results are outlined in Sec. 6.2, presenting an
evaluation of the sensitivity to SM four top production (Sec. 6.2.1), followed by the
prospects of BSM sensitivity in Secs. 6.2.2 and 6.2.3. The role of GNN techniques in
distinguishing resonant and non-resonant BSM extensions is highlighted, alongside
signal-background interference effects. The significance of interference, which is
substantial in di-top final states [445–451], is found to be negligible in the dominant
four top production modes for resonant BSM extensions.

6.1. Analysis Framework

To assess the reach of four top production both within and beyond the Standard Model,
a detailed collider-level study is performed. This section outlines the simulation setup,
event selection criteria, and analysis methodology used to probe the relevant final
states. The four top final states in consideration include same-sign dilepton production
in association with b quarks and light jets,

pp→ tt̄tt̄→ `± `± + jets + b quarks, (2SSDL), (6.1a)

and three-lepton production in association with b and light flavour jets,

pp→ tt̄tt̄→ `± `± `∓ + jets + b quarks, (3L). (6.1b)

where ` = e, µ, including leptonic decays of τ leptons (see [431, 433] for recent explo-
rations by the ATLAS and CMS experiments).
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6.1.1. Event simulation and fiducial selection

Datasets for the selected final state topologies are prepared preselecting the events gen-
erated from simulating pp collisions at

√
s = 13 TeV using Madgraph5_aMC@NLO [160]

at leading order precision. These events are subsequently showered and hadronised
using Pythia8.3 [174]. The final states are reconstructed using MadAnalysis [175] that
interfaces FastJet [176, 177].

Light leptons (e, µ) are defined from a threshold of pT > 10 GeV within the detector
coverage of the electromagnetic calorimeter |η| < 2.5, where pT and η denote the
transverse momentum and pseudorapidity, respectively. Selected b-tagged jets are
identified from a threshold pT > 20 GeV within the tracker |η| < 2.5. Light flavour
jets that fall into the hadronic calorimeter coverage, |η| < 4.5, are required to have
pT > 20 GeV. Additionally, a significant amount of missing transverse energy of at
least 20 GeV is required, considering the leptonic decays of the W bosons. To isolate
the mismeasurement of missing transverse energy ( ~/ET) from jets, only the events with
azimuthal angle difference |φ(j)− φ( ~/ET)| > 0.2 are selected. The analysis for the two
signal topologies 2SSDL and 3L closely follows ATLAS and CMS studies [431–436] (see
also [452–454] for precision SM analyses informing experimental studies). The 2SSDL
final state requires at least 2 leptons, at least two b jets and at least one additional jet
selected according to the criteria outlined previously. The 3L topology requires at least
three leptons, and at least two b jets, without any restriction on the light flavour jets.
A pessimistic 70% flat b-tagging efficiency is employed throughout [455, 456]. This
removes large contributions from misidentified b jets [456] for the considered pT range
of b jets; therefore, effects from misidentified b jets can be neglected.

Processes cross-section (fb)

pp→ t`+ t̄hW+
`+

+ th t̄l−W−
`− 57.67± 0.06

pp→ t`+ t̄hZ`+`− + th t̄`−Z`+`− + t`+ t̄`−Z`+`− 10.65± 0.01

pp→ (W+
`+

W−h W+
`+

+ W+
h W−

`−W−
`−)bb̄ 43.29± 0.05

pp→ (W+
`+

W−h Z`+`− + W+
h W−

`−Z`+`− + W+
`+

W−
`−Z`+`−)bb̄ 12.65± 0.02

Table 6.1.: Cross-sections (including the uncertainties) for the different SM processes having
the most significant contributions to the 2SSDL background, in accordance with the
baseline cuts. The subscript on each particle describes the particle’s decay channel
(`± describes leptonic decay and h refers to a hadronic decay channel).
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Processes cross-section (fb)

pp→ t`+ t̄`−W ±
`± 3.421± 0.004

pp→ t`+ t̄hZ`+`− + th t̄`−Z`+`− + t`+ t̄`−Z`+`− 10.65± 0.01

pp→ Z`+`−W ±
`± bb̄ 3.296± 0.003

pp→W+
`+

W−
`−W ±

`± bb̄ 3.614± 0.004

pp→ (W+
`+

W−h Z`+`− + W+
h W−

`−Z`+`− + W+
`+

W−
`−Z`+`−)bb̄ 12.65± 0.02

Table 6.2.: Summary of background cross-sections and Monte-Carlo uncertainties for the
different SM processes contributing to the 3L selection, given the baseline cuts. The
subscript on each particle denotes the decay channel as in Tab. 6.1.

With the defined fiducial regions, the dominant SM backgrounds contributing to
these final states are:

1. The tt̄W ± channel with leptonic decays of the tops and W is the most dominant
background for the 2SSDL case; however, its contributions are subdominant for
the 3L channel.

2. Conversely, background contributions from tt̄Z are significant for the 3L case,
while contamination of the 2SSDL signal region from this channel is reduced (yet
substantial) compared to others.

3. W+W−W ± + 2b -tagged jets, with subsequent decays W→ `ν`, is the second
largest background for 2SSDL and remains a considerable background for the 3L
selection.

4. W+W−Z + 2b jets with leptonic decays of vector bosons contributes as a back-
ground for both channels, and yields the largest contamination in the 3L case.

5. ZW ± + 2b jets is a subdominant background to both channels when both Z and
W bosons decay leptonically. However, its contribution to 2SSDL is negligible
and therefore dropped from Table 6.1.

The cross-sections after decay following the baseline selection criteria are shown in
Tables 6.1 and 6.2 contributing to 2SSDL and 3L channels, respectively.

The dataset for the background class of the neural network setup is a combination
of the individual background samples, weighed by their cross-sections, to obtain a
realistic composition expected at a fixed luminosity. The representative kinematic
distributions at the hadron level of the signal and the background classes are shown
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Figure 6.1.: Normalised distributions of the kinematic variables related to 2SSDL channel for
SM four top signal and SM backgrounds contributing to the process at the LHC
running at 13 TeV.

in Fig. 6.1. It is evident that HT and M4t
∗ are the most discriminating observables,

hardness-related observables can be expected to be the dominant drivers of signal
vs. background discrimination. The variables HT and M4t are significantly correlated
since both use energy-momentum information of the process, as shown in Fig. 6.2.
The neural network can exploit such correlations (also extending to other observables,
see Fig. 6.3) in a non-rectangular and optimised way, thus enabling efficient signal-

∗M4t is the total invariant mass of the visible final states, and HT is the scalar pT sum of all visible final
states of the system.
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Figure 6.2.: Normalised two-dimensional distributions of the kinematic variables HT and M4t
for 2SSDL channel for SM four tops signal and SM backgrounds contributing to
the process at the LHC running at 13 TeV.
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Figure 6.3.: Correlation plots for 2SSDL channel for SM four tops signal and SM backgrounds
for different kinematic variables extending Fig. 6.2.

background discrimination. Machine-learned observables can therefore be expected
to carry significant discriminating power in isolating (B)SM four top production.

6.1.2. Graph Neural Network Architecture and Data Representation

GNNs are ideal candidate architectures to perform signal-background discrimination
tasks, given the complex final states that can be expected from four top topologies, in
addition to the process-specific correlations. Applications of GNNs to particle physics
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data have a short yet successful history. Their versatility in efficiently discriminat-
ing BSM data from the SM expectation beyond traditional observables in a robust
way has been highlighted in a series of papers, ranging from designing anomaly
detection methods [457–459], over jet tagging [456, 460] to constraining EFT operator
deformations in the BSM top-sector fits [461].

Taking inspiration from this evolving success story, the four top signal is discrim-
inated against the relevant SM background using a point-cloud-based GNN. The
graph structure is implemented using the Deep Graph Library [462] package with
the PyTorch [463] backend, using an edge-convolution (EdgeConv) message-passing
network chosen to classify signal and background (with final state particle events
interfaced employing PyLHE [464]).

The GNN can be divided into (i) message-passing, followed by (ii) node readout.
Edge-convolution is known to be particularly suited for extracting internode informa-
tion (edge) from the given low-level node features (i.e. particle-level properties, see
below). The message passing function for the edge convolution is defined as

~x (l+1)
i =

1
|N (i)| ∑

j∈N (i)
ReLU

(
Θ · (~x (l)

j −~x (l)
i ) + Φ · (~x (l)

i )
)

. (6.2)

Here, ~x (l)
i represents the node features of node i in the l-th message-passing layer,

with l = 0 denoting the input node features of the graph. The neighbourhood set
N (i) consists of all nodes in the graph connected to node i. The linear layers Θ and Φ
take the input vectors (~x (l)

j −~x (l)
i ) and ~x (l)

i , respectively, and map them onto alternate
dimension spaces where one applies an activation function on their vector sum. The
dimensionality of the "hidden" feature space is chosen so that performance is optimised
while avoiding overfitting. The GNN uses a fully-connected bidirectional graph as
an input for the given signal vs. background discrimination task. Each particle is
represented by a node, which is associated with a node feature vector ~x(0)i = [pT, η,
φ, E, m, PID] (representing transverse momentum, pseudorapidity, azimuthal angle,
energy, mass and particle identification number, respectively). The GNN architecture
is inherently permutation-invariant under node reordering, reflecting the physical
indistinguishability and lack of canonical ordering among final-state particles. This
symmetry is particularly relevant for multi-object final states, where jet or lepton
permutations do not carry physical meaning. After a fixed number of message-passing
steps Eq. (6.2), a mean graph readout operation is employed on the node features of
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Figure 6.4.: The architecture of the utilised GNN that maps the events embedded into graphs
to the probability that they were sourced by signal or background processes. On
the left, an example of an input graph with different colours is shown, indicating
the different final states that are included in the analysis. On the right the Edge-
Conv operation is indicated where during the first step (red arrows) the messages
m(l)

ij = ReLU
(

Θ · (~x (l)
j −~x (l)

i ) + Φ · (~x (l)
i )
)

are calculated according to Eq. (6.2) and
subsequently in the second step they are used to obtain the updated node features
by taking the mean (purple arrows).

the final message-passing layer to extract a vector capturing the graph properties of
each event. The graph representation obtained this way is then passed into a linear
layer with a rectified linear unit ReLU activation function. The final linear layer maps
the result to a two-dimensional vector, normalised by the SOFTMAX function, which
computes the probability of an event arising from a signal or a background process.

The network is trained to minimise the binary cross-entropy (BCE) loss (LBCE), a
standard objective for binary classification tasks, defined as

LBCE = − [y log p + (1− y) log(1− p)] , (6.3)

where y ∈ {0, 1} is the true label and p is the predicted probability of the signal
class. Optimisation is performed using the ADAM algorithm [465], starting with an
initial learning rate (LR) of 0.001. The LR determines the step size at each iteration
during gradient descent; larger values result in faster but potentially unstable training,
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while smaller values ensure stable but slower convergence. The dataset is split into
75% training and 25% testing, with the training set further divided into a 75%-25%
training-validation split. The LR is reduced by a factor of 10 if the validation loss does
not improve for three consecutive epochs. Training is carried out for up to 100 epochs
using mini-batches of 100 graphs, with early stopping triggered if the validation loss
stagnates for ten epochs. The architecture consists of two edge-convolution layers
followed by two linear layers with 40 hidden units each, as illustrated in Fig. 6.4.
Training and validation performance are monitored throughout to avoid overfitting,
which is particularly relevant for deeper networks.

A variety of ML algorithms have been explored in Ref. [442] to assess their effi-
ciency for the four top processes, including the graph-based ParticleNet [466], also
utilising the edge-convolution operation.† The authors of Ref. [442] demonstrate that
ParticleNet does indeed provide superior performance in comparison with the alter-
native algorithms that are considered there. This analysis finds a qualitatively similar
behaviour.

6.2. Results

6.2.1. Cornering the SM four tops at the LHC

The ATLAS and CMS collaborations have considerably explored the SM four top
production. ATLAS currently observes four tops with a sensitivity of 1.9σ over the
background-only hypothesis with a production cross-section of 26 fb [433]. CMS
observes 2.6σ at a cross-section of 12.6 fb [431] in comparison.

The GNN performance for SM four top production is first analysed by exploring
the sensitivity estimates given by the backgrounds described in Sec. 6.1. The network
is first trained for the 2SSDL samples using the SM four top as the signal class and the
corresponding backgrounds (listed in Table 6.1) as the background class, with a similar
procedure followed for the 3L final state. The network performance is assessed using
the receiver operating characteristic (ROC) curves of the network, which are shown
in Fig. 6.5 for the two different final states under consideration. The areas under the

†ParticleNet uses the k-nearest-neighbours algorithm for the embedding of particles to graphs

according to their separation ∆R =
√

∆η2 + ∆φ2, while this analysis focused on fully-connected
graphs.
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Figure 6.5.: ROC curves for discriminating the SM four top quark signal in the (a) 2SSDL and
(b) 3L final states.

curves (AUCs) of 0.994 for 2SSDL and 0.968 for 3L imply a very high classifier perfor-
mance, as expected by the correlations of Figs. 6.1 and 6.2 (as well as the findings of
Ref. [442]). With the GNN setup optimised, the sensitivity encoded in the ROC curve
can be cast into exclusion limits by considering the significance σ = Ns/

√
Ns + Nb,

where Ns is the number of signal events and Nb is the number of background events at
a particular luminosity. The number of signal events Ns is given by σs× εs(GNN)× Lint.

and number of background events NB is given by σb× εb(GNN)× Lint., where σs/b is
the cross-section of signal/background after the baseline cuts, Lint. is the integrated
luminosity and εs/b(GNN) are the efficiencies obtained at the best working point from
the ROC curve such that the sensitivity σ = Ns/

√
Ns + Nb is maximised. The impact

of systematic uncertainties is also analysed considering 20% and 50% as benchmarks.

For the 2SSDL final state, the four top production cross-section can be measured
at 4.4 fb with a systematic uncertainty of 50%, and 4.1 fb with a systematic uncer-
tainty of 20%, at Lint. = 139 fb−1 with a significance of 2.7σ over the background-only
hypothesis using the GNN. These findings indicate that the GNN selection could
indeed provide an avenue to further hone the sensitivity in ATLAS and CMS by
integrating these techniques into their analysis flow. For the 3L final state, the four
top production cross-section can be measured at 18.6 fb with a systematic uncertainty
of 50%, and 17.3 fb with a systematic uncertainty of 20%, at Lint. = 139 fb−1 with a
2σ significance over the background-only hypothesis using GNN, implying a similar
potential improvement. The performance of the GNN in either channel reveals excel-
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lent discriminating power for the busy multi-top states at the LHC, with prospects of
significantly improving cross-section measurements.

6.2.2. Prospects in modified Higgs boson interactions

New physics modifications to four top final states from non-resonant interactions
have been considered in a range of phenomenological studies [438, 439]. The so-called
Ĥ parameter is an EFT-related example motivating a more comprehensive analysis
of four top interactions from EFT perspectives [439, 461]; Ref. [440] emphasises the
relevance of four top final states for associated searches (bounds have since been
provided by CMS [431]).

The Ĥ parameter is the analogue of the Ŵ, Ŷ operators [467] of the gauge sector
and can be understood as an oblique correction taking the form

LĤ =
Ĥ

m2
h
|DµDµΦ|2 , (6.4)

with Dµ being the usual covariant derivative acting on the Higgs doublet Φ.‡ The
presence of this interaction modifies the propagation of the physical Higgs boson
(suppressing the Higgs width, since the Higgs boson is probed off-shell in four top
production)

−i∆(p2, m2
h) =

1

p2 −m2
h
− Ĥ

m2
h

, (6.5)

with associated coupling modifications of the Higgs boson’s couplings to massive
vectors V = W ± , Z and heavy fermions (here the top quark)

gĤ
VVh(p2)

gSM
VVh

= 1− Ĥ

(
1− p2

m2
h

)
,

gĤ
tt̄h

gSM
tt̄h

= 1− Ĥ , (6.6)

‡It is worthwhile mentioning that the modification of the propagator probes a genuine direction of
Higgs Effective Field Theory (HEFT), that can be radiatively sourced in the κ-framework [85], see
e.g. [142, 225]. The associated coupling modifications can then be understood as a probe of the
linearity of the Higgs boson’s interactions in the SM and its dimension-6 extension [119].
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Figure 6.6.: Significance as a function of Ĥ at 13 TeV LHC with a 1000 fb−1 integrated luminos-
ity (red curve). The required luminosity as a 3σ confidence level for different Ĥ
values is also presented (blue curve).

for canonically normalised fields. The correlation of HVV interactions and H propa-
gator resulting in a cancellation is a consequence of gauge symmetry [440]

gĤ
VVh ∆(p2, m2

h) = gSM
VVh ∆SM

Ĥ=0(p2, m2
h) +O(Ĥ2) , (6.7)

which highlights multi-top final states as particularly suitable process to put constraints
on the interaction of Eq. (6.4) beyond Higgs coupling measurements.

The effects of Ĥ are gauged by modifying the Helas [424] routines of the pp→ tt̄tt̄
implementation, to reflect the modifications of propagators, vertices and their can-
cellation to linear order in the amplitude. As a benchmark for non-resonant new
interactions, Ĥ is set to a value of 0.1 as a new physics modification (this value is
motivated by the HL-LHC measurement sensitivity provided in Ref. [440]). A SM-rich
sample is selected by applying a cut on HT > 900 GeV to enable a coupling mea-
surement that is more geared to SM modifications, see Fig. 6.1. The GNN is then
trained to discriminate between SM interaction with Ĥ = 0 from the non-resonant
new interaction with Ĥ = 0.1. The kinematical differences are not dramatic (which is
highlighted by the ∼ 10% sensitivity in the first place), and therefore further motivate
the inclusion of as much correlated information as possible achievable through GNN
applications.

An AUC of 60% is testimony to the difficulty of extracting electroweak properties
from QCD-busy final states. The observed sensitivity can be used to set limits for
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in the parameter range Ĥ ∈ [0.0, 0.10] shown in Fig. 6.6. The blue curve shows the
luminosity required to obtain the 3σ bound on that particular Ĥ value, while the
red curve shows the significance obtained at a fixed luminosity L = 1000 fb−1. The
GNN analysis again gives rise to an expected sensitivity improvement beyond the
estimates of cut-and-count analyses [431, 440]. While the realistic analysis in the LHC
environment is likely more limited in sensitivity, the addition of the GNN techniques
described above could significantly improve the sensitivity to Ĥ, which also indicates
an improved sensitivity to generic EFT deformations.

6.2.3. Interference from resonant interactions and 2HDM reach

Four top final states in the context of resonant extensions of the SM have been studied
in a range of analyses [468–476], typically relying on traditional collider observables
alongside cut-and-count strategies. Whilst new resonant structures lend themselves
to such approaches, a significant sensitivity enhancement can also be expected when
turning to ML approaches (see also [477–482]).

A qualitative analysis of the interference effects that are known to be large in direct
gluon-fusion production gg→ tt̄ of extra scalar resonances [443,444] is essential before
a GNN analysis. Such interference effects can severely limit the sensitivity estimates
and are not straightforward to include in ML-based selections due to negative weights.
To this end, one can consider a simplified scalar resonance S with Higgs-like couplings
to the top quark§

Lsimp =
1
2
(∂S)2 − M2

S
2

S2 − mt
v

[ξS t̄LtRS + h.c.] , (6.8)

keeping the width of S as a free parameter in a scan to qualitatively assess S resonance-
distortion (ξS plays the role of the Higgs coupling modifier for S = H). The resonance
structures stemming from the new-physics-only (resonance) interactions are compared
to assess the relevant interference effects,

dσnew∼ |Mres|2 dLIPS, (6.9)

§The phenomenological Lagrangian is implemented with FeynRules [64] and exported into the
Ufo [273] format. The same toolchain with the addition of MadSpin [483, 484] is used.
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Figure 6.7.: The invariant mass distribution of mtt system closest to the mass of the new scalar
S as detailed in the text.

with interference-only contributions

dσinf∼ 2 Re
(
MbkgM∗

res

)
dLIPS , (6.10)

where ‘bkg’ refers to any non-resonant amplitude contribution (e.g. the continuum
QCD background). A good qualitative understanding of the signal distribution distor-
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Figure 6.8.: ROC curves for training a four top quark signal for a BSM CP-even scalar with
MS = 600 GeV for (a) 2SSDL and (b) 3L final states.

MS [GeV] significance for 2SSDL significance for 3L

500 10.6σ 1.4σ

600 9.9σ 1.3σ

700 8.4σ 1.1σ

800 6.9σ 0.9σ

900 5.5σ 0.7σ

1000 4.3σ 0.5σ

Table 6.3.: Significances for different masses MS for a coupling choice ξS = 1 and ΓS/MS = 0.1,
Eq. (6.8). The luminosity is taken to be 3000 fb−1 for 13 TeV LHC collisions.

tion can be obtained by isolating the peaked mtt̄ distribution: all possible combinations
of mtt̄ are constructed, and the invariant mass which is closest to the candidate mass
MS is chosen. The resulting distributions are shown in Fig. 6.7 for a range of masses
MS = [500, 600, 700, 800, 1000] GeV and width choices ΓS/MS = 5%, 10%, 20% for
ξS = 1.

The interference effects that distort the mass peak are comparably small, as illus-
trated in Fig. 6.7. More sensitivity-limiting distortions can be encountered closer to
the decoupling limit ξS→ 0; however, this will happen at quickly vanishing BSM
resonance cross-sections, so that a (ML-assisted) bump-hunt will not provide any
sensitivity when considering the backgrounds. In the case of imaginary phases of ξS,
i.e. CP-odd coupling structures, the interference effects will be qualitatively similar,
see [445] (they can also vanish in processes when interference with CP-even back-
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grounds removes such effects [479]). Having identified interference effects as largely
irrelevant, the network is trained for the same two final states, this time with the added
new interactions (i.e., the newly added CP-even scalar with ξS = 1) for the different
benchmark points listed in Table 6.3. The ROC curves for one such benchmark point
(MS = 600 GeV) for both the final states and their corresponding AUCs are shown in
Fig. 6.8. The corresponding significance for each benchmark point for the different
decay channels is also listed in Table 6.3 for ξS = 1 and ΓS/MS = 0.1. These limits are
interpreted as bounds on the coupling modifier ξS as shown in Fig. 6.9.

Although the 2SSDL predominantly can constrain ξS < 1 region, the resulting
bounds are relatively weak. For instance, in singlet mixing scenarios, the parameter
range that this analysis is sensitive to is already highly constrained from Higgs signal
strength measurements. The next logical step is turning to phenomenologically richer
scenarios like the 2HDM of type II, which features new neutral CP-odd and CP-even
states. In this model, the Higgs sector consists of two distinct complex doublets, both
with a non-zero vacuum expectation value (vev). One of these doublets couples to the
up-type quarks and the other to down-type quarks and leptons in the type II model,
thereby leading to fermion mass terms. After electroweak symmetry breaking, one
is left with 5 Higgs bosons; 4 of which are CP even: h, H and H± , and a CP odd
particle, A. The lighter of the two neutral CP even states is identified as the observed
Higgs boson. The phenomenology of this model then depends on the masses of the
new Higgs bosons, the ratio of the two vevs, defined as tan β = v2/v1 and cos(β− α),

500 600 700 800 900 1000

MS [GeV]

0.25

0.50

0.75

1.00

1.25
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1.75

ξ S

2SSDL+2b-jets

3L+2b-jets

CP-Even

CP-Odd

Figure 6.9.: 2σ confidence level limits on scalar mass with respect to CP-even and CP-odd
couplings for 3000 fb−1 for 13 TeV LHC collisions.
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where α is the mixing angle between the two neutral CP even states. The simplified
Lagrangian of Eq. (6.8) can be mapped onto the 2HDM type II Yukawa sector

L2HDM ⊃ −
mt
v

(
ξh t̄th + ξH t̄tH − iξA t̄γ5tA

)
, (6.11)

where charged Higgs contributions and non-top interactions have been suppressed.
For the 2HDM type-II, the coupling modifiers related to the top quark are

ξh = sin(β− α) + cos(β− α) cot β , (6.12a)

ξH = cos(β− α)− sin(β− α) cot β , (6.12b)

ξA = cot β . (6.12c)

As discussed in Chapter 3, the 2HDM is a particularly well-motivated BSM model, as it
is, in principle, capable of resolving a number of tensions between current experimental
values and SM predictions, as well as opening avenues to satisfy the Sakharov criteria
for required baryogenesis [32], therefore well studied in the literature [243–245, 485–
490]. This model can therefore explore the validity of the benchmark points examined
above. In order to satisfy the theoretical considerations, the masses of the new particles
are set to be entirely degenerate. Similarly, to fall in line with the signal strength data
of the SM Higgs, cos(β− α) is set to 0; the alignment limit which recovers exactly the
SM phenomenology of h.

The 2HDecay [148, 204, 491–494] and HiggsBounds [251, 495–500] packages are used
to examine the mass range of the above benchmark points in the face of the collider
searches for additional Higgs bosons. Additionally, the LHC search data is extrapo-
lated to 3000 fb−1 at 13 TeV. Performing a scan over 20000 random points, the results of
this analysis are shown in Fig. 6.10, with points in blue allowed by current and extrapo-
lated data, while orange points are allowed only by the current data. The improvement
in sensitivity is led by searches for the decays H+→ tb̄ and H0→ τ+τ− [501,502]. This
shows that a large swathe of the parameter space taken for benchmark points in the
above analysis is possible within the framework of the 2HDM of type II.

Given that four top final states are far less abundant than other processes, they
can be expected to exhibit a reduced sensitivity to new states (this is already visible
from Fig. 6.9). Nonetheless, repeating the above analysis also including the CP odd
state, a complementary sensitivity can be achieved for the 2HDM scenario with the
GNN-assisted resonance search detailed above: Overlaying the constraints found from
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Figure 6.10.: Scan of the parameter space of the type II 2HDM in the face of current collider
data, and LHC search data extrapolated to 3000 fb−1 at 13 TeV, with a 2σ confi-
dence level exclusion contour from 2SSDL final states. Points in blue are allowed
by current and expected future datasets, and orange points are allowed by current
data only. The shaded area gives the sensitivity of the 2SSDL resonance search
detailed in the text at 3000 fb−1. Interference effects from gg→ tt̄ sensitivity
estimates are not included.

2SSDL final states (shaded area), there is a non-trivial parameter range of the 2HDM
type II’s alignment limit that can be accessed four top final states at 2σ confidence and
3000 fb−1. This example contains only the more sensitive channel; additional final
states are likely to improve this result further.

6.3. Conclusions

The growing sensitivity to four top final states at the LHC bears great potential for BSM
physics. While the complexity of the final states requires a dedicated search strategy
compared to lower multiplicity processes, the plethora of kinematic information
that can be accessed in these processes to highlight departures from the SM can be
formidably exploited by means of adapted search strategies, e.g. building on ML
approaches. These not only provide support in establishing sensitivity to SM four
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top production as shown in Sec. 6.2.1 (see also [442]), but they become particularly
relevant when four top final states will be scrutinised from a BSM perspective in the
future. Significant sensitivity to well-motivated representative non-resonant physics
can be achieved (Sec. 6.2.2), but also that sensitivity to resonances is gained by turning
to GNNs (Sec. 6.2.3). The GNN exploits the hierarchical graph structure of particle
physics events that is particularly accentuated when dealing with new resonances. In
this case, the four top final states can also fill a potential sensitivity gap in s-channel
gluon fusion production of top-philic states gg→ tt̄ that results from destructive
signal-background interference, distorting or removing the resonance structure. The
dominant partonic channels of four top final states show no such behaviour and
therefore remain robust processes even when interference removes sensitivity in top
pair gluon fusion production. In particular, this can add complementary sensitivity
to BSM searches for (but not limited to) two Higgs doublet models, as shown in a
representative parameter scan for the 2HDM type II.
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Chapter 7.

Summary and Outlook

“Future colliders are not just a wild punt for BSM, the wealth of information
they provide about the most fundamental quantum processes we can directly
access experimentally make colliders a unique, irreplaceable, and crucial
instrument for the job of fundamental physics: to better understand our
universe. Particle physics must be reframed in same way as astro/cosmo:
about doing good science.”

— Dr. Tevong You, WIN 2025.

So, the thesis reaches its end, a stopping point that is also a beginning. The Standard
Model remains one of the most elegant and predictive frameworks in science, yet its
neatness continues to be haunted by what it leaves out. A decade after the Higgs
discovery, the LHC has produced a vast trove of data, much of which stubbornly
confirms SM expectations. Still, a handful of anomalies and unexplained features keep
the hope alive that something new might be just around the corner. This work has
taken a few steps in that direction, combining model-building, precision studies, and
machine learning tools to better understand what the SM might be hiding.

The journey began by returning to fundamentals. Chapter 2 laid out the com-
plete SM Lagrangian, not just for completeness but to highlight the theory’s internal
consistency and its remarkable ability to predict observables in Higgs and flavour
physics. At the same time, the chapter made the limitations clear and introduced a set
of approaches to extend the SM, from explicit models to effective field theory.
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Chapter 3 explored how multi-Higgs production channels provide a sensitive
handle on scalar-sector extensions. Using coupling modifiers, patterns in weak-boson-
fusion Higgs pair production were traced across renormalisable and composite Higgs
scenarios. Gluon-fusion triple-Higgs production was shown to be sensitive to the
strength of a first-order electroweak phase transition, offering a collider link to the
thermal history of the early Universe.

In Chapter 4, the focus shifted to the Type-II seesaw mechanism as a solution to
neutrino mass generation. LHC bounds from multilepton signatures were placed in
tension with limits from charged lepton flavour violation. That tension was resolved
by embedding the scalar triplet in a dimension-6 effective field theory, enabling viable
phenomenology within the sensitivity reach of the HL-LHC.

Chapter 5 examined how finite-width effects, often neglected in collider analyses,
can subtly shift the top-quark invariant mass lineshape. A consistent treatment of
momentum-dependent widths for the Higgs, W, and top fields was implemented,
and new physics deviations for the top quark lineshape were parameterised using
SMEFT. The constraints obtained on the parameter space were found to be competitive
with current global fits, and projections at future muon colliders indicated that this
approach will remain a pseudo, yet powerful methodology in the high-energy regime.

Chapter 6 brought the thesis into the machine-learning domain. A graph neural
network classifier was trained to isolate four-top events in same-sign dilepton and
trilepton channels. These final states, rich in kinematic complexity, benefited from
the ability of GNNs to capture correlations between multiple final-state objects. The
trained classifier produced improved sensitivity to both nonresonant and resonant
BSM scenarios, underscoring the importance of ML techniques in modern collider
analyses.

A common thread runs through these studies: the search for new physics is increas-
ingly guided by precision and complementarity. Whether through probing complex
and previously less-accessible final states, targeting heavier exotic resonances, de-
tecting minute deviations in precision observables, or deploying machine-learning
techniques to enhance collider sensitivity, each approach seeks to expose subtle depar-
tures from SM expectations. The tools developed in this thesis aim not only to sharpen
constraints on BSM scenarios, but also to ensure that emerging signals are recognised
and not dismissed as background fluctuations or modelling artefacts.
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The path ahead is far from straightforward, but it is clearly charted. The HL-LHC
will push both detector performance and theoretical predictions to their limits. Future
lepton colliders promise pristine conditions for precision studies of the Higgs boson
and top quark, while a next-generation hadron collider would extend the kinematic
reach dramatically. The methods developed in this thesis are designed to meet the
demands of these environments and are adaptable to the evolving experimental
landscape.

Ultimately, the Standard Model should be viewed not as a final answer, but as a
foundation. As precision continues to tighten the noose around possible deviations,
even the smallest anomaly may carry profound implications. Whether the first con-
firmed sign of new physics appears in a distorted invariant-mass spectrum, a displaced
vertex, an unexpected multi-Higgs signature, or an excess of four-top events, the tools
and strategies assembled here aim to be ready when that signal finally emerges.
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Appendix A.

Passarino–Veltman Functions

In the evaluation of loop amplitudes it is convenient to reduce all tensor integrals to a
set of standard scalar integrals, known as the Passarino–Veltman (PV) functions [206].
In dimensional regularisation with d = 4− 2ε, and introducing the renormalisation
scale µ, the basic scalar integrals are defined as follows:∗

One-point function

A0(m
2) =

(2πµ)4−d

iπ2

∫
ddk

1

k2 −m2 + i0
. (A.1)

Two-point function

B0(p2; m2
1, m2

2) =
(2πµ)4−d

iπ2

∫
ddk

1(
k2 −m2

1 + i0
) (

(k + p)2 −m2
2 + i0

) . (A.2)

Three-point function

C0(p2
1, p2

2, (p1 + p2)
2; m2

1, m2
2, m2

3) =
(2πµ)4−d

iπ2

∫
ddk

1
D1 D2 D3

, (A.3)

∗Following the conventions of LoopTools [148].
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with the denominators Di defined as,

D1 = k2 −m2
1 + i0,

D2 = (k + p1)
2 −m2

2 + i0,

D3 = (k + p1 + p2)
2 −m2

3 + i0. (A.4)

Four-point function

D0(p1, p2, p3; m2
1, m2

2, m2
3, m2

4) =
(2πµ)4−d

iπ2

∫
ddk

1
D1 D2 D3 D4

, (A.5)

where the denominators Di are defined as

D1 = k2 −m2
1 + i0,

D2 = (k + p1)
2 −m2

2 + i0,

D3 = (k + p1 + p2)
2 −m2

3 + i0,

D4 = (k + p1 + p2 + p3)
2 −m2

4 + i0. (A.6)

Tensor integrals

Tensor integrals with loop momenta in the numerator are reduced to linear combina-
tions of scalar functions with external momenta as coefficients. For example,

∫ ddk

iπd/2
kµ

D1D2
= pµ B1(p2; m2

1, m2
2), (A.7)

∫ ddk

iπd/2
kµkν

D1D2
= gµν B00(p2; m2

1, m2
2) + pµ pν B11(p2; m2

1, m2
2), (A.8)

and analogously for higher-point integrals. The coefficients B1, B00, . . . are expressed
algebraically in terms of A0 and B0.

In practical calculations, these integrals are evaluated numerically using dedicated
libraries, but the definitions above fix the conventions and normalisations employed
throughout this thesis.
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