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iv

In this thesis, we introduce the Standard Model (SM) and give motivations for extending it.

Amongst the many possible Beyond SM (BSM) scenarios, Supersymmetry (SUSY) combined

with a seesaw mechanism is a promising portal to new physics able to remedy several flaws of

the SM, which we highlight. Specifically, we discuss SUSY models with high scale seesaw

from a phenomenological perspective and test these at future colliders. We start by studying

the Next-to-Minimal Supersymmetric Standard Model with right-handed neutrinos

(NMSSMr) at the International Linear Collider (ILC) when the lightest right-handed sneutrino

is the Dark Matter (DM) candidate. By exploiting a ‘dijet + dilepton + Missing Transverse

Energy (MET or /ET)’ signature, we estimate the size of the neutrino Yukawa coupling. In

addition, we show that, in some SUSY scenarios combined with selected seesaw models, the

large Yukawa couplings produced can leave their fingerprints in Higgs-slepton couplings

entering hadro-production processes. For example, in Type-I and Type-III seesaw, we can

potentially observe ν̃2 → ν̃1h and ℓ̃±2 → ℓ̃±1 h decays, respectively. Unfortunately, the current

exclusion bounds make it impossible to observe a significant signal of these even at the

High-Luminosity Large Hadron Collider (HL-LHC), with luminosity L = 1 ab−1. Thus, we

highlight that the High-Energy LHC (HE-LHC), with energy
√

s = 27 TeV, could provide some

sensitivity to such signals in the single lepton channel. The final part of this thesis is instead

focused on CP-violation effect in the B-L Supersymmetric Standard Model (BLSSM) with

inverse seesaw by measuring Triple Product Asymmetries (TPAs) in ‘lepton + jet’ final states

induced by Z′ state at the Future Circular Collider operating in hadron-hadron mode

(FCC-hh), with
√

s = 80 TeV.
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Chapter 1

Introduction

1.1 Standard Model

Particle physics is an important branch of modern physics that focuses on describing

the fundamental forces and elementary particles that constitute our universe. The SM

[4; 5] provides the most precise description of the fundamental world. The SM is

self-consistent from a theoretical standpoint and has demonstrated great success in

making experimental predictions. According to the current understanding, the SM

describes three of the four known fundamental forces (EM, weak and strong

interactions, thus excluding gravity), three generations of matter (quarks and leptons),

four gauge bosons and one Higgs boson, as shown in figure 1.1. The mathematical

framework of the SM is established by Quantum Field Theory (QFT) [4; 5; 6; 7; 8; 9].

The elementary constituents of matter are quarks and leptons, which obey

Fermi-Dirac statistics and are known as fermions. Particles that follow Bose-Einstein

statistics are called bosons. The six quarks and six leptons together form three

generations. Particles in the first generation are more stable and have lighter masses

compared to their corresponding particles in the second and third generations. In the

universe, all stable matter is composed of particles from the first generation. Heavier

particles decay into stable particles.
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There are four known fundamental forces in the universe: the EM force, the strong

force, the weak force and the gravitational force. These forces have different ranges

and strengths. Gravity and the EM force have infinite ranges, with the EM force being

much stronger than gravity (at small distances), which is the weakest among the four

forces. Furthermore, the strong force and the weak force have a subatomic-level range.

The strong force is the strongest of all fundamental interactions, while the weak force,

as its name suggests, is the weakest (except for gravity).

In the SM, three of the fundamental forces (EM, strong and weak) are described by

QFT with their interactions mediated by gauge bosons. Specifically, the photon serves

as the gauge boson for the EM interaction, the W± and Z bosons are responsible for

the weak interaction and there are eight gluons for the strong interaction.

Furthermore, the gravitational force is described by GR and is not currently included

in the SM.

There is one Higgs boson, a neutral and unstable elementary particle with spin 0. The

Higgs boson is produced by the quantum excitation of the Higgs field, which is giving

mass to all fundamental particles through the Higgs mechanism, This mechanism is

the remarkable offspring of the marriage of local gauge invariance and SSB [10; 11; 12].

Specifically, SSB gives mass to the W± and Z bosons, while fermions gain mass

through Yukawa couplings between the fermion fields and the Higgs field.

1.2 Beyond the SM (BSM)

Although the SM is the most successful theory in particle physics to date, there are

some phenomena and theoretical problems that cannot be explained.

The most direct evidence for the incompleteness of the SM is its inability to explain

gravity. Gravity is described by GR which regards gravity as the curvature of

space-time. Like Wheeler said: ’Spacetime tells matter how to move; matter tells

space-time how to curve’ [13]. From a theoretical perspective, gravity is perturbatively

non-renormalizable because space-time is dynamic in GR, which makes it

mathematically challenging to build a quantum gravity model. From an experimental
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FIGURE 1.1: The SM of elementary particles.

standpoint, it is challenging to detect gravitational effects on a microscale, as gravity’s

strength is much weaker than the other three fundamental forces. Furthermore, the

field quantizations of gravity, known as gravitons, are difficult to observe. In essence,

in most current particle physics research, the gravitational effect can be ignored.

The SM implies that neutrinos are exactly massless. In the SM, for a massive Dirac

particle, one can find a LH reference frame and a RH reference frame. Therefore, in

order to have non-zero mass neutrinos, the LH neutrino field in the SM should couple

with a RH field [14]. However, in the SM, there is no RH neutrino field to couple with

a LH neutrino and obtain a mass as typical Dirac particles. If the neutrino has a

Majorana nature, the lepton number will be violated and the mass term of the

neutrino will break the global L symmetry and B − L symmetries by two units. In the

SM, there are no sources that violate L or B − L symmetry by two units. However,

observations of neutrino oscillations have provided evidence for non-zero neutrino

masses from various experimental groups [15; 16; 17; 18]. Adding neutrino masses to
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the SM framework without affecting other well-observed particles properties thus

poses a challenge. Detecting such tiny neutrino mass is extremely difficult from an

experimental standpoint. Currently, the nature of neutrinos (Dirac or Majorana) and

the origin of mass are still hidden beneath a veil. Several experiments with higher

precision are being conducted to further investigate this topic, though [19; 20; 21].

DM is a hypothetical form of matter that does not interact with light, it is therefore

invisible across the entire EM spectrum, making it extremely hard to detect. Currently,

DM can only be detected through its gravitational effects. It is estimated that DM

constitutes 27% of the entire universe, an amount which is five times greater than

visible matter [1; 22]. The rest of the universe is composed of dark energy. Some

theories propose that the DM can be generated in particle colliders, despite evading

detection by conventional apparatus. In fact, the DM particle would carry energy and

momentum, prompting physicists to search for ”missing” energy and/or momentum

after a collision, specifically, in any direction transverse to the collider beam (where

there was no energy in the first place). So far, the DM has not been detected, although

WIMPs are promising candidates [23; 24].

Our universe is dominated by matter, but the SM cannot explain this, ie, why there is a

matter-antimatter asymmetry [25]. The Sakharov conditions [26; 27] outline three

necessary requirements to explain such a matter-antimatter asymmetry. The first

condition is baryon number violation, which leads to the production of more baryons

than anti-baryons. The second condition is the violation of charge conjugate

symmetry (C-symmetry) and charge conjugate parity symmetry (CP-symmetry). The

former one is necessary for the interaction that generates more baryons to dominate

over the interaction which generates more anti-baryon. The latter has a similar effect,

favoring processes involving LH baryons and RH anti-baryons over their respective

opposites processes. The final condition is that the interaction should be out of

thermal equilibrium, otherwise the (assumed) CPT symmetry will compensate for the

baryon number changing processes [25]. In the SM, charge conjugate symmetry is

broken by weak interactions [28] and CP-violation was observed by kaon decay in

1964 [29], which can be explained only via a phase in CKM matrix [30; 31]. However,
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there is no evidence for baryon number violation in the SM. The out-of-equilibrium

condition further requires the existence of very heavy gauge (larger than 1015 − 1016

GeV) and scalar bosons (1010 − 1016 GeV) [32], which are currently beyond our

observation possibilities.

The hierarchy problem arises when certain fundamental physical parameters, such as

coupling constants, exhibit a significant disparity between their experimentally

measured values and the values expected from fundamental theories. Typically, the

effective value of a parameter is related to its fundamental value through a correction

method known as renormalization. However, in some cases, the process of

renormalization is unnatural. One of the most important hierarchy problems is why

the Higgs boson (125 GeV) is much lighter than the Planck mass (1019 GeV). The large

quantum contribution from virtual particles, primarily a virtual top quark, requires

almost perfect cancellation with the fundamental value, resulting in the observed

mass of 125 GeV [33]. The origin of this cancellation mechanism is still being pursued

by particle physicists.

In addition to the experimental phenomena and theoretical problems mentioned

above, some hints of new physics can be found in current data. The anomalous

magnetic dipole moment of the muon, well known as ’muon g-2’, shows a

non-negligible difference between the experimentally measured value and the

theoretically calculated value within the SM [34; 35]. Thus, it may imply new physics

beyond the SM. The latest result from Fermilab strengthens the evidence for the

existence of BSM physics, with a standard deviation as large as σ = 4.2 [36] (the

theoretical predictions within the SM are continuously improved[35] with

aSM
µ = 116591810(43)× 10−11 ).

As a result of all this, we can safely conclude that the SM is not the ultimate theory of

Nature. Conversely, some ’new physics’ should exist and be able to explain and

address the deficiencies mentioned above. Particle colliders, especially the LHC and,

its successors, will play a key role in proving and testing the predictions of such new

theory.
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1.3 Supersymmetry with a seesaw mechanism

One of the solutions to extend the SM using SUSY. This is a spacetime symmetry that

proposes a relationship between bosons and fermions. SUSY predicts that each

particle in the SM has a partner with a half-unit difference of spin, known as a

superpartner, as shown in figure 1.2. An advantage of a SUSY model is that the

production of supersymmetric particles (known as sparticles) may be observed in a

detector.

FIGURE 1.2: The SM particles and corresponding superpartners.

SUSY provides a solution to the Higgs hierarchy problem. Since fermions and bosons

have opposite sign loop corrections, SUSY can produce a cancellation between the top

quark and its superpartner (t̃), as shown in figure 1.3. This offers a natural explanation

for the gap between electro-weak (EW) scale and Planck scale without requiring

significant fine-tuning.

In some SUSY models, such as the MSSM, if sparticles do not mix with the SM

particles, which means R-parity [37] (a symmetry with quantum number +1 for all SM

H

t

H

t

H

t̃

H

t̃

FIGURE 1.3: Representative Feynman diagrams enabling cancellations in the Higgs
boson mass renormalization between the top quark loop and the top squark loops.
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particles while -1 for all SUSY particles), is exactly conserved, the lightest sparticle,

known as the LSP, is absolutely stable. If the LSP is electrically neutral, it can serve as

a WIMP candidate for DM [38].

Although SUSY has shown its potential to remedy some flaws of the SM, it still lacks

ways to explain the origin of neutrino mass. Since a neutrino with Majorana nature

will break the B − L symmetry by two units. Weinberg introduced a dimension-5

operator to parameterize the B − L breaking effect in the following form (known as

the Weinberg operator [39]):

λLL′ΦΦ/Λ, (1.1)

where L and Φ represent the SM lepton doublet and Higgs doublet, respectively.

There are three types of products used to obtain the Weinberg operator at tree-level,

considered as three different types of seesaw mechanisms [40; 41; 42; 43; 44; 45].

• The product of L and Φ forms a fermion singlet: (LTΦ)(L′TΦ)/Λ. This is known

as the Type-I seesaw mechanism [40; 42; 44; 46; 47] which is described

diagrammatically in figure 1.4. The fermion singlet transforms as (1, 1, 0) under

the SM gauge group SU(3)c × SU(2)L × U(1)Y, and is considered a RH

neutrino, denoted as νR with a Majorana mass MR. The fermion singlet interacts

with a SM lepton through a Yukawa coupling yν. The light neutrino mass mν can

be obtained by mν ∼ y2
νv2

0/MR where the v0 is the VEV of Higgs boson. To

comply with the mass of the light neutrino, MR can reach the order of 1015 GeV

when the seesaw scale is high (y2
ν ≈ 1). A lower Yukawa coupling balances a

lighter RH neutrino.

• The product of L and L′ forms a scalar triplet: (LTσL′)(ΦTσΦ)/Λ, where σ

denotes the Pauli matrices. This mechanism is known as the Type-II seesaw

mechanism [42; 43; 44; 48; 49]. In figure 1.5, the scalar triplet is the Higgs field ∆

with mass M∆, which belongs to the representation of SU(2)L. The light

neutrino mass is given by eq. 1.2, where Yv is the Yukawa coupling and v∆ is the

Vacuum Expectation Value (VEV) of the scalar triplet:
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mν ∼ Yνv∆ with v∆ = ⟨∆⟩ = µv2
0√

2M2
∆

. (1.2)

The mass of ∆ ranges from the TeV scale to 1015 GeV as Yν changes. A notable

feature of the Type-II seesaw is that no RH neutrinos exists to explain the light

neutrino mass.

• The product of L and Φ forms a fermion triplet: (LσΦ)(L′σΦ)/Λ. This is known

as the Type-III seesaw mechanism [45]. The fermion triplet ΣL belongs to the

representation of the SM SU(2)L and transforms as (1, 3, 0) under the SM gauge

group. The process is depicted in figure 1.6. The neutrino mass in the Type-III

seesaw has a similar form to that of the Type-I seesaw. The difference is that ΣL

carries an EM charge.

• The Inverse seesaw mechanism is constructed by adding one additional singlet

fermion S to the Type-I seesaw mechanism. In contrast to the RH neutrino νR,

the new singlet has a lepton number of +1 . The corresponding Feynman

diagram is in the figure 1.7. The neutrino mass matrix can be expressed in the

basis of νL, νR, S by:


0 mD MS

mT
D µR MR

MT
S MT

R µS

 , (1.3)

where mD = yνv is the Dirac neutrino matrix, µR and µS are the self-coupling of

νR and S respectively. According to ’t Hooft criteria [50], MS, µR, µS ≪ mD, MR,

thus the neutrino mass can be given with a good approximation by:

mν =
mD(mDµS − 2MR MS)

M2
R

. (1.4)

A seesaw mechanism provides a plausible explanation for the smallness of the

neutrino mass compared to the masses of other fermions in the SM [51]. Moreover,

adding a seesaw mechanism to a SUSY model provides more options for a DM
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νL νLνR νR

⟨Φ0⟩ ⟨Φ0⟩

MR

FIGURE 1.4: Type-I seesaw mechanism. The RH neutrino serves as intermediate heavy
particle.

νL νL

∆0

⟨Φ0⟩ ⟨Φ0⟩

FIGURE 1.5: Type-II seesaw mechanism. The intermediate heavy particle is the scalar
triplet ∆.

νL νLΣ0
R Σ0

R

⟨Φ0⟩ ⟨Φ0⟩

FIGURE 1.6: Type-III seesaw mechanism. A fermion triplet Σ serves as intermediate
heavy particle.

νL νLνR S S νR

⟨Φ0⟩ ⟨Φ0⟩

MR µS MR

FIGURE 1.7: Inverse seesaw mechanism. The RH neutrino and singlet fermion S serve
as intermediate heavy particles.

candidate, especially considering the RH sneutrino, which has been studied for years

as such [52; 53; 54].

1.4 Structure of thesis

In this thesis, we discuss the phenomenology of SUSY models with different seesaw

mechanisms and their potential detection at different future colliders. We first present

the NMSSMr [55] with a Type-I seesaw mechanism and study a rare chargino decay

which can be a handle to estimate the neutrino Yukawa couplings at the ILC. Then we

compare the Type-I seesaw and Type-III within the MSSM at the HE-LHC [56; 57]: a
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signal that includes a Higgs particle can be identified at 27 TeV. We also investigate

CP-violation effects through TPAs in the BLSSM with an inverse seesaw mechanism

[58].

More specifically, the structure of the thesis is as follows. After having discussed the

motivations for SM extension in Chapter 1, we provide a brief overview of the SM in

Chapter 2. Chapter 3 presents a concise discussion of SUSY. We then introduce particle

colliders, in particular, the LHC and ILC, in Chapter 4. In Chapter 5, we discuss the

NMSSMr, wherein a rare chargino decay at the ILC can be used to estimate neutrino

Yukawa couplings [2]. In Chapter 6, we illustrate the phenomenology of the MSSM

with a type-III seesaw and a type-I seesaw at the HE-LHC, wherein a signal

containing the Higgs particle can be observed by the presence of two b-jets plus a

single lepton and missing transverse energy (/ET) [3]. Chapter 7 finally focuses on

CP-violation effect through TPAs in the BLSSM with an inverse seesaw mechanism. In

the conclusion part, we provide a summary of past work and outline future work.
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Chapter 2

The Standard Model

2.1 Gauge theory

Symmetry is a key concept in modern physics. It describes a physical system that

remains unchanged under some transformation. Symmetry can be classified as global

and local. A global symmetry is one that preserves invariance for a transformation

applied to all point in spacetime. A local symmetry maintains invariance when the

transform is independently performed at each point in space-time. This implies that

local symmetry transformations can be applied to specific regions of space-time

without affecting other regions. This forms the basis of gauge field theory.

The term ’gauge’ refers to any specific mathematical formalism used to regulate the

redundant degrees of freedom in the Lagrangian of a physical system. The

transformation between gauges is called a gauge transformation, which forms a Lie

Group [59]. Gauge symmetry or gauge invariance is not an inherent property of

nature, but rather a choice we make to observe nature. It is merely a redundancy in

our description that we introduce in order to describe the theory with a local

Lagrangian[5].

Gauge field theory is important in particle physics because it provides a unified

mathematical framework for quantum electrodynamics, weak interaction, and strong

interaction which is known as the SM. The SM accurately predicts the experimental
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results for the three fundamental forces and is formulated as a gauge field theory with

gauge group SU(3)c × SU(2)L × U(1)Y. The general expressions for the elements in

the Lagrangian are similar for each group. Consider any continuous group of

transformations represented by a set of n × n unitary matrices V. Then, the field ψ(x)

transforms according to:

ψ(x) → V(x)ψ(x), where V(x) = exp (iαa(x)ta) . (2.1)

The x dependence of V makes the transformation local. The quantity αa represent

phase rotation that is an arbitrary function of x. The ta denote the group generators,

and V(x) can be expanded in terms of ta in infinitesimal form, shown in eq. 2.2.

V(x) = 1 + iαa(x)ta +O(α2). (2.2)

In order to write an invariant Lagrangian involving derivatives of ψ(x), it is necessary

to introduce a new definition: the covariant derivative Dµ. The general form is shown

below:

Dµ = ∂µ − igAa
µta (2.3)

where g is the gauge coupling constant. The Aa
µ are vector fields for each independent

generator of the local symmetry. In the SM, Aa
µ represents different gauge fields for

each gauge group SU(3), SU(2) and U(1). It can be proven that covariant derivative

of ψ transforms in the same way as the field ψ in eq. 2.1. We can construct a

gauge-invariant Lagrangian with permissible terms up to dimension 4 [4].

2.2 The SM Lagrangian

The Lagrangian description of a particle consists of a dynamical term plus a mass

term. The dynamical term includes the particle’s self-coupling and its interaction with
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gauge bosons. The mass term describes how the particle get their mass. The SM

Lagrangian is shown below:

L =− 1
4

FµνFµν

+ iψ̄ /Dψ + h.c

+ ψ̄iyijψjϕ + h.c

+ |Dµ(ϕ)|2 − V(ϕ).

(2.4)

2.2.1 The term: − 1
4 FµνFµν

The first term is a dynamical term of gauge field, which describes the interaction

between gauge particles. It is a scalar product of the gauge field strength tensor Fµν

where µ and ν are Lorentz indices correspond to the space-time components from 0 to

3. The definition of Fµν is as follows:

Fa
µν = − 1

igta [Dµ, Dν] = ∂µ Aa
ν − ∂ν Aa

µ + g f abc Ab
µ Ac

ν (2.5)

where g is a coupling constant. The f abc is the structure constant of the gauge group,

which is defined by the commutator relation:

[ta, tb] = i f abctc (2.6)

In the case of the Abelian group, such as the weak hypercharge U(1) group, the

generator t can be written as eq. 2.7. In this case, the generators commute with each

other, resulting in a vanishing structure constant. Here Y represents the weak

hypercharge, Q denotes the electric charge and T3 is the third component of the weak

isospin.

t =
Y
2
= Q − T3. (2.7)
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For non-Abelian group, such as Weak isospin SU(2) group and color SU(3) group, the

generator ti =
σi
2 can be expressed using the Pauli matrices (as shown in eq. 2.8) for

SU(2). The generators ti =
λi
2 can be expressed by the Gell-mann matrices (as shown

in eq. 2.9) for SU(3). In these cases, the generators do not commute, leading to

non-zero structure constants. This theory is known as Yang-Mills theory [4].

σ1 =

 0 1

1 0

 , σ2 =

 0 −i

i 0

 , σ3 =

 1 0

0 −1

 (2.8)

λ1 =


0 1 0

1 0 0

0 0 0

 , λ2 =


0 −i 0

i 0 0

0 0 0

 , λ3 =


1 0 0

0 −1 0

0 0 0



λ4 =


0 0 1

0 0 0

1 0 0

 , λ5 =


0 0 −i

0 0 0

i 0 0

 , λ6 =


0 0 0

0 0 1

0 1 0



λ7 =


0 0 0

0 0 −i

0 i 0

 , λ8 =
1√
3


1 0 0

0 1 0

0 0 −2



(2.9)

For a general gauge group, we need to introduce gauge fields whose number is equal

to the dimension of the adjoint representation (N2 − 1). Consequently, there are eight

gluons for the color SU(3) group, three W bosons (W1, W2, W3) for the weak isospin

SU(2) group and one (B) for the U(1) group. The physical state of gauge bosons can

be expressed using the weak gauge field in eq. 2.10 and 2.11, where θw represents

Weinberg angle [60].

W±
µ =

1√
2
(W1

µ ∓ iW2
µ) (2.10)
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 Zµ

Aµ

 =

 cos θW − sin θW

sin θW cos θW


 W3

µ

Bµ

 (2.11)

The associated gauge field tensors are below:

• Ga
µν stands for the gluon field tensor, where the index a corresponds to the

elements of the 8 representation of color SU(3). The gauge boson vector

potentials Gµ and Gν are composed of 3 × 3 traceless Hermitian matrices. Ga
µν is

as follows with the strong coupling constant gs.

Ga
µν = ∂µGa

ν − ∂νGa
µ + gs f abcGb

µGc
ν (2.12)

The gauge invariant gluon dynamical term can be written as GµνGµν.

• W i
µν is labeled for the gauge field tensor of SU(2) of weak isospin. It is

composed of 2×2 traceless Hermitian matrices. The index i runs from 1 to 3. The

coupling is gw and structure constant is ϵijk.

W i
µν = ∂µW i

ν − ∂νWmui + gwϵijkW j
µWk

ν (2.13)

• Bµν represent the gauge field tensor for the U(1) group of weak hypercharge

with a coupling to the matter field gb.

Bµν = ∂µBν − ∂νBµ (2.14)

The gauge boson dynamical term can be written as below.

Lgaugekin = −1
4

FµνFµν = −1
4

BµνBµν − 1
2

tr(WµνWµν)− 1
2

tr(GµνGµν) (2.15)
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2.2.2 The term: iψ̄ /Dψ + h.c

The second and third term represent fermion dynamical term and its Hermitian

conjugate term. These terms describe how quarks and leptons propagate and interact

with gauge fields. The symbol ψ represents a Dirac spinor that represents quarks and

leptons. The symbol ψ̄ is defined in eq. 2.16, which ensures that the Lagrangian

density is scalar and real. The term h.c stands for the Hermitain conjugate of the

preceding term.

ψ̄ ≡ ψ†γ0 (2.16)

The /D is a short-hand notation of γµDµ. The γµ represents four Dirac matrices (also

known as Gamma matrices) expressed below:

γ0 =



1 0 0 0

0 1 0 0

0 0 −1 0

0 0 0 −1


γ1 =



0 0 0 1

0 0 1 0

0 −1 0 0

−1 0 0 0



γ2 =



0 0 0 −i

0 0 i 0

0 i 0 0

−i 0 0 0


γ3 =



0 0 1 0

0 0 0 −1

−1 0 0 0

0 1 0 0



When a projection operator act on the 4-component Dirac spinor ψ, it separates it into

left-hand and right-hand state. Eq. 2.17 shows some of the projection operator where

the definition of γ5 ≡ iγ0γ1γ2γ3. Since right-handed fermion (left-handed

anti-fermion) form singlets in weak isospin space, W boson only couple with the

left-handed fermion as observed. We can express the compact term in a more specific

form.
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ψL =
1 − γ5

2
ψ ψR =

1 + γ5

2
ψ (2.17)

(ν̄L, ēL)σ̃
µiDµ

 νL

eL

 Dµ =
[
∂µ − igbBµ

Y
2
+ igwWµ

σi

2

]
(2.18)

(ūL, d̄L)σ̃
µiDµ

 uL

dL

 Dµ =
[
∂µ + igwWµ

σi

2
+ igGµ

λi

2

]
(2.19)

ēRσµiDµeR Dµ =
[
∂µ − igbBµ

Y
2

]
(2.20)

ūRσµiDµuR Dµ =
[
∂µ +

igb

3
BµY + igsGµ

σi

2

]
(2.21)

d̄RσµiDµdR Dµ =
[
∂µ −

igb

3
BµY + igsGµ

σi

2

]
(2.22)

2.2.3 The term: ψ̄iyijψjϕ + h.c

This term represents the mass term for quarks and leptons. It describes how the quark

and lepton couple to the Higgs field (ϕ). The yij denotes Yukawa coupling. The Higgs

field ϕ is a 2-component complex field of the SU(2) weak isospin group, we can

choose a gauge called unitary gauge (eq. 2.23) to transform Higgs field into a basis

where three Goldstone bosons (massless field that arise through SSB) are eaten by W

and Z boson.

ϕ =

 ϕ+

ϕ0

→ 1√
2

 0

v + h(x)

 (2.23)

the VEV of ϕ is denoted by v = ⟨ϕ0⟩ where ϕ0 represents the neutral component of the

Higgs field. The field h represents the residual Higgs field, which is the fluctuation
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around the VEV. As the fermion mass eigenstates are linear combination of gauge

eigenstates, and we can write the term ψiyijψjϕ in a new basis to get real fermion mass.

The electron, muon and tau mass term:

−
√

2
v

[
(ν̄L, ēL)ϕMeeR + ēR M̄eϕ̄

 νL

eL

] (2.24)

The down, strange and bottom quark mass term:

−
√

2
v

[
(ūL, d̄L)ϕMddR + d̄R M̄dϕ̄

 uL

dL

] (2.25)

The up, charmed and top mass term:

−
√

2
v

[
(−d̄L, ūL)ϕ

∗MuuR + ūR M̄uϕT

 −dL

uL

] (2.26)

The quantities Me, Mν, Md and Nu are 3 × 3 fermion mass matrices which defined by

Mij = yij v√
2
. The matrix M can be diagonalized as follows and the two basis are

connected by a unitary transformation in eq. 2.30.

Me = (Ue
L)

†


me 0 0

0 mµ 0

0 0 mτ

Ue
R (2.27)

Mu = (Uu
L)

†


mu 0 0

0 mc 0

0 0 mt

Uu
R (2.28)
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Md = (Ud
L)

†


md 0 0

0 ms 0

0 0 mb

Ud
R (2.29)

.

eL = Ue
L

†e′L, eR = Ue
R

†e′R, νL = Uν
L

†ν′L uL = Uu
L

†u′
L

uR = Uu
R

†u′
L, dL = Ud

L
†
d′L, dR = Ud

R
†
d′L.

(2.30)

In the new basis, the U matrix cancels in all the pure kinetic terms, electromagnetic

current, and Z boson current. Only the terms in the W boson charge current

interaction remain: ū′
LUu

L σ̃µW±
µ Ud

L
†d′L and ν̄′LUν

Lσ̃µW±
µ Ue

L
†e′L. That is, the W boson

charge weak current connects uL quark with a unitary rotation of the dL quark, the

rotation given by the unitary matrix:

Vq = U†
uUd (2.31)

The matrix V is known as CKM matrix. It contains the information about the

mismatch in the quantum state of quarks freely propagating and participating in weak

interaction.

2.2.4 The term |Dµ(ϕ)|2 − V(ϕ)

This is the Higgs dynamical and mass term. The dynamical part describes how the

gauge field interacts with the Higgs field and acquire mass. The scalar potential shows

the self-interaction of the Higgs boson as below:

V(ϕ†ϕ) = −µ2ϕ†ϕ + λ(ϕ†ϕ)2. (2.32)
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We can expand ϕ around the vacuum state (eq. 2.23) to get the minimum of potential

which occurs at

v2 =
µ2

λ
. (2.33)

The scalar potential becomes with omitted a constant term:

V =
1
2
(2λv2)h2 + λvh3 +

λ

4
h4. (2.34)

The quantum field of h(x) get a mass:

mh =
√

2λv. (2.35)

The expansion of the kinetic term in the unitary gauge can lead to gauge bosons mass

term. Explicitly:

(Dµϕ)†Dµϕ =
1
2
(∂µh)2 +

[( gwv
2

)2
Wµ+W−

µ +
1
2
(g2

w + g2
b)v

2

4
ZµZ)µ

](
1 +

H
v

)2

(2.36)

The W and Z boson obtain masses and photon stays massless.

mw =
gv
2

, mz =

√
(g2

s + g2
b)v

2
(2.37)

2.2.5 CP-violation in the SM

In particle physics, the CP-violation is a violation of CP-symmetry. The CP-symmetry

describes that the physics process should be the same when a particle is changed by its

corresponding anti-particle (C-symmetry) while the coordinates are inverted. As
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mentioned earlier, CP-violation plays a key role when we attempt to explain the

matter-antimatter asymmetry.

There are at least three sources of CP-violation in the SM. The first one is from the

CKM matrix in the quark sector. The CKM matrix in eq. 2.38 is a unitary matrix

describing the strength of weak interaction between up-type and down-type quark.

VCKM =


|Vud| ≈ 0.97 |Vus| ≈ 0.22 |Vub| ≈ 0.0038

|Vcd| ≈ 0.22 |Vcs| ≈ 0.98 |Vcb| ≈ 0.041

|Vtd| ≈ 0.008 |Vts| ≈ 0.038 |Vtb| ≈ 1.00

 (2.38)

The CKM matrix can be parametrised by three Euler angles θ12,13,23 and one

CP-violation phase δ13

VCKM =


c12c13 s12s13 s13e−iδ13

−s12s23 − c12s23s13eiδ13 c12c23 − s12s23s13eiδ13 s23s13

s12s23 − c12c23s13eiδ13 −c12s23 − s12c23s13eiδ13 c23c13

 (2.39)

where cij, sij stands for the cosine and sine of the mixing angle. The CP-violation effect

from the CKM matrix has been observed in the decay of neutral kaons. This source

only contributes a small portion to explain matter-antimatter asymmetry. The second

source of CP-violation comes from strong interaction, but it also contribute a small

portion for the necessary CP-violation as no obvious evidence of non-zero neutron

electric dipole moment (nEDM). The third source of CP-violation is from

Pontecorvo–Maki–Nakagawa–Sakata (PMNS) matrix in the lepton sector. Some

current long -baseline experiment, such as T2K [61] are trying to find evidence of

CP-violation in lepton sector. If experiment proves the lepton sector can not contribute

enough to the CP-violation, we need to introduce new source from the BSM by adding

new particles or interactions.

Many experiments have proven that the SM is an extremely successful fundamental

theory. However, it is still far from being a complete framework of the universe. An

increasing number of phenomena indicates the existence of new physics beyond the
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SM, which motivates us to extend the SM. In addition to this, precision measurements

also serve as a portal for understanding our nature deeper. In the next Chapter, we

will provide a brief introduction to one of the most promising BSM theories: SUSY.
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Chapter 3

Supersymmetry

Supersymmetry (SUSY) is a space-time symmetry which transforms fermion into

boson and vice versa. SUSY is an extension of the Poincaré algebra and is constrained

by Haag–Łopuszański–Sohnius extension [62] of Coleman-Mandula theorem [63]. It

provides a theoretical framework to unify the SM gauge coupling

SU(3)× SU(2)× U(1) at Grand Unification Theory (GUT) scale (1016 GeV) and

stabilize the hierachy between EW scale (100 GeV) and Planck scale (1019 GeV)

[64; 65; 66; 67]. As a local symmetry, SUSY also has a potential to connect with gravity.

If R-parity is conserved, SUSY also provides cold dark matter candidate. In this

chapter, we will discuss the above topics in detail.

3.1 Supermultiplet

The transformation operator Q and Q† (hermitian conjugate of Q) are fermionic

operators and carry 1/2 spin angular momentum. They obey an algebra of

commutation and anticommutation relations:
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{Q, Q†} = Pµ,

{Q, Q} = {Q†, Q†} = 0,

[Pµ, Q] = [Pµ, Q] = 0,

(3.1)

where Pµ is the four-momentum generator of spacetime translation.

In SUSY theory, the single-particle state fall into irreducible representation of the

supersymmetry algebra, called a supermultiplets. It contains fermion and boson states

in each supermultiplet, which are referred to as superpartners of each other. Since the

SUSY generators commute with the generators of gauge transformations, particles

and their superpartners share same representation of the gauge group, which means

they have the same electric charge, weak isospin and color. Each supermultiplet has

an equal number of fermionic and bosonic degrees of freedom which is an axiom

when constructing supermultiplet. There are two kinds of supermultiplets that form

the contents of SUSY particles. A chiral supermultiplet, also known as a matter or

scalar supermultiplet, consists of a two-component Weyl fermion and a complex

scalar field. A gauge (or vector) supermultiplet contains a spin-1 gauge boson and its

superparner, a spin-1/2 gaugino. Other combinations of particles with spin can also

satisfy the requirement of an equal numbers of fermionic and bosonic degree of

freedom. However, they are always expressed by the combination of chiral and vector

supermuiltiplets (gravitino supermultiplet excluded), except in ’extended’

supersymmetry theory. The theory of extended SUSY has more than one pair of

generators Q, Q†, but the extended SUSY prohibits chiral fermion and parity violation

in four-dimensional field, which has been observed in the SM. As a result, the

extended SUSY is not interesting phenomenologically. Thus, this thesis will focus on

N = 1 SUSY theory, where the value of N refers to the number of supersymmetries

(the number of distinct copies of generator Q, Q†)[37].
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supermultiplets Superfield Spin 0 Spin 1/2 SU(3)C, SU(2)L, U(1)Y

Squarks, quarks Q (ũL d̃L) (uL dL) (3, 2, 1
6 )

(×3 families) ū ũ∗
R u†

R (3̄, 1,− 2
3 )

d̄ d̃∗R d†
R (3̄, 1, 1

3 )

Sleptons, leptons L (ν̃ ẽL) (ν eL) (1, 2,− 1
2 )

(×3 families) ē ẽ∗R e†
R (1, 1, 1)

Higgs, higgsino Hu (H+
u H0

u) (H̃+
u H̃0

u) (1, 2, 1
2 )

Hd (H0
d H−

d ) (H̃0
d H̃−

d ) (1, 2,− 1
2 )

TABLE 3.1: Chiral supermultiplets in MSSM.

Names spin 1/2 spin 1 SU(3)C, SU(2)L, U(1)Y
gluino, gluon g̃ g (8, 1, 0)

winos, W boson W̃±W̃0 W±W0 (1, 3, 0)
bino, B boson B̃0 B0 (1, 1, 0)

TABLE 3.2: Gauge supermultiplet in MSSM

3.2 The MSSM

SUSY can be interpreted in a geometric way by using superspace. It extends the

ordinary spacetime coordinate by adding new anticommuting fermionic coordinates θ

and θ†. The supermultiplet can be expressed by superfield which is a function of the

superspace coordinates. The minimal supersymmetric extension of the SM (MSSM)

includes two Higgs doublet extension and the superparner of SM. The superpotential

for the MSSM is

WMSSM = ūyuQHu − d̄ydQHd − ēyeLHd + µHuHd. (3.2)

The quantity ū, d̄, ē, Q, L, Hu, Hd here is MSSM chiral superfield content which is

shown in table 3.1. The Higgs supermultiplet contains two complex Higgs doublet

and its fermionic superpartner, higgsino, as well as their corresponding antiparticles.

3.2.1 The MSSM parameters

The parameter of MSSM can be divided into two parts: supersymmetry- conserving

sector and the supersymmetry-breaking sector.
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The SUSY-conserving parameters include gauge coupling: gs, gw and gb. They are the

SM gauge group SU(3)× SU(2)× U(1) respectively. The yu, yd and ye are

dimensionless Higgs-fermion Yukawa couplings with a 3 × 3 matrix form. The

higgsino mass parameter µ in the term µHuHd which is known as ’µ term’. It is the

supersymmetric version of the Higgs mass term in the SM. After electroweak

symmetry breaking (EWSB), Hu and Hd will get a non-zero vev, the parameter µ

should be around the order of EW scale. However, it raised a problem that why µ is in

EW scale rather than the planck scale? It is known as the µ problem. Multiple

solutions to the µ problem has been proposed, involving the extension of MSSM. The

core idea of the solution is similar which builds a connection between the µ term and

soft soft SUSY breaking term. Specifically, before symmetrey breaking, the µ term is

hidden at tree-level, and then it arise from the VEV of some new field(s) which

depends on soft SUSY breaking terms. In this way, the µ term has a relation with the

mechanism of SUSY breaking. It transfers the puzzle of the µ term scale into the

explanation of the soft SUSY breaking scale. There are several mechanisms proposed:

the Next-to-Minimal Supersymmetric Standard model (NMSSM), the Kim-Nills

mechanism [68], and the Giudice-Masiero mechanism [69]. We will discuss the

NMSSM in the later of this chapter.

3.2.2 The soft SUSY-breaking parameters

In order to fully describe the MSSM we need to specify the soft SUSY breaking terms,

which are added by hand to solve the degeneracy between the masses of the SM

particles and their corresponding super-partners that are supposed to be much

heavier. The designation “soft” refers to the fact that the terms break SUSY but do not

introduce quadratic divergences [70]. The soft SUSY breaking terms within the MSSM

are:
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−Lso f t =
1
2
(

M3 g̃g̃ + M2W̃W̃ + M1B̃B̃ + c.c
)

−
(

˜̄uauQ̃Hu − ˜̄dadQ̃Hd − ˜̄eae L̃Hd + c.c.
)

− Q̃†m2
QQ̃ − L̃†m2

L L̃ − ˜̄um2
ū ˜̄u† − ˜̄dm2

d̄
˜̄d† − ˜̄em2

ē ˜̄e†

− m2
Hu

H∗
u Hu − m2

Hd
H∗

d Hd − (bHuHd + c.c.).

(3.3)

In the first line of eq. 3.3, M1, M2 and M3 are the gaugino mass parameters which

correspond to bino, wino and gluino respectively. The second line of eq. 3.3 contains

three trilinear interaction terms, including two Higgs-squark-squark interaction and

one Higgs-slepton-slepton interaction. The parameter au, ad and ae are 3 × 3 matrices

in family space which maps to Yukawa coupling in one-to-one correspondence. The

third line of eq. 3.3 shows the mass terms of squarks and sleptons. Five sfermion mass

parameter, m2
Q, m2

ū, m2
d̄, m2

L and m2
ē are 3 × 3 matrices in family space. Finally, the last

line of eq. 3.3 are the terms which the soft SUSY breaking contribute to the Higgs

potential. m2
Hd

and m2
Hu

are real squared mass parameter while b is complex squared

mass parameter known as the ’B-parameter’.

3.3 MSSM spectrum

3.3.1 EWSB and the Higgs boson

The MSSM tree-level scalar Higgs potential is given by:

V =(m2
Hd

+ |µ|2)H†
d Hd + (m2

Hu
+ |µ|2)H†

u Hu + [b(H+
u H−

d − H0
uH0

d) + c.cc]

+
1
8
(g2

w + g2
b)(H†

d Hd − H†
u Hu)

2 +
1
2

g2
w|H†

d Hu|2.
(3.4)

The Higgs potential should break the EW symmetry SU(2)× U(1) down to

electromagnetism U(1)EM. The SUSY breaking parameter m2
Hd

and m2
Hu

can be

expressed by the Higgs VEV:
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vu = ⟨H0
u⟩, vd = ⟨H0

d⟩ (3.5)

The Z0 boson and EW gauge coupling have a relationship with the VEVs.

v2
u + v2

d = v2 =
2m2

Z

g2
w + g′b

2 ≈ (174 GeV)2 (3.6)

The ratio of the VEV is:

tan β =
vu

vd
(3.7)

There is no definite value of tan β from observation. As vu = v sin β and vd = v cos β

are real and positive, the parameter β is in the range 0 < β < π
2 .

The MSSM Higgs scalar field includes two complex SU(2)L-doublet which means

eight real scalar degrees of freedom. When the EW symmetry is broken, three of eight

will be Nambu-Goldstone bosons G0, G± and become the longitudinal components of

the W± and Z0 massive vector bosons. The remaining five Higgs scalar mass

eigenstates consist of two CP-even neutral scalars h0 and H0, one CP-odd neutral

scalar A0, and a charge +1 scalar H+ and its conjugate charge -1 scalar H− [37]. The

gauge-eigenstate fields can be expressed by the mass-eigenstate fields:

 H0
u

H0
d

 =

 vu

vd

+
1√
2

Rα

 h0

H0

+
i√
2

Rβ0

 G0

A0

 (3.8)

 H+
u

H−∗
d

 = Rβ±

 G+

H+

 (3.9)

where the rotation matrices:
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Rα =

 cos α sin α

− sin α cos α

 Rβ0 =

 sin β0 cos β0

− cos β0 sin β0

 (3.10)

Rβ± =

 sin β± cos β±

− cos β± sin β±

 (3.11)

can be chosen to make the quadratic term of the Higgs potential has diagonal

squared-mass:

V =
1
2

m2
h0
(h0)2 +

1
2

m2
H0
(H0)2 +

1
2

m2
G0
(G0)2 +

1
2

m2
A0
(A0)2 +m2

G± |G+|2 +mH± |H+|2 + . . . ,

(3.12)

If vu vd minimize the Higgs potential at tree-level, it leads β0 = β± = β and

m2
G0 = m2

G± = 0, we can get:

m2
A0 =

2b
sin 2β

= 2|µ|2 + m2
Hu

+ m2
Hd

(3.13)

m2
h0,H0 =

1
2

(
m2

A0 + m2
Z ∓

√
(m2

A0 − m2
Z)

2 + 4m2
Zm2

A0 sin2 (2β)

)
(3.14)

m2
H± = m2

A0 + m2
W (3.15)

where the mixing angle α at tree-level is determined by:

sin 2α

sin 2β
= −

(
m2

H0 + m2
h0

m2
H0]

− m2
h0

)
tan 2α

tan 2β
= −

(
m2

A0 + m2
Z

m2
A0]

− m2
Z

)
(3.16)

The parameter of sin 2β and m2
Z are obtained by:



30 Chapter 3. Supersymmetry

sin 2β =
2b

2|µ|2 + m2
Hu

+ m2
Hd

(3.17)

m2
Z =

|m2
Hd

− m2
Hu
|√

1 − sin2 (2β)
− m2

Hu
− m2

Hd
− 2|µ|2 (3.18)

It can be seen that µ is a SUSY-respecting parameter that appears in the

superpotential, while b, m2
Hu

and m2
Hd

are SUSY-breaking parameters. This leads to the

necessity of extending the MSSM at high energy, incorporating a mechanism to relate

µ with the SUSY breaking mechanism in some way. This is the idea to solve the µ

problem as mentioned before.

3.3.2 The neutralinos and charginos

Due to the effect of EWSB, the combination of neutral higgsinos (H̃0
u and H̃0

d) and

neutral gauginos (B̃ and W̃0) form four mass eigenstates, known as neutralinos,

denoted by Ñi (i = 1, 2, 3, 4). These labels are defined conventionally as a ascending

order mass which means mÑ1
< mÑ2

< mÑ3
< mÑ4

. The lightest neutralino, Ñ1, is

commonly regarded as LSP when R-parity conserve, which is a popular dark matter

candidate.

The charged higgsinos (H̃+
u and H̃−

d ) combine with winos (W̃+ and W̃−) to form two

mass eigenstates called charginos. We denote these as C̃±
i (i = 1, 2) and the mass order

is mC̃1
< mC̃2

.

The neutralino mass term in the Lagrangian is shown as follows, where we set the

gauge eigenstate basis ψ0 = (B̃, W̃0, H̃0
d , H̃0

u).

Lneutralino mass = −1
2
(ψ0)T MÑψ0 + c.c.. (3.19)

The mass matrix MÑ is
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MÑ =



M1 0 −gbvd/
√

2 gbvu/
√

2

0 M2 gwvd/
√

2 −gwvu/
√

2

−gbvd/
√

2 gwvd/
√

2 0 −µ

gbvd/
√

2 −gwvd/
√

2 −µ 0


. (3.20)

The matrix MÑ can be diagonalized through a unitary matrix N to obtain mass

eigenstates:

N∗MÑ N−1 =



mÑ1
0 0 0

0 mÑ2
0 0

0 0 mÑ3
0

0 0 0 mÑ4


(3.21)

The mass eigenstates can be expressed by parameters:

mÑ1
= M1 −

m2
Zs2

W(M1 + µ sin 2β)

µ2 − M2
1

+ . . . (3.22)

mÑ2
= M2 −

m2
W(M2 + µ sin 2β)

µ2 − M2
2

+ . . . (3.23)

mÑ3
= |µ|+ m2

Z(I − sin 2β)(µ + M1 cos2 θW + M2 sin2 θW)

2(µ + M1)(µ + M2)
+ . . . (3.24)

mÑ4
= |µ|+ m2

Z(I + sin 2β)(µ − M1 cos2 θW − M2 sin2 θW)

2(µ − M1)(µ − M2)
+ . . . (3.25)

where M1 and M2 are real and positive, and µ is assumed to be real with a sign

I = ±1. The mass eigenstate of the neutralino is similar to specific SUSY particles.

Ñ1 ≈ B̃ is ’bino-like’, Ñ2 ≈ W̃0 is ’wino-like’ and Ñ3, Ñ4 ≈ (H̃0
u ± H̃0

d)/
√

2 are

’higgsino-like’.

The chargino mass term can be expressed in the Lagrangian as follows:
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Lchargino mass = −1
2
(ψ±)T MC̃ψ± + c.c. (3.26)

where the mass matrix MC̃ has a form:

MC̃ =

 0 XT

X 0

 (3.27)

with

X =

 M2 gvu

gvd µ

 =

 M2
√

2sβmW
√

2cβmW µ

 (3.28)

The mass eigenstates can be transformed from the gauge eigenstates by the matrices U

and V.

 C̃1
+

C̃2
+

 = V

 W̃+

H̃+
u

 ,

 C̃1
−

C̃2
−

 = U

 W̃−

H̃+
d

 (3.29)

We can get chargino mass eigenstate C̃±
1 (wino-like) and C̃±

2 (higgsino-like):

mC̃1
= M2 −

m2
W(M2 + µ sin 2β)

µ2 − M2
2

+ . . . (3.30)

mC̃2
= |µ|+

Im2
W(µ + M2 sin 2β)

µ2 − M2
2

+ . . . (3.31)

where the M2 < |µ| and I is the sign of µ. This condition is the same as the neutralino

part above.
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3.3.3 The squarks and sleptons

In principle, scalars can mix with any scalar containing the same electric charge, color

quantum number and R-parity. It means that the mass eigenstate of squarks and

sleptons in the MSSM can be obtained by diagonalizing the mass-squared matrices,

including three 6 × 6 matrices for up-type squarks (ũL, c̃L, t̃L, ũR, c̃R, t̃R), down type

squarks (d̃L, s̃L, b̃L, d̃R, s̃R, b̃R) and charged sleptons (ẽL, µ̃L, τ̃L, ẽR, µ̃R, τ̃R) plus one 3 × 3

matrix for sneutrinos (ν̃e, ν̃µ, ν̃τ). Most of the mixing effect can be neglected because

the mixing angles are very small. Significant distinctions exist between third family

squarks (sleptons) and those of the first and second generations. The reason for this

lies in the effect of large soft coupling (at, ab, aτ) and Yukawa coupling (yt, yb, yτ) in

renormalization group equation [37]. The first and second family squarks and slepton

have negligible mixing effect, leading seven unmixed and degenerate pairs (ũL, c̃L),

(d̃L, s̃L), (ẽL, µ̃L), (ũR, c̃R), (d̃R, s̃R), (ẽR, µ̃R), (ν̃e, ν̃µ). By contrast, the mixing effect of third

family squarks and sleptons is substantial in pairs (t̃L, t̃R), (b̃L, b̃R) and (τ̃L, τ̃R).

Take the top squark as an example. There are several contributions to the mass. Firstly,

the square mass term t̃∗L t̃L and t̃∗R t̃R contribute the top squark mass which equal to

m2
Q3

+ ∆ũL and m2
ū3
+ ∆ũR . The first and second family squark have similar

contributions. The term ∆ has a general form:

∆ϕ =
1
2
(T3ϕg2

w − Yϕg2
b)(v

2
d − v2

u) = (T3ϕ − Qϕ sin2 θW) cos (2β)m2
Z (3.32)

where the parameters Tϕ, Yϕ and Qϕ represent the third component of weak isospin,

the weak hypercharge and the electric charge. The second contribution comes from

the F-terms [37] in the scalar potential with the form of y2
t H0∗

u H0
u t̃∗L t̃L and

y2
t H0∗

u H0
u t̃∗R t̃R. For the rest of squarks and sleptons, these contributions exist but too

small to consider. The third contribution is from the F-term in the scalar potential of

the form −u∗yt ˜̄tt̃H0∗
d + c.c. which can be rewritten after H0

d is replaced by the VEV. It

becomes −u∗vyt cos βt̃∗R t̃L + c.c.. Finally, there are contributions from the soft coupling

with the form at ˜̄tQ̃3H0
u + c.c.. After the H0

u get the VEV, the contribution becomes
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atv sin βt̃L t̃∗R. Putting all the contribution above together, the top squark mass term can

be expressed with gauge eigenstate basis (t̃L, t̃R)

Lstop mass = −
(

t̃∗L t̃∗R

)
m2

t̃

 t̃L

t̃R

 (3.33)

The mass matrix m2
t̃ is:

m2
t̃ =

 m2
Q3

+ m2
t + ∆ũL v(a∗t sin β − µyt cos β)

v(at sin β − µ∗yt cos β) m2
ū3
+ m2 + ∆ũR

 (3.34)

The mass eigenstate (t̃1, t̃2) can be obtained by applying a unitary matrix to the gauge

eigenstate.

 t̃1

t̃2

 =

 ct̃ −s∗t̃

st̃ c∗t̃


 t̃L

t̃R

 (3.35)

where the ct̃ and st̃ are the cosine and sine of a stop mixing angle respectively. A

similar result can be obtained for the rest of third family squarks (bottom squark) and

sleptons (tau sleptons) in the gauge eigenstate (b̃L, b̃R) and (τ̃L, τ̃R). The

corresponding squared-mass matrices are:

m2
b̃ =

 m2
Q3

+ ∆d̃L
v(a∗b cos β − µyb sin β)

v(ab cos β − µ∗yb sin β) m2
d̄3
+ ∆d̃R

 (3.36)

m2
τ̃ =

 m2
L3
+ ∆ẽL v(a∗τ cos β − µyτ sin β)

v(aτ cos β − µ∗yτ sin β) m2
ē3
+ ∆ẽR

 (3.37)

The mass eigenstate b̃1, b̃2 and τ̃1, τ̃2 can be obtained by diagonalizing the squared

matrix above.
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Names Spin PR Gauge Eigenstates Mass Eigenstate
Higgs bosons 0 +1 H0

u H0
d h0 H0 A0 H±

squarks 0 -1
ũL ũR d̃L d̃R
s̃L s̃R c̃L c̃R
t̃L t̃R b̃L b̃R

(same)
(same)

t̃1 t̃2 b̃1 b̃2

slepton 0 -1
ẽL ẽR ν̃e
µ̃L µ̃R ν̃µ

τ̃L τ̃R ν̃τ

(same)
(same)

τ̃1 τ̃2 ν̃τ

neutralino 1/2 -1 B̃0 W̃0 H̃0
u H̃0

d Ñ1 Ñ2 Ñ3 Ñ4
chargino 1/2 -1 W̃± H̃+

u H̃−
d C̃±

1 C̃±
2

gluino 1/2 -1 g̃ (same)

TABLE 3.3: The feature of SUSY particles in MSSM assuming negligible sfermion mix-
ing for the first two families.

The value of tan β determines the mass of sbottom and stau particles. If tan β is small

(usually less than 10), the impact of mixing terms and the renormalization group (RG)

effects on the sbottoms and staus is not significant. Under these circumstances, the

mass eigenstate b̃1, b̃2, τ̃1, τ̃2 are nearly the same as the gauge eigenstate b̃L, b̃, τ̃L, τ̃R.

The third family squark and slepton (beside b̃L) will almost degenerate with their

counterpart of the first and second family with the same quantum number. The

exceptional particle b̃L, as a part of doublet containing t̃L, will couple with large top

Yukawa coupling, therefore the mass of b̃L can be less than the mass of d̃L and s̃L [37].

When tan β is large, the mixing effect in eq. 3.36 and eq. 3.37 is significant, as yb, yτ

and ab, aτ are non-negligible. It shows similar trends with top squark, the lighter mass

eigenstate of sbottom and stau, referred to as b̃1 and τ̃1, are much lighter than the first

and second family counterpart. The ντ is also lighter than ṽe and ṽµ which is nearly

degenerate.

We have shown how the masses and mixing angles for the particles in MSSM, The

mass eigenstates are listed in table 3.3. only assuming the mixing effect in the first and

second family squark and slepton is negligible. The Feynman diagrams and Feynman

rules for the interaction between these particles and SM particles can be found in refs

[71; 72].
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3.4 Extension of the MSSM

There are several motivations to extend the MSSM. Firstly, as we discussed above, the

parameter µ needs to be adjusted by hand to the EW scale. A further extension of

MSSM is needed to generate µ naturally. In the MSSM, the Higgs sector is subject to

significant constraints. Large quantum corrections and a top squark mass are required

for the observation of the Higgs boson. Expanding the Higgs sector offers the

potential to relax these restrictions and circumvent the Higgs lower bound. The Higgs

sector in MSSM preserves the CP-symmetry at the tree-level. By expanding the Higgs

sector in a suitable way, it becomes possible to introduce enough CP-violating phases

that would fulfill part of the Sakharov criteria. We will discuss next-to-minimal

supersymmetric extension of the Standard Model (NMSSM) as an example to

demonstrate the advantage of MSSM extension and provide a brief model description.

The NMSSM extends the MSSM by adding a gauge singlet chiral superfield S, the

NMSSM superpotential is given by:

WNMSSM = WMSSM + λSHuHd +
1
3

κS3 (3.38)

where κ is a dimensionless coupling. The bilinear term µHuHd is forbidden by a global

Z3 symmetry. The trilinear term λSH1H2 can generate an effective µ, where µ = λvs

after the singlet field acquires a VEV, denoted as vs = ⟨S⟩.

From a phenomenological perspective, the NMSSM exhibits distinctive features in its

Higgs sector compared to the MSSM. The bosonic component of the singlet introduces

two additional Higgs bosons. Consequently, the NMSSM comprises a total of seven

Higgs bosons, including three CP-even Higgs bsosons, two CP-odd ones and a pair of

charged Higgs bosons. In contrast, the MSSM possesses five Higgs bosons, with the

lightest one being considered SM-like. This characteristic serves as a strong constraint

because of its observed production and decay patterns. However, within the NMSSM,

the lightest Higgs can be considerably lighter than its SM counterpart, potentially

evading detection.
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The fermionic part of the singlet gives rise to an extra neutralino, reffered to as

singlino. This addition means that the NMSSM has five neutralinos, in contrast to the

four present in the MSSM. The singlino typically engages in mixing with the other

four neutralinos. As a gauge singlet, singlino can only interact with the non-Higgs

particles through this mixing with the other neutralinos. This introduces the

possibility of a singlino-like neutralino serving as the LSP, which could potentially be

a dark matter candidate and a source of missing transverse energy (MET) in detectors.

Consequently, the neutralino sector of the NMSSM displays noteworthy differences in

phenomenology when compared to the MSSM.
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Chapter 4

LHC and ILC

There are two fundamental configurations of particle accelerators. One is a circular

accelerator, such as the Tevatron, LEP and LHC, which propels elementary particles in

a circular path. The other is a linear accelerator making particles run in a straight

trajectory. Circular geometries offer distinct advantages, particularly at energies up to

several GeV. The circular design enables more efficient particle acceleration over

extended distances and, remarkably, only a fraction of the particles in a collision

course actually collides. In the context of linear accelerators, such particles are

irretrievably lost while, in the realm of ring accelerators, they continue to circulate,

remaining available for future collisions.

However, circular accelerators come with a drawback: when the charged particles

traverse curved trajectories, they unavoidably emit synchrotron radiation. The

magnitude of energy loss via synchrotron radiation is inversely proportional to the

fourth power of the particle mass. Hence, circular accelerators are particularly

well-suited for heavy particles, as exemplified by hadron colliders such as the LHC for

protons (or even for, e.g., lead nuclei). Attempting to achieve comparable collision

energies with an electron-positron collider of the same dimensions is thus impractical.

The LEP, which previously occupied the tunnel now designated for the LHC, faced

limitations, with its collision energies at 209 GeV due to synchrotron

radiation-induced energy loss.
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Although the LHC boasts a nominal collision energy exceeding that of the ILC (14 TeV

for the LHC compared to approximately 500 GeV for the ILC), the ILC excels in

precision measurements. Collisions between electrons and positrons simplify analyses

compared to collisions involving the energy distribution among the constituent

quarks, antiquarks and gluons of baryonic particles. Consequently, one of the primary

roles of the ILC lies in conducting precise measurements of particle properties

discovered at the LHC.

4.1 The LHC

The LHC at CERN is the largest and most powerful particle accelerator in the world.

Protons and heavy ions (such as lead) can be accelerated to nearly the speed of light.

By using colliding beams rather than a moving particle on a fixed target, the LHC

achieves the highest energy in the center of mass frame. Two opposite beams move in

two adjacent pipes and collide. The beams are guided by a strong magnetic field

produced by superconducting electromagnets [73].

The definition of luminosity

L =
N2

t · Se f f
(4.1)

in an accelerator is the number of collisions in a detector per second per area. The N in

the equation 4.1 stands for the number of protons in a bunch while t is the time

between each bunch. The quantity Se f f is the effective section which depends on the

cross section area of a bunch. By increasing the luminosity, the LHC can generate

more collision data in order to observe rare effects.

Before entering the LHC tunnel, particles pass through four accelerators, as shown in

figure 4.1 [74]. Proton start from the linear accelerator Linac 2, while Linac 3 is for

heavy ions. Then the proton is boosted by the Proton Synchrotron Booster (PSB) while

the heavy ions are fed into the Low Energy Ion Ring (LEIR). In the next step, particles

pass through the Proton Synchrotron (PS) and the Super Proton Synchroton (SPS). In

particular, protons (with which we will be concerned) can reach 450 GeV before they
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enter the LHC ring. There are four particle detectors on the LHC ring: ATLAS, CMS,

LHCb and ALICE, as shown in figure 4.2 [75]. The CMS and ATLAS experiments are

general detectors, which means they have a broad research range from measuring SM

observables with high precision to detecting signals from BSM particles. They have

different magnet systems and technical designs, each with its pros and cons. ALICE is

a detector built for heavy ion research, its purpose is to investigate the quark-gluon

plasma that is produced in strongly interacting matter at extreme energy densities.

The LHCb detector is specifically designed for research on bottom quarks, with the

goal of understanding the asymmetry between matter and antimatter.

FIGURE 4.1: The schematic of the LHC injector chain for protons (left) and heavy ions
(right).

The operations of the LHC effectively commenced in 2009. The operating period from

2010 to 2012 is known as Run 1, with the center of mass energy (
√

s) reaching 8 TeV.

Following a two-year shutdown, referred to as LS1, Run 2 was initiated in 2015. It

reached
√

s = 13 TeV and lasted until the end of 2018. During the LS2 period, which

followed Run 2 from 2019 to early 2022, several upgrades were carried out on the LHC

ring and detector. These upgrades include improvement to the magnet system and a

phase-1 upgrade in the CMS and the ATLAS detectors. Currently, Run 3 has just
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FIGURE 4.2: The schematic layout of the LHC. Eight insertion regions have different
function. The beams are injected into IR2 and IR8 and extracted from IR6. IR3 is for

momentum cleaning and IR7 is for betatron cleaning. The RF system is in IR4.

began (in 2022) and is expected to end in 2025. The future plan is depicted in figure

4.3. LS3 will prepare for the upgrade to the HL-LHC and the phase-2 upgrade of the

CMS and ATLAS detectors.

The LHC has yielded numerous remarkable achievements. The Higgs boson was

discovered in the mass region around 125 GeV by CMS and ATLAS in 2012 [76; 77].

From Run 1 and Run 2, more comprehensive analyses were conducted and deeper

understanding was gathered on the properties of the Higgs boson. Additionally, the

precision of many other SM results was enhanced. Now, the LHC operates during

Run-3, primarily furthering the scope of previous runs but also searching for SUSY

particles and other hypothetical objects.
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FIGURE 4.3: LHC long term schedule (updated in January 2022).

4.2 The CMS detector

The CMS is a general propose particle detector sited at one of the four collision points

on the LHC rings1. From figure 4.4 and figure 4.5, it can be seen that the CMS detector

has multiple layers with different functions. We will give an explanation in a nutshell

for this design.

The CMS experiment uses a right-hand coordinate system. The origin is at the

collision point, the x-axis is in the LHC plane, pointing to the centre of the LHC ring,

the y-axis points up, hence it is perpendicular to the LHC plane, while the z-axis

points along the anticlockwise beam direction. The azimuthal angle (ϕ) is measured

from the positive x-axis in the x-y plane, and the polar angle (θ) is measured from the

positive z-axis. The radius (r) represents the distance from the origin in the x-y plane,

and the definition of pseudorapidity is η = − ln tan(θ/2). Finally, the angular distance

is defined as ∆R =
√

∆ϕ2 + ∆η2.

The tracker system is the nearest sub-detector to the collision point. It can detect the

trajectory of a charged particle when it passes through the layers of silicon sensors.

Charged particles are also deflected in the magnetic field by the Lorentz force. The

higher the momentum of the particle the less its trajectory bends. Thus by collecting

1We concentrate on this detector as we adopted it in the forthcoming MC studies.
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hits in sensors, the tracker system can rebuild the trajectory and momentum of

charged particles. Here, figure 4.5 shows the layout of one quarter of the tracker.

The EM Calorimeter (ECAL) is the second nearest sub-detector from the collision

point. It is made from lead tungstate crystals. Charged particles release energy in the

tungstate crystals, producing secondary particles and light. Photon detectors can

detect the emitted photons and calculate their energy by software. The Hadron

Calorimeter (HCAL) measures the energy of hadrons, such as protons, neutron, kaons

and pions. It has the same working principle as the ECAL: hadrons hit the absorber

material and produce secondary particles, which can be detected and the energy

calculated. The superconducting solenoid is a 13-meters-long and 6-meters-diameter

coil made of niobium-titanium superconductor, and produces a magnetic field of 4

Tesla. This field bends the trajectories of charged particles, enhancing their separation

and enabling momentum measurements (as mentioned). The muon system is located

in the external layers of the CMS detector since muons can pass through several

metres of ordinary matter and cannot be stopped by the calorimeters. When a muon

passes through the muon chamber, it displaces electrons from the gas contained in the

muon chamber, generating an electrical signal. In order to define the trajectory of

muons, data from the tracker system and muon system can be combined.

The LHC delivers 40 Mhz proton-proton collisions, which produce a huge amount of

data. It is impossible to store all the data, so a trigger system is needed. The trigger

system does a pre-selection to find ‘interesting’ collisions and discards the rest of the

data (99.99999%). At present, the CMS trigger system has two levels: the Level 1

trigger (L1 trigger) and the High-Level Trigger (HLT). The L1 trigger has hardware

processors that receive data from the calorimeter and muon system, generating a

trigger accept signal within 3 µs and reaching a maximum output rate of 100 kHz. The

HLT decreases the data rate further, reaching about 1 kHz by using software [78].

An overview of the L1 trigger system is shown in figure 4.6. Trigger primitives are

generated from the forward calorimeter (HF), HCAL, ECAL and the muon detector

(resistive-plate chambers (RPC), cathode strip chambers (CSC) and drift tubes (DT)).
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FIGURE 4.4: A cutaway schematics of the CMS detector.

Before being combined in the global trigger (GT), both the trigger primitives from the

calorimeter and those from the muon detector pass through several steps [79].

4.3 The LHC upgrade

In order to exploit the full potential of the LHC, it is planned to increase the

luminosity of the machine by an order of magnitude, which will require a 30 month

shutdown starting around 2024. After this period, the HL-LHC will reach a peak

luminosity of 5 − 7.5 × 1034 cm−2s−1 [80]. This corresponds to an environment of

140-200 proton-proton interactions, named pileup (PU), per LHC bunch crossing. For

example, the HL-LHC can produce 15 million Higgs bosons per year, compared to the

1.2 million produced from 2011 to 2012.

The HL-LHC can thus enhance the rate of rare events and provide the highest

precision in investigating the SM and BSM scenarios as well. For example, the

couplinga of the Higgs boson are a crucial part of the SM. The HL-LHC will enhance
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FIGURE 4.5: A segment of the CMS detector in a transverse view. The blue line is a
muon track passing through the tracker and the calorimeter with a track. The red line
represents an electron, it bends in the tracker and interacts in the ECAL. The trajectory
of a charged hadron is represented by the solid green line. The dashed green line and

dashed blue line represent a neutral hadron and photon, respectively.

the measurement precision for Higgs couplings in the CMS experiment, including the

coupling to muons. The self-coupling of the Higgs boson probes the Higgs field.

However, the cross section of Higgs boson pair (HH) production is about 1000 times

smaller than the cross section for single Higgs boson production. The Feynman

diagram of HH production is shown in figure 4.7 [81]. The HL-LHC is expected to

measure these rare production modes in the near future [82].

The HE-LHC, which significantly increases energy capabilities by nearly doubling the

current energy to 27 TeV is being developed. It will also offer integrated luminosity at

least three times larger than that of the HL-LHC. This advanced infrastructure,

combined with the four experimental detectors mentioned above, aims to deepen our

understanding of the SM, enable the first precise measurement of the Higgs

self-coupling (via HH production), thus expanding the discovery potential beyond the
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FIGURE 4.6: A schematic of the CMS L1 trigger system. The trigger primitives from
HF, HCAL and ECAL are combined firstly in the regional calorimeter trigger (RCT)
and then transferred to the global calorimeter trigger (GCT). The energy deposits (hits)
from the RPC, CSC and DT are processed by a pattern comparator or segment-tracker
finder and sent to the global muon trigger (GMT). The GT combines information from
the GCT and GMT to make the final trigger decision. The decision information flows
to the tracker (TRK), ECAL, HCAL and the muon system (MU) through the trigger
and timing and control (TTC) system. The data acquisition system (DAQ) reads data

from subsystems for offline storage.

FIGURE 4.7: Leading-order Feynman diagrams for HH production, where q stands for
a quark and wherein top and bottom quarks dominate.

HL-LHC. By utilizing the existing underground infrastructure and portions of the

injector chain at CERN, the HE-LHC will hopefully succeed the HL-LHC and serve

the global physics community for approximately 20 years in the future.

The proposed concept includes a power-saving, low-temperature superconducting

magnet system based on an evolution of the Nb3Sn technology employed in the

HL-LHC, an energy-efficient cryogenic refrigeration infrastructure utilizing a

neon-helium light gas mixture, a reliable and efficient cryogen distribution system,
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and high-power distributed beam transfer utilizing superconducting elements.

Additionally, local magnet energy recovery and re-use technologies, already being

gradually introduced in other CERN accelerators, will be incorporated. Leveraging

the existing LHC underground civil infrastructure, extending surface sites, and

utilizing the existing injector chain will contribute to establishing a sustainable

research infrastructure at the HE-LHC energy frontier.

The Future Circular Collider (FCC) [83] study is dedicated to the development of

innovative designs for the next generation of high-performance particle colliders with

a nearly 100 km circumference. Its purpose is to extend the scientific exploration

conducted at the LHC once the HL-LHC/HE-LHC phase concludes, which is

estimated to be around 2040.

The primary objective of the FCC is to push the boundaries of energy and intensity in

particle colliders, with the target collision energies of 100 TeV with integrated

luminosity of 20 − 30ab−1. By reaching this energy and luminosity levels, scientists

aim to delve deeper into the SM and ultimately uncover BSM physics. The FCC

examines scenarios for three different types of particle collisions: electron–positron

collisions (FCC-ee), hadron-hadron (proton–proton and heavy ion) collisions, like in

the LHC (FCC-hh), while the other option include proton–electron collisions (FCC-eh)

or proton-heavy ion collisions [84].

The FCC-ee will operate with a 90-350 GeV centre-of-mass collision energy which is

considered as an intermediate state before the FCC-hh. Compared to a hadron

collider, the electron-positron collider has a cleaner background, creating an

opportunity to measure known particles with higher precision and explore the

unknown. More specifically, by using improved lepton beam and higher luminosity,

the FCC-ee has a potential to measure the properties of the Higgs, top quarks and

gauge bosons as well as the strong interaction with increased accuracy.
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FIGURE 4.8: A schematic map showing a possible location for the FCC.

4.4 The ILC

The ILC is a 200–500 GeV (extendable to 1 TeV) centre-of-mass high luminosity linear

electron-positron collider, based on 1.3 GHz Superconducting Radio-Frequency

(SCRF) accelerating technology [85]. The ILC gives an opportunity to tackle many

important problems in particle physics. It will provide a unique insight into the Higgs

boson, the top quark and, possibly, SUSY particles. The ILC enables measurements

and data collection with very high precision. A schematic view of the ILC with the

major sub-system is shown in figure 4.9.

A polarised e− source is generated on a photocathode DC gun while the polarised e+

source is based on an undulator. Positrons are generated by converting high energy

photons. Then the electron and positron are injected into damping rings (DR) with 5

GeV energy. After the DR, the beam enters into main linacs through a bunch

compressor. From figure 4.9, after 11km transport in each main linac, two beams

collide with 14 mrad crossing angle, enabling two detectors being located in the

interaction region.
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FIGURE 4.9: An overview graphic of the ILC layout with its major sub-systems.

The initial plan of ILC starts at an energy of 250 GeV, which maximizes the

cross-section for the process e+e− → Zh. In this reaction, the identification of the recoil

Z boson serves as an indicator of the Higgs presence, of which it is possible to

measure the rate for all decay channels with a very high precision. For example, the

Higgs boson decays into quarks are shown in figure 4.10, these are hard to separate

from the SM background in the LHC. These precision measurements provide a deeper

insight into whether the Higgs boson generate mass independently or is combined

with new additional particles (like in SUSY).

After the 250 GeV stage, the ILC will upgrade to its full designed energy (500 GeV)

which provides a chance to measure the process e+e− → νν̄h with high precision. This

measurement determines the Higgs coupling strength to gauge bosons with a fraction

of percent level of accuracy. The ILC may then upgrade to higher energy (1 TeV), so as

to enable one to make precision measurements of the strength of the Higgs

self-interaction and coupling with the top quark. The major processes to be studied at

the ILC are shown in the table 4.1.

Experiments conducted at the proposed ILC are anticipated to detect effects of physics

that go beyond the current SM. Additionally, the ILC is expected to contribute to the

discovery and measurement of particles and interactions not described by the SM.

Physicists have several key objectives they hope to accomplish at the ILC.
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Energy Reaction Physics Goal
91 GeV e+e− → Z ultra-precision EW
160 GeV e+e− → WW ultra-precision W mass
250 GeV e+e− → Zh precision Higgs couplings

350-400 GeV e+e− → tt̄ top quark mass and couplings
e+e− → WW precision W couplings
e+e− → νν̄h precision Higgs couplings

500 GeV e+e− → f f̄ precision search for Z′

e+e− → tt̄h Higgs coupling to top
e+e− → Zhh Higgs self-coupling
e+e− → χ̃χ̃ search for supersymmetry

e+e− → AH, H+H− search for extended Higgs states
700-1000 GeV e+e− → νν̄hh Higgs self-coupling

e+e− → νν̄VV composite Higgs sector
e+e− → νν̄tt̄ composite Higgs and top
e+e− → t̃t̃∗ search for supersymmetry

TABLE 4.1: Major physics process to be studied at various energy level. The process
in the low-energy state will continue to be studied at the high-energy level.

FIGURE 4.10: The process of e+e− → Zh with Z → ν+ν− and h → bb̄. It would be
observed by the generic International Large Detector (ILD) at the ILC.
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• Measure the mass, spin, and interaction strengths of the Higgs boson. The ILC

aims to provide precise measurements of the properties of the Higgs boson, such

as its mass, spin, and interaction strengths. This will help in understanding the

mechanism responsible for the origin of mass and provide insights into the

nature of the Higgs field.

• Explore TeV-scale extra dimensions. If additional dimensions of space exist at

the TeV scale, the ILC could investigate their presence. This includes

measurements related to the number, size, and shape of any hypothetical extra

dimensions, which could provide evidence for string theory or brane worlds.

• Investigate SUSY particles and DM candidates. The ILC chiefly aims to study

the LSP.

To achieve these scientific goals, the development of new-generation particle detectors

is also crucial. These detectors will be designed to accurately measure and analyze the

properties and interactions of particles produced in collisions at the ILC. While a

generic ILD design is being proposed, advanced detector technologies will enhance

the precision and capabilities of the experiments, allowing for more comprehensive

investigations and potential breakthroughs in our understanding of the fundamental

nature of the universe.
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Chapter 5

Accessing neutrino dynamics in the

NMSSMr with a RH sneutrino LSP

at the ILC

5.1 Introduction

The LHC experiments have so far shown good agreement with the predictions of the

SM. Other types of experiments instead show us that the SM needs to be extended:

neutrino oscillations require neutrinos to be massive [15; 16; 17; 18; 86; 87]. Also the

Cosmic Microwave Background (CMB) [88] and galactic rotation curves [89; 90]

strongly support the idea that most of the mass of the Universe is in a form currently

unknown to us, dubbed DM.

Neutrino oscillation experiments have measured the mixing angles of the PMNS

matrix [91] and the mass splittings between neutrinos, but they offer no information

on the origin of neutrino masses. As the masses are several orders of magnitude

smaller than any other fermion mass, it is expected that neutrino mass generation is

based on some kind of a seesaw mechanism [40; 41; 43; 44; 45; 46]. The canonical

example is Type-I seesaw, where one add heavy RH neutrinos to the SM particle
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spectrum, which then suppress the LH neutrino masses by a factor of mD/mN , where

mD is the standard Dirac mass term and mN is the bare mass of the RH neutrino.

SUSY is one of the most studied frameworks to construct BSM theories. The MSSM

however lacks a mechanism for neutrino mass generation, but it can be extended with

various seesaw mechanisms. SUSY models have the advantage that the superpartners

of neutrinos, sneutrinos, may in some cases decay visibly at colliders and hence

studying neutrino dynamics at colliders becomes possible [92; 93]. However, current

experimental constraints make it clear that non-minimal versions of SUSY are more

suited to embed a neutrino mass generation mechanism [94].

Adding a seesaw mechanism to models of SUSY gives also the option of non-standard

DM candidates. Especially the RH sneutrino, when is the LSP, has been of

considerable interest over the years

[52; 95; 96; 97; 98; 99; 100; 101; 102; 103; 104; 105; 106; 107]. In the MSSM extended with

Type-I seesaw RH sneutrinos lead to overabundance of the relic density of the CMB,

unless there is significant mixing between the left- and RH sneutrinos [108]. Adding a

singlet to the model, (i.e., considering the NMSSMr) allows a coupling between the

heavy Higgses and sneutrinos, which can assist in the annihilation and lead to the

correct relic abundance without the need for any left-right mixing in the sneutrino

sector [53; 54].

We shall investigate here the possibility of extracting e+e− collider signals and of

estimating neutrino Yukawa couplings in the NMSSMr with a RH sneutrino as DM

candidate. Since all superpartner decay chains end with this sneutrino, we cannot rely

on sneutrino decays, instead we need to find visible decays that involve the sneutrino

and neutrino Yukawa couplings. Hence we need to study chargino decays to a lepton

and a sneutrino. As the seesaw scale is rather low, the neutrino Yukawa couplings are

tiny. Since the chargino can also decay to a virtual W± boson and a neutralino, the

direct two-body decay of interest to us, into a lepton-sneutrino pair, is rare. However,

the latter neutralino decay mode allows us to estimate the neutrino Yukawa

couplings. Finally, the fact that RH sneutrinos can be rather light in the NMSSMr

allows for DM signals emerging from the rare chargino decays to be sizable,
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particularly at future leptonic machines, where the SM background can efficiently be

vetoed thanks to the high level of control on the final state kinematics. In the end, the

signature that we will pursue is the one made up by a ‘dijet + dilepton + Missing

Transverse Energy’ (MET or /ET) system.

5.2 NMSSM with RH neutrinos

The NMSSM extends the MSSM with an additional gauge singlet chiral superfield S

[55]. The NMSSM fixes the µ problem of the MSSM by generating an effective µ-term,

but it still inherits the defect that neutrinos are massless. By adding a singlet RH

neutrino superfield N, we may introduce the Type-I seesaw mechanism to generate

neutrino masses. The superpotential is given by [53; 109]

W = WNMSSM + λNSNN + yN H2 · LN, (5.1)

WNMSSM = yuH2 · Qu + ydH1 · Qd + yeH1 · Le − λSH1 · H2 +
1
3

κS3. (5.2)

The flavour indices are omitted. As in the NMSSM, a Z3-symmetry is imposed in

order to make the superpotential scale invariant. When this discrete symmetry is

broken spontaneously by the VEV of the (pseudo)scalar fields, a potential domain

wall problem arises. This problem can be solved like in the NMSSM, by assuming that

non-renormalisable terms pick a preferred vacuum [110; 111] or by supergravity

corrections during inflation [112]1.

The soft SUSY breaking terms are

−Lso f t = m2
Q̃|Q̃|2 + m2

ũ|ũ|2 + m2
d̃|d̃|

2 + m2
L̃|L̃|

2 + m2
ẽ |ẽ|2 + m2

Ñ |Ñ|2 + m2
S|S|2

+ m2
H1
|H1|2 + m2

H2
|H2|2 + M1B̃B̃ + M2W̃W̃ + M3 g̃g̃

+ AuYuH2Q̃ũ + AdYdH1Q̃d̃ + AeYeH1 L̃ẽ + yN AyN L̃H2Ñ

− λAλSH1H2 + λN AλN SN2 +
1
3

κAκS3 + h.c.

(5.3)

1For an alternative formulation, called new Minimally-extended Supersymmetric Standard Model
(nMSSM), where the domain wall (as well as the Peccei-Quinn axion) problem is solved by invoking a
global discrete R-symmetry, see Ref. [113].
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RH neutrino masses are generated when the scalar component of the singlet

superfield S gets a VEV, ⟨S⟩ = vs. The superpotential term λNSNN in eq. (5.1) leads to

a Majorana mass term MN = 2λNvs. As vs is around the EW scale, so the RH neutrino

masses are naturally at the EW scale. The LH neutrino masses are obtained after the

Higgs doublet fields acquire VEVs, (v1, v2) = (⟨H1⟩, ⟨H2⟩). The standard seesaw

formula then gives mν = y2
Nv2

2/MN . To get viable neutrino masses the neutrino

Yukawa couplings yN have to be slightly smaller than the electron Yukawa coupling,

yN ≲ O(10−6).

The left-hand sneutrino ν̃L and right-hand sneutrino Ñ can be decomposed to

CP-even (real) and CP-odd (imaginary) components:

ν̃L ≡ 1√
2
(ν̃L1 + iν̃L2), Ñ ≡ 1√

2
(Ñ1 + iÑ2). (5.4)

The sneutrino quadratic term is

1
2 (ν̃L1, Ñ1, ν̃L2, Ñ2) M2

sneutrino



νL1

Ñ1

ν̃L2

Ñ2


. (5.5)

The sneutrino mass matrix can be obtained from the quadratic terms in the scalar

potential:

M2
sneutrino =



m2
LL̄

m2
LR+m2

LR̄+c.c
2 0 i m2

LR−m2
LR̄−c.c

2
m2

LR+m2
LR̄+c.c

2 m2
RR̄ + M2

RR + m2∗
RR i m2

LR−m2
LR̄−c.c

2 i(m2
RR − m2∗

RR)

0 i m2
LR−m2

LR̄−c.c
2 m2

LL̄ −m2
LR+m2

LR̄+c.c
2

i m2
LR−m2

LR̄−c.c
2 i(m2

RR − m2∗
RR −m2

LR+m2
LR̄+c.c

2 m2
RR̄ − M2

RR − m2∗
RR


.

(5.6)
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The parameters are defined as follows:

m2
LL̄ ≡ m2

L̃ + |yNv2|2 + D − term,

m2
LR ≡ yN(−λvsv1)

† + yN ANv2,

m2
LR̄ ≡ yNv2(−λvs)

†,

m2
RR̄ ≡ m2

Ñ + |2λNvs|2 + |yNv2|2,

m2
RR ≡ λN(AλN vs + (κv2

s − λv1v2)
†).

(5.7)

Here, the m2
L̃, m2

Ñ , AλN and AN are the soft SUSY breaking terms. Assuming thet there

is no CP-violation, which means the sneutrino real part and imaginary part do not

mix, eq. (5.5) can be simplified as:

1
2
(ṽL1Ñ1)

 m2
LL̄ m2

LR + m2
LR̄

m2
LR + m2

LR̄ m2
RR̄ + 2m2

RR


 ṽL1

Ñ1

+

1
2
(ṽL2Ñ2)

 m2
LL̄ m2

LR − m2
LR̄

m2
LR − m2

LR̄ m2
RR̄ − 2m2

RR


 ṽL2

Ñ2

 .

(5.8)

The mixing between left- and RH sneutrinos is determined by m2
LR and m2

LR̄. From

eq. (5.7), these two terms are proportional to the neutrino Yukawa coupling and

therefore can be neglected. The mass difference between Ñ1 and Ñ2 is from the term

m2
RR. If m2

RR > 0, Ñ1 is heavier than Ñ2 and vice versa. In this case, the lighter RH

sneutrino mass can be determined by m2
RR̄ − 2m2

RR, which is defined by a set of

parameters such as m2
Ñ and λN .

5.2.1 RH sneutrino as a DM candidate

In the following we shall assume that the soft SUSY breaking masses for RH

sneutrinos m2
Ñ are the smallest of the SUSY breaking mass terms. Then there is a part

of the parameter space where the LSP is the RH sneutrino. This parameter space can

be obtained by adjusting parameters in eq. (5.7). In the MSSM with RH neutrinos
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H

Ñ

Ñ

f

f̄

FIGURE 5.1: The dominant annihilation mechanism of sneutrino DM in the NMSSMr.

(MSSMr) it is not easy to satisfy the constraint from the relic density with a RH

sneutrino LSP, since as a gauge singlet it does not annihilate efficiently enough.

Enhancing the mixing between left- and RH sneutrinos is a way to remedy this [108].

The NMSSM offers an additional method to enhance the annihilation cross section.

The scalar potential has a term λλN HuHdÑÑ which, after EW Symmetry Breaking

(EWSB), creates a three-point coupling between the RH sneutrinos and Higgs bosons.

The coupling between the sneutrinos and the heavy Higgses H and A is larger than

that with the SM-like Higgs, so the sneutrino DM annihilates mostly via the heavy

Higgs portal to third generation fermions (see figure 5.1), hence, the corresponding

cross section mainly depends on λ, λN and mH,A. Further, in certain parts of the

parameter space, coannihilations or resonant annihilation may alter the relic density

largely.

The same Higgs-sneutrino couplings are mainly responsible for the effective

sneutrino-nucleon interaction. In general the spin-independent direct detection cross

sections are about one order of magnitude below the current experimental limit. Both

constraints from the relic density and direct detection have been studied in the

literature, most recently in [114].

5.3 Finding the rare chargino decay

We wish to estimate the neutrino Yukawa couplings in the presence of a RH sneutrino

LSP. The decay χ̃± → ℓ±Ñ arises from the neutrino Yukawa couplings. However, it

competes with the decay χ̃± → W∗±χ̃0, where the neutralino then decays to a RH
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sneutrino and some other particles. Even though this is a three-body decay and hence

suppressed by the propagator through 1/m2
W , it completely dominates over the

two-body decay mode proportional to |yN |2, which can have a Branching Ratio (BR) of

O(10−5). However, the fact that χ̃± → ℓ±Ñ is a two-body decay fixes the kinematics

in the rest frame of the chargino. At the LHC this is not much of a help as the

relationship between the laboratory frame and the rest frame of the chargino is hard to

estimated. At electron-positron colliders, instead, the situation is different: if the

collision energy is chosen so that the charginos are produced almost at rest, the energy

of the charged lepton will be nearly fixed in the lab frame and this can be used in the

event selection.

We therefore consider the process e+e− → γ∗/Z∗ → χ̃+χ̃− with one of the charginos

decaying to a lepton and a sneutrino and the other decaying to a neutralino and a

virtual W± leading to a lepton plus MET or to hadrons. We assume that the difference

between the neutralino and chargino masses is much smaller than the W boson mass.

In this case, the W boson would decay into the SM particles so soft that would go

undetected. If the neutralino decays invisibly through the neutrino Yukawa couplings,

i.e., via χ̃0 → Ñν, the final state with a single hard lepton and MET will get a too large

background from W± bosons. If, however, the RH neutrino and sneutrino are light

enough, the neutralino can decay via its singlino component through χ̃0 → ÑN with

the RH neutrino decaying subsequently to a lepton and two jets. The Feynman

diagram of this process is shown in figure 5.2. Requiring a lepton and two jets with an

γ/Z
χ̃+

χ̃−

χ̃0

N

e+

e−

l

j

j

Ñ

W+

Ñ

l−

FIGURE 5.2: An example of a full process leading to the ‘dijet + dilepton + /ET’ signa-
ture, if ∆M = Mchargino − Mneutralino ≪ MW .
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invariant mass corresponding to the RH neutrino mass will be enough to get rid of the

backgrounds, as we shall see. Finally, notice that the existence of RH neutrinos can be

established already at the LHC [115].

Thus we can get the aforementioned signature: ‘dijet + dilepton + MET’. The dilepton

signature should emerge in both same-sign and opposite-sign dileptons due to the

Majorana nature of the RH neutrino. The latter will have a smaller background from

SM processes. The major SM background to this final state comes from the following

processes.

• W+W−Z production in the case where one W± boson decays into two jets and

the other to a lepton and neutrino while the Z boson gives two leptons, one of

which is missed by the detector.

• ZZZ production, where one Z boson decays leptonically, the second to neutrinos

and the third creates the two jets.

• tt̄ production, where the top (anti)quarks decay to a W± boson and a b-quark,

when one lepton originates from the W± boson and an opposite sign lepton

from a B-meson.

We now proceed to describe how we performed our Monte Carlo (MC) analysis.

5.3.1 Event simulation

We prepared the model files with the Mathematica package SARAH v4.14 [116; 117],

which creates the source code for SPHENO v4.0.3 [118; 119] to generate the mass

spectrum. We simulate collider events with MADGRAPH5 v2.8.2 [120]. We use

PYTHIA v8.2 [121] for parton showering and simulate the detector response with

DELPHES3 [122], where we use the DSiD card [123] to simulate the detector at the

future ILC. We use MADDM v.3.0 [124] to check that our Benchmark Points (BPs)

satisfy the constraints from the relic density and direct detection experiments. Lastly,

we use MADANALYSIS5 v1.8 [125] to implement the cuts.



5.3. Finding the rare chargino decay 61

BP1 BP2 BP3
m(χ̃±

1 ) 239.3 GeV 234.8 GeV 233.3 GeV
m(Ñ1) 130.6 GeV 127.9 GeV 127.4 GeV
m(N1) 101.7 GeV 90.5 GeV 88.6 GeV
m(χ̃0) 233.3 GeV 228.7 GeV 227.3 GeV

BR(N → ℓjj) 60% 68% 68%
BR(W∗ → leptons) 28% 28% 28%

TABLE 5.1: Mass spectra and the most important parameters of our BPs. The chargino
is chosen to be slightly lighter than 250 GeV in order to make the process χ̃0 → ÑN

kinematically allowed. All the masses in these BPs have not been excluded [1].

Number of leptons N(ℓ) = 2
Same-sign lepton pair N(ℓ+) or N(ℓ−) = 2

Number of jets N(j) = 2
Veto on b-jets N(b) = 0

TABLE 5.2: The requirements for the final state topology.

We prepared a number of BPs, which could be probed at the
√

s = 500 GeV phase of

the ILC. As the integrated luminosity we use 4000 fb−1, which could represent the

total integrated luminosity after the luminosity upgrade of the ILC [126]. We select the

charginos to be slightly lighter than 250 GeV and the RH neutrino and sneutrino so

light that χ̃0 → ÑN is kinematically allowed. We show the spectra of our BPs in table

5.1. We checked with MADDM v3.0 [124] that the BPs are acceptable with respect to

constraints from the relic density and direct detetion experiments. Regarding the relic

density we only imposed the upper limit Ωh2 ≤ 0.12.

As a preselection we require two same-sign leptons, two jets and veto against b-jets.

For the b-tagger we use a working point, where the b-tagging efficiency is 70% with a

mistagging rate of 2% for c-quark jets and 0.3% for light quark (and gluon) jets. We

summarise this preselection in table 5.2.

We impose several cuts. The leading lepton ℓ1 arises from χ̃± → Ñℓ±, which is a

two-body process. As long as the beam energy is not much larger than 2mχ̃± , the

lepton energies in the lab frame are in a rather narrow range determined by the event

kinematics as can be seen from figure 5.3. We filter the signal by requiring

30 GeV < pT(ℓ1) < 100 GeV and 60 GeV < E(ℓ1) < 120 GeV.
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FIGURE 5.3: The energy of the leading lepton ℓ1 for our signal and different back-
ground components. The preselection of table 5.2 has been imposed.

The second lepton and the jets arise from N → ℓjj and the momenta of the decay

products are limited by the mass of the RH neutrino. Hence, the momenta are

constrained from above and imposing a veto against a second hard lepton with

pT(ℓ2) > 40 GeV and against a hard jet with pT(j1) > 70 GeV leaves our signal

untouched while rejects a reasonable fraction of the background.

As the hadronic activity in our signal events arises mainly from the hadronic decay of

a W± boson emerging from the RH neutrino, we expect the total hadronic energy to be

smaller than in the background events, especially tt. Hence we require HT < 100 GeV.

The LSPs give rise to MET for signal events. As we can see from figure 5.4, the

distribution of /ET for the signal is mostly in the interval [50, 100] GeV, hence, we select

that interval. From figure 5.6 we can see that for the signal the leading lepton is almost

in the opposite direction compared to /pT so we require the azimuthal angle between

the leading lepton and missing transverse momentum to be greater than 2.5 radians.

We also impose the condition M(ℓ1ℓ2) < 80 GeV for the invariant mass of the lepton

pair, which rejects a fraction of the bosonic backgrounds as can be seen from figure 5.5.

Finally, we assume that the RH neutrino mass is known and require the invariant

mass of the second lepton2 and the two leading jets to be close to the RH neutrino

mass. We consider all the particle stable thus their width equal to zero. We show the

full list of cuts in table 5.3 and the resulting cutflow for the signal and background

components in table 5.4.

2The leading lepton arises from the two-body decay of the chargino, the one coming from the RH
neutrino is always softer.
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FIGURE 5.4: The distribution of missing transverse energy (/ET) for the signal and
background components. Here we have normalised the distributions to unity.

FIGURE 5.5: The distribution of invariant mass of the leading two leptons, the different
distributions are normalised to unity.

FIGURE 5.6: The distribution of the azimuthal angle between the leading lepton and
missing transverse energy, the different distributions are normalised to unity.
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Acceptance Cuts
Transverse momentum of electron pT(e) > 5 GeV
Transverse momentum of muon pT(µ) > 3 GeV

Transverse momentum of jet pT(j) > 17 GeV
Absolute pseudorapidity of electron |η(e)| < 2.5
Absolute pseudorapidity of muon |η(µ)| < 2.4

Absolute pseudorapidity of jet |η(j)| < 2.4
Kinematical Cuts

Transverse momentum
of leading lepton 30 GeV < pt(ℓ1) < 100 GeV

Energy of leading lepton 60 GeV < E(ℓ1) < 120 GeV
Transverse momentum
of sub-leading lepton 3 GeV < pt(ℓ2) < 40 GeV

Transverse momentum
of leading jet 17GeV < pt(j1) < 70 GeV

Total hadronic energy HT < 100 GeV
Missing transverse energy 50 GeV < /ET < 100 GeV

Invariant mass of ℓ1 ℓ2 M(ℓ1ℓ2) < 80 GeV
Angle of leading lepton with

MET ∆Φ0,π > 2.5
Invariant mass of two jets

and sub-leading lepton 90 GeV < M(j1 j2ℓ2) < 110 GeV

TABLE 5.3: The multiplicity requirements for the final state topology and the full set
of cuts in our MC analysis. The first six cuts are acceptance cuts while the rest are
kinematical cuts. The Invariant mass of two jets and sub-leading lepton, M(j1 j2ℓ2), is
set between 80 GeV and 100 GeV for BP3, the corresponding result can be found in

table 5.4

Overall we may see that we are able to see excesses of some level above the expected

SM background, but a full discovery would need a higher integrated luminosity.

Nevertheless, even if the excesses are not statistically significant enough to claim the

discovery of the two-body decay of the chargino, some bounds on the neutrino

Yukawa couplings can be inferred.

5.4 Estimating neutrino Yukawa couplings

The coupling between the RH sneutrino, charged lepton and lightest chargino is

λÑℓ+χ̃− =
i√
2

yν
abV12

1 + γ5

2
, (5.9)
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Cut BP1 BP2 BP3 W+W−Z ZZZ tt̄ Total background
Acceptance Cuts 87.0 139 116 158999 4400 2193599 2356998

b-jet veto 84.2 137 115 133754 2802 240648 377204
N(ℓ)=2 38.8 54.9 42.0 11308 387 11454 23149

N(ℓ+) = 2 or N(ℓ−) = 2 17.8 26.0 20.6 792 6.07 339 1137
N(j) = 2 8.66 12.3 8.69 343 1.76 95.4 440

17 GeV< pT(j1) < 70 GeV 8.66 12.0 8.35 154.5 0.625 26.3 181.4
pT(ℓ1) > 30 GeV 7.87 10.2 8.11 134.5 0.519 17.6 152.6
pT(ℓ1) < 100 GeV 7.17 9.05 6.38 108.6 0.37 14.3 123.3

3 GeV< pT(ℓ2) < 40 GeV 7.17 9.05 6.26 83.3 0.29 14.3 97.9
HT < 100 GeV 7.17 9.05 6.26 67.9 0.20 7.68 75.8

E(ℓ1) < 120 GeV 7.17 8.21 5.91 34.8 0.123 4.39 39.3
E(ℓ1) > 60 GeV 7.17 8.21 5.91 34.8 0.123 4.39 39.3

∆Φ0,π >2.5 7.00 6.96 4.40 15.58 0.035 2.19 17.8
/ET > 50 GeV 6.12 6.27 3.48 8.75 0.026 1.10 9.88
/ET < 100 GeV 6.12 5.43 3.01 7.79 0.026 1.10 8.92

M(ℓ1ℓ2) < 80 GeV 5.34 5.15 3.01 4.45 0.018 1.1 5.57
M(j1 j2ℓ2) < 110(100) GeV 5.25 5.15 3.01 1.91(1.27) 0.0088(0) 1.1(1.1) 3.019(2.37)
M(j1 j2ℓ2) > 90(80) GeV 3.5 3.06 1.97 0.954(0.636) 0.0088(0) 0(0) 0.963(0.636)

TABLE 5.4: The cutflow for the signal BPs and all background. The luminosity is
4000 fb−1 and the energy is

√
s = 500 GeV. The bracket stands for the cut and result

corresponding to both BP2 and BP3. After these cuts, the significance for BP1 is 3.57,
for BP2 is 3.83 and for BP3 is 2.47.

where a, b refer to neutrino flavours and V12 gives the higgsino component of the

lightest chargino. For our BPs, we have |V12| ≃ 1. This leads to the following decay

width (neglecting the lepton mass):

Γ(χ̃± → ℓ±a Ñb) =
(m2

χ̃ − m2
Ñ)

2

64πm3
χ̃

|yν
ab|2|V12|2. (5.10)

The majority of charginos decay via χ̃± → χ̃0ℓ±ν, χ̃0qq′. This decay can in principle be

mediated by several particles (W±, ℓ̃±, ν̃, H±, q̃) and their contributions can interfere.

In this section, we focus on the rare chargino decay χ̃± → ℓ±Ñ, so we skip the

analysis about these channel, the explicit formulae are given in [127].

If we assume that all of the superpartners besides the RH sneutrino and the higgsinos

are heavy, the decay width of the chargino is calculable. In such a case the

measurement of the BR of the rare chargino decay would give us an estimate of the

neutrino Yukawa couplings through the computed full width and eq. (5.10). The

overall chargino pair production cross section is readily calculated. The problem in

estimating such a BR is that the observed number of sneutrino events after the full set



66
Chapter 5. Accessing neutrino dynamics in the NMSSMr with a RH sneutrino LSP at

the ILC

of cuts does not represent the number of sneutrinos originally produced. Hence, we

need to estimate how many sneutrinos are lost in the procedure.

If we assume that hadrons from the virtual W± decay cannot form a detectable jet

which satisfy our final state topology, the only way the process of figure 5.2 can

produce two leptons and two jets is that the W± boson from the RH neutrino decays

hadronically. Then we can observe two leptons if either the virtual W± decays

hadronically (including hadronic taus) and we detect all leptons or the virtual W±

decays leptonically and we miss one lepton. The only way to get same-sign dileptons

is that one of the leptons detected arises from the RH neutrino. Hence, the probability

of detecting two leptons that can lead to a same-sign dilepton signature is3

P(N(ℓ) = 2) = ϵ(ℓ1)ϵ(ℓ2)× BR(N → ℓjj)× BR(W∗ → hadrons) (5.11)

+ϵ(ℓ1)ϵ(ℓ2)(1 − ϵ(ℓ3))× BR(N → ℓjj)× BR(W∗ → leptons)

+ϵ(ℓ2)ϵ(ℓ3)(1 − ϵ(ℓ1))× BR(N → ℓjj)× BR(W∗ → leptons),

where ϵ(ℓ) is the lepton identification efficiency averaged over the detector. The

probability of having two same-sign leptons is 50% due to the Majorana nature of the

RH neutrino. The probability of having two jets is ϵ(j)2, where ϵ(j) is the single jet

identification efficiency, while the b-veto gives us a factor of (1 − a)2, where a is the

average mistagging rate.

We try to mimic the actual process of determining the selection efficiencies by basing

the efficiency estimates on simulated data other than our primary process. We

estimated the efficiencies of leading lepton and jet identification based on

e+e− → W+W− data, which gives average values of ϵ(ℓ1) = 0.89 ± 0.02 and

ϵ(j) = 0.83 ± 0.02. The identification efficiency for the sub-leading lepton is lower. We

estimated it from e+e− → χ̃+χ̃− data, where requiring at least one lepton, four jets

and a fully reconstructed RH neutrino gives us a sample with over 95% purity4. From

the numbers of single and dilepton events one may estimate the identification
3If one would wish to follow the steps of the cutflow more precisely, one would have to add contri-

butions, where the decay of the RH neutrino leads to two leptons (one being missed), which would be
removed by the N(j) = 2 requirement.

4Quite often the RH neutrino decay leads to a secondary vertex that can help reduce the backgrounds
even further.
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efficiency for the sub-leading lepton. This leads to estimate ϵ(ℓ2) = 0.50/0.46/0.45 for

BP1/BP2/BP3. The b-mistag rate is approximately a = 0.008 as one in four jets arising

from a hadronically decaying W± is a c-jet. Overall this leads to a selection efficiency

of 0.082/0.085/0.083 for BP1/BP2/BP3 for the basic event selection of table 5.2. The

systematic error of these efficiencies is O(10%). We then turn to the cut efficiencies.

The cuts on the leading lepton transverse momentum and energy basically remove the

cases where the leading lepton has not been identified, i.e the third line of eq. (5.12).

This gives a selection efficiency of 98% for all of the benchmark points. Some of the

further cutting efficiencies can also be estimated in a data-driven way from chargino

pair data. If we look at events with two leptons and four jets, where we are able to

reconstruct the RH neutrinos, we may derive estimates of some kinematical

distributions. Specifically, the sub-leading lepton and all hadronic activity of our

signal events arise from the decays of the RH neutrino, so the efficiencies of the cuts

pT(j1) < 70 GeV and pT(ℓ2) < 40 GeV can be directly inferred from data and the

efficiency of requiring HT < 100 GeV can be estimated by looking at the distribution

of HT for events with two RH neutrinos.

For the cut on the second lepton momentum, the data-driven estimate for the cutting

efficiency is 100% for all BPs. For the leading jet momentum the efficiency is 100% for

BP1 and 98% for BP2 and BP3. The total hadronic transverse momentum distribution

would give an average of 67 GeV with a 10 GeV standard deviation, so that, assuming

a Gaussian distribution, the signal acceptance is higher than 99.9%.

The rest of the cutting efficiencies need to be estimated by simulation. To successfully

simulate events, the spectrum needs to be known. The chargino mass is easily

determined from the onset energy of the chargino pair production. The problem is

that the mass of the sneutrino is not too easy to determine from data. For instance,

mono-X signatures, which could give the LSP mass through the endpoint of the

visible spectrum at e+e− colliders [128; 129] cannot be used in the case of a RH

sneutrino LSP as they can be produced only via the Higgs portal or SUSY cascades.

Eventually, the LSP mass can be measured from the endpoint of the lepton energy

spectrum (which is
√

s/2 − mÑ) from the rare decay mode, but the number of events
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is so small that this may not provide a useful bound. Another limit for the LSP mass is

naturally mÑ < mχ̃ − mN , which can be improved with the /ET distribution of the

chargino pair events.

Overall we expect that the simulation should be able to determine the cutting

efficiencies of the remaining cuts with a reasonable accuracy, perhaps with a 20% error

or so. In such a case, there would be an overall systematic uncertainty in the initial

number of charginos decaying to the two-body state of about 30%. However, the

statistical error would be larger, in the range of 50–70% depending on the actual

number of observed events. This would lead to an overall error in the range 55–75%

for the BR(χ̃± → ℓ±Ñ). Since the latter is proportional to the Yukawa coupling

squared, this would give an error of about 25–35% for the determination of the

Yukawa couplings.

5.5 Conclusions

The RH sneutrino is an additional candidate to be the LSP in the NMSSM with RH

neutrinos. If such a sneutrino is the LSP, the higgsinos need to also be at the EW scale

and potentially could be produced at the LHC and future e+e− colliders. However,

when the sneutrino is the LSP, we do not have the advantage of visible sneutrino

decays as a window to neutrino physics. However, the charged higgsino has a small

chance of decaying into a charged lepton and the sneutrino LSP, this decay being

determined by the tiny neutrino Yukawa couplings.

In this paper, we have shown that, if the RH neutrino is so light that the neutral

higgsino will decay via χ̃0 → NÑ, this additional handle will let us find the rare

two-body decay of the chargino at the ILC, χ̃− → l−Ñ, while at the LHC such a

discovery is impossible as the boost between the laboratory frame and the CM frame

is unknown. This rare two-body decay would allow us to estimate the size of the

neutrino Yukawa couplings but, even with the luminosity upgrade of the ILC, the

measurement will be statistically limited and give at best an accuracy of 25%.
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This result would probably constitute the first glimpse into the neutrino dynamics of

our chosen non-minimal SUSY framework.





71

Chapter 6

Exploring high scale seesaw models

through a SUSY portal

6.1 Introduction

Neutrino masses have been known to be non-zero for 25 years [15]. As they are so

much smaller than all other SM fermion masses, one usually assumes that they are

generated by some kind of a seesaw mechanism [40; 41; 45; 130; 131]. The masses are

still generated through the Higgs mechanism, but suppressed by a heavy seesaw

particle, which can be a singlet neutrino (Type-I), a triplet of Higgs bosons (Type-II) or

a triplet of exotic leptons (Type-III) [94; 132].

The seesaw scale is a priori unknown. If the seesaw scale is around the EW scale, one

may be able to produce the seesaw particles directly at the LHC [133; 134; 135; 136].

One of the original ideas [130] was that the smallness of the neutrino masses could be

related to the breaking of a (GUT), i.e., the relevant Yukawa couplings would be of

order unity and the seesaw scale somewhere around MGUT ∼ 1014 GeV. Such energy

scales are obviously out of the reach of present and future colliders.

SUSY, the symmetry between fermions and bosons, is often a necessary ingredient in

formulating models with large separations of scales. Different scale of mass can be

reached when the SUSY is broken. Due to the cancellation between the bosonic and
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fermionic loops, the separation of scales is radiatively stable [65], once it has been

generated by some dynamics. Thus in the supersymmetric framework, scalar masses

would not get quadratic corrections proportional to the seesaw scale and an EW scale

Higgs boson would not be unnatural even if the seesaw scale was close to the GUT

scale.

In the context of high scale seesaw models, supersymmetry has one remarkable

property. The scalar potential, and especially its F-terms being of the form

V = ∑
i

∣∣∣∣∂W
∂φi

∣∣∣∣2 , (6.1)

leads to four-scalar interactions without the seesaw particle but with the seesaw

couplings involved. If the couplings are of the order unity, they are among the largest

ones in the model and could lead to observable consequences.

For definiteness, let us consider the Type-I seesaw model, where the extra

superpotential terms in addition to those of the MSSM are

W = WMSSM + yνL · HuNc + MN NcNc, (6.2)

where we assume yν ∼ 1 and MN ∼ 1014 GeV. When differentiating with respect to

Nc, one gets the term

∑
k

yν∗
ik yν

jk L̃†
i · H†

u L̃j · Hu,

involving only Higgs bosons and left-handed sleptons, which we assume to be at the

TeV scale. If there are significant mass splittings between the sfermion generations,

which could well be generated through Renormalisation Group Evolution (RGE) due

to the large couplings, one might get processes like ν̃i → ν̃jh with a large BR. If the

sneutrinos decay visibly, the decays can be distinguished from mono-Higgs signatures

that could arise from dark matter [137; 138]. Slepton decays with Higgs bosons in the

final state could offer an indication of a high scale seesaw model and thus provide us a

window to scales otherwise beyond our experimental reach.

Our aim is to investigate how could one observe such slepton decay patterns
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involving Higgs bosons in seesaw models of Type-I and Type-III, which have a similar

structure in terms of the TeV scale Lagrangian.

Our paper is organised as follows. Higgs-slepton interactions are described in the next

section, which is followed by a discussion of the production and decay modes relevant

to our research. Our numerical analysis is introduced in the following section, after

which we conclude.

6.2 Higgs-slepton interactions in seesaw models

We shall now look at how the Higgs-slepton interactions arise from our seesaw

models in some detail. In particular, we look at Type-I and Type-III seesaw models.

Both have Yukawa couplings that connect the lepton and Higgs doublets to the

seesaw particles, which form a singlet and triplet under SU(2). The superpotential of

Type-I seesaw is given in eq. (6.2) and for Type-III seesaw it is

W = WMSSM + yνLΣHu + MΣTr(Σ2), (6.3)

where L is the left-chiral lepton doublet and Hu = (H+, H0)T is the up-type Higgs

doublet. The Σ is an antilepton (L = −1) chiral superfield which transforms as (1, 3, 0)

under the SM gauge group SU(3)c × SU(2)L × U(1)Y. The mass term for Σ violates

lepton number by two units.

The superfield Σ can be represented

Σ = σiΣi =
( Σ0/

√
2 Σ+

Σ− −Σ0/
√

2

)
, Σ± =

Σ1 ∓ iΣ2
√

2
, Σ0 = Σ3. (6.4)

The models look very similar in what comes to neutrino mass generation, both having

a lepton and a Higgs doublet coupling to the companion neutrinos. The only

difference is that the L and Hu superfields combine to a singlet in the case of Type-I

and to a triplet in the case of Type-III seesaw. This difference between the two seesaw
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models leads to a difference in the scalar potential which contributes the processes

that lead to slepton decays containing a Higgs boson.

When we expand the neutrino Yukawa terms in the superpotential, we get

W = yν
ij

(
e−i H+

u − 1√
2

νi H0
u

)
Nc

j + . . . , (6.5)

W = yν
ij

(
1√
2

e−i H+
u Σ0

j − νiΣ−
j H+

u +
1√
2

e−i Σ+
j H0

u +
1
2

νiΣ0
j H0

u

)
+ . . . , (6.6)

for Type-I and Type-III, respectively. Here we have included a factor of 1/
√

2 into the

definition of the neutral Higgs field.

Differentiating with respect to the heavy seesaw fields leads to the scalar potentials

V = ∑
k

1
2

yν
ikyν∗

jk ν̃iν̃
∗
j H0

uH0∗
u + . . . , (6.7)

V = ∑
k

1
4

yν
ikyν∗

jk

(
ν̃iν̃

∗
j H0

uH0∗
u + 2ẽ−i ẽ+j H0

uH0∗
u

)
+ . . . , (6.8)

for Type-I and Type-III, respectively. Hence one in general gets Higgs interactions

with sleptons that are non-diagonal in flavour space and, in the case of a high scale

seesaw, to obtain the observed neutrino mass from the mass relation with the

right-hand neutrino, Yuakwa coupling is ”sizeable”, Yν ∼ O(1). After EWSB we have

⟨H0
u⟩ = v sin β (v = 246 GeV), which generates a three-point coupling between

sleptons and the SM-like Higgs.

One may also note that in Type-III seesaw there is a non-flavour-diagonal coupling

between charged sleptons and Higgs bosons, while there is no such coupling in the

case of Type-I seesaw. As we discuss below, this leads to a stronger signal arising from

Type-III than Type-I seesaw. We further notice that, while the usual D-terms of the

scalar potential also contain large couplings between sneutrinos, charged sleptons and

Higgs bosons, such couplings are always flavour-diagonal and cannot result in decays

of the type ν̃2 → ν̃1h, which is our smoking gun signature for high scale seesaw

models. For the non-diagonal coupling in the D-terms, they will not contribute to our

Higgs production signature.
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Besides the decay modes containing Higgs bosons, there are other decay channels and

the visibility of the signal depends on the branching ratios. If the LSP is a

higgsino-like neutralino and the gauginos are heavier than the sleptons, the decays of

the left-handed sleptons arise from the superpotential term yℓLHdEc, so one gets the

decays ν̃ → χ̃±ℓ∓ and ℓ̃± → χ̃0ℓ±. These lead to partial widths

Γ(ν̃j → ℓ±j χ̃∓
i ) = |yℓjj|2|Ui2|2

(m2
ν̃ − m2

χ̃)
2

32πm3
ν̃

, (6.9)

Γ(ℓ̃±j → ℓ±j χ̃0
i ) = |yℓjj|2|Ni3|2

(m2
ℓ̃
− m2

χ̃)
2

16πm3
ℓ̃

, (6.10)

where Ui2 gives the higgsino component of the chargino (for our benchmarks

|Ui2| ≃ 1), Ni3 gives the down-type higgsino component of the neutralino (for our

benchmarks |N13| ≃ 1/
√

2). If the soft slepton masses are not flavour diagonal, an

appropriate linear combination of the leptonic Yukawas corresponding to the flavour

composition of the sleptons must be used.

If the LSP is a gaugino there are additional decay channels ν̃ → νχ̃0 and ℓ̃± → χ̃±ν (if

winos are light) and the decay widths are propotional to g2 instead of |yℓ|2 and

gaugino components instead of higgsino components. Since we have the hierarchy

yℓ11 ≪ yℓ22 ≪ yℓ33 ≪ g, the strength of our signal will depend on the nature of the light

neutralinos and charginos and in the case of higgsinos, the flavour of the heavier

sleptons. As the electron and muon Yukawas are so tiny, in practice the mixing

between the gaugino and higgsino components will be significant for the overall

decay widths of the sneutrinos and charged sleptons unless the gauginos are

extremely heavy.

We shall concentrate on the higgsino case, since, as we shall see, the tau Yukawa

coupling is already so large that it can produce a visible signal, which can practically

arise only from selectrons or smuons with a higgsino-like LSP. The signal containing

Higgs bosons will have a too small branching ratio if stau is the heavy slepton that

decays. Hence in all our benchmarks we make our gauginos heavier than the sleptons.
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6.3 The production and decay mechanisms

To study the high-scale seesaw signatures with Higgs bosons, we build some BPs with

m(ẽ±) < m(µ̃±) < m(τ̃±) and mass splittings between generations larger than

mh ≈ 125 GeV (the mass of the SM-like state h). As we shall see, this will be the

limiting case, where we still can see a signal. If the second slepton (assuming the third

one to be too heavy to be produced efficiently) would be a selectron, the signal would

be similar (as the mixing with gauginos dominates the other decay modes already for

smuons), while in the case of a stau, the signal would almost vanish due to the larger

partial widths from eq. (6.9) and (6.10). We consider the charged current process

pp → ℓ̃±2 ν̃2, where the subscript indicates mass ordering. The charged current portal is

more promising as the final state contains charged leptons even when the sneutrino

decays invisibly.

As discussed above, in Type-III seesaw both sneutrinos and charged sleptons can

decay to final states with Higgs bosons. The dominant process is ℓ̃2 → ℓ̃1h while

ν̃2 → ℓ±χ̃∓
1 , νχ̃0. The Feynman diagram for such a process is shown in figure 6.1.

There is also a process, where the Higgs originates from a sneutrino decay, but that

has a smaller BR as can be seen from eq. (6.8). In Type-I seesaw, only the sneutrino can

decay into a Higgs boson via ν̃2 → hν̃1. The corresponding Feynman diagram is

shown in figure 6.2.

W±

µ̃±

ν̃2

χ̃±
1

ẽ±

χ̃±
1

q

q′

χ̃0

W±

νe

h

µ∓

W±

χ̃0

FIGURE 6.1: The dominant process for charged current slepton-sneutrino production
and the subsequent decay involving a Higgs boson in Type-III seesaw. The W+W−

pair of gauge bosons will decay into leptons and/or jets.
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W±

µ̃±

ν̃2

q

q′

ν̃1

h

ν̃1

W±

FIGURE 6.2: The dominant process for charged current slepton-sneutrino production
and the subsequent decay involving a Higgs boson in Type-I seesaw. The W± boson

will decay into leptons or jets.

These processes can lead to a variety of final state topologies. Currently the lower

limit for charged slepton masses is around 700 GeV (m(ẽ±), m(µ̃±)), for neutralino

masses below 350 GeV [139], which we take as our lower limit of charged slepton

masses1. This means that the overall production rate of slepton-sneutrino pairs will be

low, especially as we have to produce second generation sleptons with a large mass

splitting compared to the first generation ones.

In fact, the production rate at the LHC even with nominal collision energy

(
√

s = 14 TeV) is so low (∼ 30 ab for 1 TeV sleptons), that there will not be sufficient

statistics even at the High-Luminosity LHC (HL-LHC) [140]. Hence we turn to the

proposed High-Energy LHC (HE-LHC) [56] with a nominal collision energy of
√

s = 27 TeV. This increases the production cross section by an order of magnitude

compared to the standard LHC.

Type-III Type-I
N(ℓ) = 0 2484 1842
N(ℓ) = 1 2816 2940
N(ℓ) = 2 794 1268
N(ℓ) ≥ 3 58 169

TABLE 6.1: Lepton number multiplicities for typical BPs in both seesaw models. The
luminosity is 10 ab−1 and the energy is

√
s = 27 TeV.

In table 6.1 we show the lepton multiplicities for some typical benchmark points (BP1

and BP3, defined in table 6.2). We see that the single lepton final state has the highest

events for both seesaw models. As we will lose a part of the signal due to different

1With more compressed spectra m(ℓ̃)− m(χ̃0) ≲ 100 GeV, one obviously can have significantly lighter
sleptons. Such cases need a different analysis strategy than the one adopted here as we rely on large /ET to
suppress SM backgrounds.
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BRs involved in the model, it is reasonable to look at the state with the highest events

first. We also pick the Higgs decay mode to b-quarks as that has the highest BR and

allows to reconstruct the Higgs boson, although not with a too high precision in mass.

Unfortunately the channels with good mass resolution (i.e., γγ and ZZ∗ → 4 leptons)

are too rare to be useful with such a small event rate.

Our signal events will then consist of events with a single lepton, two b-tagged jets

and missing momentum carried by the LSP. The largest SM backgrounds to this final

state arise from the following processes:

• tt̄ production where one the top (anti)quarks decays semileptonically and the

other one hadronically;

• W±h production in the case where the W± boson decays into a lepton and a

neutrino.

These have been considered to be the dominant backgrounds in similar types of

experimental analyses (e.g., [141]).

6.4 Simulation and results

In this section we will describe our numerical toolbox and the MC simulations that we

have pursued with it.

6.4.1 Analysis strategy

The model files are produced by the Mathematica package SARAH v4.14 [116]. This

code also generates a source code for SPHENO v4.0.4 [118; 119] to obtain the mass

spectrum and couplings as well as for MADGRAPH5 v2.8.2 [120] to simulate collider

events. We use PYTHIA v8.2 [121] for parton showering and hadronisation while we

simulate the detector response by using DELPHES3 [122]. We simulate the analysis

and present our numerical results with MADANALYSIS5 v1.8 [125].
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We prepare two BPs for Type-III seesaw and two for Type-I seesaw, which can be

detected in the HE-LHC with 27 TeV collision energy and the integrated luminosity

10 ab−1. We simulate proton-proton collisions to produce the second generation

sneutrino (ν̃2) and slepton (ℓ̃2), which in our cases are smuon-like, and select decays to

the SM-like Higgs boson plus corresponding first generation particles. The mass of ν̃2

and ℓ̃2 should be heavy enough to allow for the decay kinematics. At the same time,

the lower mass bound of the lightest slepton is required to be around 700 GeV [1]. The

particle mass spectra and relevant BRs are shown in table 6.2.

BP1 BP2 BP3 BP4
m(µ̃) (GeV) 895.3 1001.9 885.5 993.2
m(ẽ) (GeV) 701.9 834.0 692.9 993.2
m(ν̃2) (GeV) 886.8 994.3 891.7 998.6
m(ν̃1) (GeV) 692.8 826.2 697.5 830.2

BR(ℓ̃2 → ℓ̃1 + h) 74.6% 63.1% 0% 0%
BR(ν̃2 → ν̃1 + h) 12.2% 6.7% 30.9% 20.4%

LSP 410.4(χ̃0) 410.4(χ̃0) 410.4(χ̃0) 410.4(χ̃0)
NLSP 413.3 (χ̃±

1 ) 413.3(χ̃±
1 ) 413.3 (χ̃±

1 ) 413.3 (χ̃±
1 )

TABLE 6.2: Mass spectra and BRs of our BPs. BP1 and BP2 are for Type-III seesaw
while BP3 and BP4 are for Type-I seesaw. For all of these benchmarks we have bino
and wino-like neutralinos with masses of 1100 GeV and 2300 GeV, which leads to a
gaugino component of about 0.3% for the LSP. The relevant neutrino Yukawas are in

the range 0.3 < |yν| < 0.5 with ∑k yν
1kyν

2k ≃ 0.2.

All of the BPs have the same LSP and Next-to-LSP (NLSP), which are higgsino-like

neutralinos and charginos. BP1 has a mass spectrum similar to BP3 and the same

situation arises between BP2 and BP4. However, there is a significant difference in the

Higgs production cross section times BRs between Type-III seesaw and Type-I seesaw.

For the sneutrino decay process, Type-I seesaw has BRs larger than the Type-III ones,

which can be traced back to the factors in eq. (6.7) and (6.8). However, the charged

slepton decay channel does not exist in Type-I seesaw whereas it dominates the Higgs

signal in Type-III seesaw, consistent with eq. (6.7) and (6.8). As the slepton masses

increase, the BR shows a decreasing trend.

The BR for µ̃± → ẽ±h is high in Type-III seesaw, since the competing decay mode of

eq. (6.10) is proportional to the small muon Yukawa coupling squared or the small

gaugino-higgsino mixing factor squared. Had the second slepton been a selectron, the

BR would have been similar as the gaugino-higgsino mixing would dominate the
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decays to neutralinos/charginos, while for staus the corresponding branching ratio is

only a few percent as the tau Yukawa is large enough to dominate the branching ratio.

Number of leptons N(ℓ) = 1
Number of b-jets N(b) ≥ 2

Transverse momentum of electron pT(e) > 5 GeV
Transverse momentum of muon pT(µ) > 3 GeV

Transverse momentum of jet pT(j) > 17 GeV
Absolute pseudorapidity of electron |η(e)| < 2.5
Absolute pseudorapidity of muon |η(µ)| < 2.4

Absolute pseudorapidity of jet |η(j)| < 2.4
Relative distance in (η, ϕ) between any two visible objects ∆R ≥ 0.5

TABLE 6.3: The multiplicity requirements for our final state topology (ℓ = e, µ), and
the definitions of the various objects. Note that we allow for any number of non b-jets.

As a pre-selection, we require a single lepton and at least two b-jets, as shown in table.

6.3. We use a working point, where the b-jet tagger achieves 70% efficiency and only a

1.5% probability of misidentifying a light-parton jet as a b-one [142]. Then several cuts

are imposed to select the Higgs signal as per the process in figure 6.1. The leading

lepton is dominantly produced from the process ν̃1 → e + χ̃±
1 . As the mass difference

between sneutrino and the lightest chargino is larger than 500 GeV for BP1 and 400

GeV for BP2, we choose the transverse momentum of the leading lepton to be larger

than 400 GeV to preserve the single lepton signal and reduce the background, as

shown in figure 6.3. The MET cut is chosen to be 500 GeV as the NLSP mass is around

that value. In order handle properly the MC generation of the tt̄ background, we add

a cut at the generation level (MET above 300 GeV) so as to generate this SM process

automatically in the signal region of interest. The Higgs selection is done by choosing

the interval of invariant mass of the leading and next-to-leading b-jets from 100 GeV to

150 GeV. Figure 6.4 shows a peak around the SM-like Higgs mass for the signal and

W±h background, while the tt̄ noise is rather flat therein. Hence, this requirement

proves effective against the latter. Finally, the 100 GeV cut on the transverse mass

defined using the highest pT lepton plus missing transverse momentum, MT(l1, /ET),

can also significantly reduce background, especially tt̄, as evident from figure 6.5.
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FIGURE 6.3: The distribution in transverse momentum of the leading lepton after the
pre-selection (and generation-level) cuts.

FIGURE 6.4: The distribution in invariant mass of the leading and next-to-leading b-
jets after the pre-selection (and generation-level) cuts.

FIGURE 6.5: The distribution in transverse mass of leading lepton plus MET after the
pre-selection (and generation-level) cuts.

6.4.2 Numerical analysis

We have applied the cuts of table 6.4 to all BPs as well as backgrounds and the results

are presented in table 6.5, for the discussed HE-LHC energy and luminosity. As

expected, Type-III seesaw preserves more signal events (25.8 for BP1 and 27.7 for BP2)

than Type-I seesaw (15.5 for BP3 and 9.2 for BP4). Furthermore, BP2 and BP4 show the

interesting feature of having fewer initial events (compared to BP1 and BP3,
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Transverse momentum
of leading lepton pT(ℓ1) > 400 GeV

Missing transverse energy /ET > 500 GeV
Invariant mass of b1, b2 100 GeV < M(b1b2) < 150 GeV

Transverse mass
of leading lepton MT(ℓ1, /ET) > 100 GeV

and missing momentum

TABLE 6.4: The full set of cuts used in the MC analysis.

respectively) but displaying a similar final result. This is because the sneutrino and

smuon in BP2(BP4) are heavier than those in BP1(BP3), leading to a larger MET and

higher transverse momentum of the leading lepton (pT(ℓ1)), thereby increasing the

efficiency of the corresponding selections.

The significances are shown in table 6.6, for the usual HE-LHC parameters, wherein

one can appreciate rather significant signal excesses above the SM backgrounds for

Type-III seesaw while for Type-I seesaw the sensitivity is somewhat limited (but larger

values of Yukawa couplings could be probed and there could be room to improve the

analysis or increase the amount of data). We also tested a benchmark similar to BP1,

but with the mass ordering m(ẽ) < m(τ̃) < m(µ̃) with the smuon too heavy to be

produced. This gave just 0.6 events after the cuts, so we can get a significant signal

only arising from selectrons or smuons and their sneutrinos.

Cut BP1 BP2 BP3 BP4 W±h tt̄ Total background
Initial 6150 3650 6220 3660 9250000 2170000 11420000

N(b) ≥ 2 1095 549 506 193 1585690 691090 2276780
N(ℓ) = 1 482 255 238 90.4 835311 224927 1060238

/ET > 500 GeV 136.5 105.1 60.3 37.3 423 126239 126662
M(b1b2) > 100 GeV 113.2 86.5 52.9 27.1 380 118569 118949
M(b1b2) < 150 GeV 46.7 43.8 28.0 13.9 236 10706 10942
pT(ℓ1) > 400 GeV 25.8 27.7 15.5 9.2 15.3 203 218

MT(ℓ1, /ET) > 100 GeV 25.8 27.7 15.5 9.2 3.1 19.9 23.0

TABLE 6.5: The response of the signal BPs and backgrounds to the application of the
full cutflow used in the MC analysis. The luminosity is 10 ab−1 and the energy is√

s = 27 TeV.

BP1 BP2 BP3 BP4
Significance 3.69σ 3.89σ 2.49σ 1.62σ

TABLE 6.6: Significance of the BPs for the HE-LHC parameters of table 6.5.
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In addition it is essential for our analysis that there is a significant mass splitting

between the sleptons and the LSP. With a softer MET cut the tt background would be

problematic, while the cut on the transverse mass of the lepton and MET would keep

W±h under control.

In summary, though, it is clear that the HE-LHC is a machine with clear potential to

access high scale seesaw models (like Type-III and Type-I embedded within the

MSSM) by exploiting the SM-like Higgs (eventually decaying to bb̄) plus a hard lepton

and MET signature.

6.5 Conclusions

How neutrino mass generation occurs in Nature is one of the outstanding questions in

particle physics. Current probes of neutrinos hardly include colliders, as herein such

particles appear as /ET, thereby offering no scope to identify their properties. However,

in a supersymmetric world, there exist sneutrinos, which share with neutrinos their

interactions. Therefore, given that sneutrinos can decay visibly at the LHC (i.e., inside

the detectors), it makes sense, in order to study neutrino properties in supersymmetry,

to study sneutrinos. One, however, needs a paradigm for supersymmetry to do so, i.e.,

a model realisation of it, which we assumed here to be the MSSM, supplemented with

two kinds of seesaw mechanism for (s)neutrino mass generation, the so-called Type-I

and Type-III. These mechanisms have a similar structure to generate neutrino masses

and hence both lead to Higgs-sneutrino interactions, which are non-diagonal in

flavour space.

These two are examples of high scale seesaw mechanisms, wherein the companion

neutrinos (to the SM ones) can have masses of order 1012 − 1014 GeV. However,

left-handed sneutrino and slepton masses are necessarily linked to the typical

supersymmetry breaking scale, which ought to be 10 TeV or so at the most (in order to

preserve gauge coupling unification, successful dynamical EWSB, etc.). In the case of a

high seesaw scale the neutrino Yukawa couplings are among the largest ones in the

model and, due to the structure of the supersymmetric scalar potential, they can lead
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to observable consequences at the supersymmetry breaking scale. We found that the

current LHC, for which
√

s = 14 TeV (in turn recalling that
√

ŝ is only a fraction of

that), cannot test such seesaw scenarios. However, a possible energy upgrade has been

proposed for it: the so-called HE-LHC. This offers
√

s = 27 TeV (and
∫

L dt = 10

ab−1), therefore, it is in a position to test the aforementioned seesaw scenarios of

neutrino mass generation.

In this section, we have, in particular, tested the scope of a particular signal stemming

from these two seesaw mechanisms. In fact, the signature is common to both, i.e.,

charged current induced slepton-sneutrino production and subsequent decay into the

SM-like Higgs boson (in turn decaying to bb̄ pairs), a single lepton (l = e, µ) and MET

(or /ET). Upon assessing that the single lepton channel (as opposed to multi-lepton

ones also stemming in these two scenarios) is the most sensitive one, for any number

of b-jets beyond 1, we have devised a simple cut-and-count analysis, deployed

identically for both Type-I and -III, that has enabled us to reach evidence to discovery

significances at the HE-LHC for the Type-III case while for the Type-I case a more

refined selection and/or additional data would be required. This was shown, in both

cases, for BPs currently compliant with standard theoretical requirements as well as

current experimental searches.

Parameterwise, the signature requires the gauginos to be heavier than the sleptons, a

sufficient mass splitting (≳ 300 GeV) between the sleptons and the higgsino-like LSP

and a sufficient mass splitting between the slepton generations so that the decay with

a Higgs boson is kinematically allowed.

Even though this signal is common to the two seesaw models, the fact that in Type-I

seesaw only sneutrinos have decay modes containing Higgs bosons, while for Type-III

also charged sleptons have such decay channels allows us to distinguish the models.

This distinction might be more difficult at a hadron collider but, if there was an

electron-positron collider with sufficient collision energy, the pair production of

charged sleptons above
√

s = 2mℓ̃ would lead to an enhanced signal with Higgs

bosons in case of Type-III, while no such an enhancement would be present in Type-I.
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As an outlook of our work, we would like to highlight that the FCC-hh [143], running

at
√

s values up to 100 TeV, will not improve the scope of the HE-LHC since, herein,

background rates increase more that the signal ones that we pursued (although this

may not be true for other channels not considered here).

Altogether, we have shown that there exist cases where, in supersymmetric theories, it

is possible to probe the neutrino mass generation mechanism through sneutrino

physics while the (seesaw) scale related to this mechanism is extremely high, roughly,

up to 1014 GeV.
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Chapter 7

CP-violation effects in the BLSSM

with inverse seesaw

7.1 Introduction

The non-zero mass of the neutrino has been observed by several experiments, which is

a firm hint for BSM physics. Neutrinos are assumed to be massless in the SM for two

reasons. First, there are no RH neutrinos to couple as Dirac fermions. Second, the SM

strictly conserves the Baryon minus Lepton (B − L) number. To address this, the SM

can be extended by a new B − L symmetry, allowing for the detection of the Majorana

nature of neutrinos. The B − L extended model leads to new testable signals, including

a neutral gauge boson Z′ and a new Higgs state that breaks the U(1)B−L gauge group.

As mentioned repeatedly, a seesaw mechanism provides an elegant explanation for

neutrino masses. In the canonical seesaw mechanism, such as Type-I seesaw, RH

neutrinos acquire mass at the B − L symmetry breaking scale (TeV or so), which is

around the SUSY breaking scale. Consequently, the Yukawa coupling is constrained to

be an order of magnitude smaller than 10−6. The inverse seesaw mechanism can

alleviate constraints on the Yukawa coupling, making it more feasible to be tested at

the LHC. By introducing two SM gauge singlet fermions, the light neutrino obtains its
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mass when one of the two singlets interacts with the RH neutrino. The other singlet

can serve as a DM candidate.

The origin of CP violation in the BLSSM arises from the neutrino mass generation

mechanism. There are two sets of superpotential couplings required to generate

neutrino masses. Either of them can be complex, resulting in CP violation in the

leptonic sector. If the neutrino dynamics further includes CP-violation, the latter may

eventually manifest itself in specific kinematical observables, which appears as a

difference in the angular distributions of multi-body decay processes of a particle and

corresponding antiparticle. The TPAs are proportional to the scalar triple product of

the generic form:

TPA = v⃗1 · (v⃗2 × v⃗3), (7.1)

where the vector v⃗i are the three-momenta of final state particles. TPAs are generally

T-odd observables and those that can violate CP symmetry are known as ’true’ TPAs.

TPAs can serve as an indicator of CP-violating new physics with a relatively clean

background from the SM (only onset by CKM effects), which can lead to a deeper

understanding of the CP-properties of any new interaction [144].

In this chapter, we plan to discuss TPAs in the SUSY version of B − L extended model

combined with inverse seesaw mechanism, known as the BLSSMIS. The structure of

this chapter is as follows. The BLSSMIS model is described in Section 2. This is

followed by a discussion about signal and background rates at the FCC-hh. Current

progress and future work will be presented, finally.

7.2 Model description

The BLSSMIS extends the MSSM by adding three parts. The first part contains two SM

singlet chiral Higgs superfield χ1 and χ2 with B − L charge equal to +1 and −1,

respectively. When the scalar components of the superfields χ1 and χ2 get their VEVs,

they break the U(1)B−L symmetry spontaneously. The second part includes three SM

singlet chiral superfields: Ni (i = 1, 2, 3) with B − L charge equal to −1. They are used
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to cancel the U(1)B−L anomaly and the fermionic component of Ni is considered as a

RH neutrino. The third part consists of two chiral SM singlet superfield S1 and S2 with

B − L charge equal to +2 and −2, respectively, in order to implement the inverse

seesaw mechanism [145; 97]. The superpotential of the leptonic sector is

W = YELH1Ec + YνLH2Nc + YSNcχ1S2 + µH1H2 + µ′χ1χ2. (7.2)

When the EW symmetry and B − L symmetry break, the Higgs fields and the χi

(i = 1, 2) get a VEV. The neutrino interaction is as follows

L = mDν̄LNc + MN N̄cS2, (7.3)

where mD = Yνv sin β and MN = YSv′ sin θ, with tan β = v2
v1

= ⟨H2⟩
⟨H1⟩ and

tan θ =
v′1
v′2

= ⟨χ1⟩
⟨χ2⟩ . Specifically, v2 = v2

1 + v2
2 and v′2 = v′1

2 + v′2
2. The LH neutrino

masses are related to a small mass term µSS̄c
2S2S2, with µS ≈ O(1) keV, which can

emerge at the B − L scale from the non-renormalizable term in the superpotential χ4
1S2

2
M3

1
,

with M1 an intermediate scale of the order O(107) GeV [145]. The 3 × 3 neutrino mass

matrix of one generation has the following form (in the basis (νL, Nc, S2)):

Mν =


0 mD 0

mD 0 MN

0 MN µS

 . (7.4)

one finds the physical light and heavy neutrino masses are

mνL =
m2

DµS

M2
N + m2

D
(7.5)

and

mνH,H′ =
√

M2
N + m2

D, (7.6)

respectively.
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FIGURE 7.1: The process for sneutrino-sneutrino production and corresponding decay.
The W± boson will decay into jets.

7.3 Simulation and results

The model files are produced by the Mathematica package SARAH v4.14 [116]. This

code also generates a source code for SPHENO v4.0.4 [118; 119] to obtain the mass

spectrum and couplings for MADGRAPH5 v2.8.2 [120] to simulate collider events. We

use PYTHIA v8.2 [121] for parton showering and hadronisation while we simulate the

detector response by using DELPHES3 [122]. We carry out the MC analysis and present

our numerical results using ROOT [146].

We prepare our BPs so that they can be detected at the FCC-hh [147] with 100 TeV

collision energy and integrated luminosity 3000 fb−1. The Delphes card in the FCC-hh

is redesigned to satisfy higher PU and enhance the tagging efficiencies. We consider

the process pp → Z′ → ν̃ν̃. One of the sneutrino decays into the lightest chargino plus

lepton, then this chargino cascades into the lightest neutralino and W± boson, leading

to a di-jet final state. The other sneutrino decays to neutrino plus neutralino. As a

result, we get a ’di-jet + di-lepton + MET’ signal (hereafter, j1(2)) refers to the

highest(lowest) pT jet). The Feynman diagram of such a process is shown in figure 7.1,

which we will then use to define T-odd observables, so as to test the TPA scope in

extracting CP-violation effects. The major SM background here arises from the

process: pp → W± + jj, where the W± boson decays into lepton and neutrino.
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MET /ET > 300 GeV
Transverse momentum of all jets pT(j1,2) > 100 GeV

Transverse momentum of second leading jet j2 pT(j2) > 200 GeV
Relative distance in (η, ϕ) between j2 and l (either lepton) ∆R ≤ 1.5

TABLE 7.1: The full set of cuts used in our MC analysis.

T/ET l j2 Ns ϵs =
Ns
N Nb ϵb =

Nb
N S = σs · ϵs · L S = σb · ϵb · L S√

S+B
|T/ET l j2 | > 0.001 204500 0.409 840 0.0042 6418.64 2.26e+07 1.167
|T/ET l j2 | > 0.01 148000 0.296 460 0.0023 4632.93 1.25e+07 1.272
|T/ET l j2 | > 0.05 72000 0.144 120 0.0006 2261.93 3.16e+06 1.310
|T/ET l j2 | > 0.1 43500 0.087 40 0.0002 1362.26 1.36e+06 1.349

TABLE 7.2: The T/ET l j2 dependent rates for signal and background following the cuts
described in the text.

Despite the TPAs are formally non-zero for the CP-violating signal and strictly zero for

the background (aside from tiny CKM driven effects) and since their measurement is

subject to both statistical and systematic errors, we ought to minimize as much as

possible the size of the background, to avoid it contaminating the signal region in the

various T-odd observables. Several cuts are thus imposed. We have listed the full set

of these in table 7.1. Now, it can be seen that the /ET distribution of the signal differs

from that of the W± + jj background, as per figure 7.21. In order to suppress the

background, we have finally chosen events with /ET larger than 300 GeV. Furthermore,

based on the distribution of jet transverse momentum in figure 7.3 and figure 7.4, we

filter the signal and background requiring pT(j1,2) > 100 GeV and pT(j2) > 200 GeV.

The distribution of relative distance in (η, ϕ) between j2 and either lepton l is shown in

figure 7.5. There is a different trend in the lower range between signal and

background, thus we select only events with ∆R ≤ 1.5.

Amongst the various TPA distributions that one can construct with the selected final

state, there is one allowing for a good discrimination between signal and background,

which is T/ET l− j2 , for the, e.g., negatively charged lepton. Therefore, we exploit this

distribution first to attempt extracting our CP-violating signal. By attempting various

cuts away from the CP-conserving limit (i.e., T/ET l− j2 = 0), we extract several

significances for our signal, as given in table 7.2.

1To effectively manage the MC generation of the background, we have implemented a generation-level
cut (/ET above 200 GeV) for the W± boson: this has allowed us to automatically generate this SM process
within the desired signal region of interest.
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FIGURE 7.2: The distribution of the missing transverse energy for the CP-violating
events and the background. Here we have normalized the distributions to unity.

FIGURE 7.3: The distribution of the transverse momentum of the leading jet j1 for the
CP-violating events and the background. Here we have normalized the distributions

to unity.
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FIGURE 7.4: The distribution of the transverse momentum of second leading jet j2 for
the CP-violating events and the background. Here we have normalized the distribu-

tions to unity.

FIGURE 7.5: The distribution of the relative distance in (η, ϕ) between j2 (the second
leading jet) and l (the lepton). Here we have normalised the distributions to unity.
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T/ET J1 J2
Ns ϵs =

Ns
N Nb ϵb =

Nb
N S = σs · ϵs · L S = σb · ϵb · L S√

S+B
|T/ET j1 j2 | > 0.001 79600 0.398 1950 0.0039 6236.60 2.11e+07 1.321
|T/ET j1 j2 | > 0.01 148000 0.377 1750 0.0035 5905.39 1.90e+07 1.328
|T/ET j1 j2 | > 0.05 62200 0.311 1250 0.0025 4881.5 1.35e+07 1.358
|T/ET j1 j2 | > 0.1 52000 0.260 850 0.0017 4079.4 9.53e+06 1.361

TABLE 7.3: The T/ET j1 j2 dependent rates for signal and background following the cuts
described in the text plus the additional cut condition pT(j1) > 300 GeV.

As the significances are not very large, we attempt next another selection, based on

another TPA distribution: T/ET j1 j2 . In table 7.3, we also exploit an additional cut,

pT(j1) > 300 GeV, which yields slightly better results in comparison, yet, still not

enough to claim significant sensitivity.

Therefore, our ongoing work is focusing on identifying new BPs to increase both the

cross section of the signal and its significance, possibly following the implementation

of a more efficient set of cuts to suppress the SM background further.
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Chapter 8

Conclusions

In this thesis, we have introduced the SM and the motivations to extend it with some

BSM physics. In particular, we have concentrated on SUSY models combined with

high scale seesaw mechanisms which can be tested at future colliders, both hadronic

and leptonic. In fact, this was the core content of this thesis. To set the stage from the

phenomenological point of view, we have then introduced the LHC and ILC,

including the detector prototypes that we have used in our MC analyses (CMS and

ILD, respectively).

The actual realisations of SUSY combined with a seesaw mechanism that we have

tackled in this thesis have been as follows. First, we have studied the NMSSMr with a

RH sneutrino as DM candidate within a Type-I seesaw scenario at the ILC, through a

process which allowed us to estimate the relevant Yukawa couplings. We have then

introduced a method to access Higgs-slepton couplings in the minimnal SUSY setup

(MSSM) in presence of the Type-I and Type-III seesaw mechanisms, both realised at

high scales, at the HE-LHC. Presently, we are studying CP-violation effects in the

BLSSMIS through TPAs at the FCC-hh and a paper will be oit soon.

We have demonstrated that, in the NMSSMr, the RH neutrino can be the LSP which is

a candidate of DM. In this scenario, the higgsinos can be produced at the LHC and

ILC at the EW scale. Although the LSP is prohibited to decay, the charged higgsino

has a small chance of decaying into a charged lepton plus the RH sneutrino. This
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decay is determined by the tiny neutrino Yukawa couplings. From Chapter 5, it can be

seen that the neutral higgsino can decay via χ̃0 → NÑ when the RH neutrino is light

enough. This gives us a window to find the rare two-body decay of the chargino,

χ̃− → l−Ñ, leading us to estimate the scale of neutrino Yukawa coupling. However,

the measurement will be statistically limited and give at best an accuracy of 25%, even

with the ILC luminosity upgrade. Even this limited accuracy should be enough,

though, to test the consistency of the seesaw model, i.e., that the neutrino masses are

generated by a Type-I seesaw and not by some more extended seesaw model like the

inverse or linear ones. Clearly, the requirement introduced by the CM energy of the

ILC being fixed at discrete values all below the TeV scale, as opposed to the LHC case

where, at the partonic level,
√

ŝ can be well beyond it, limits the region of the

NMSSMr space that can be accessed. However, we can confirm that this is continuous

and finite, from which we have then drawn representative BPs that can be used for

experimental analysis at such a future e+e− linear machine.

We have then discussed the MSSM with a Type-I and Type-III seesaw at high scale. A

signal generated by the two seesaw mechanism above has been then tested: charged

current induced slepton-sneutrino production and cascade decay into the SM-like

Higgs boson, a single lepton and MET. Compared to a multi-lepton channel, the single

lepton channel is more sensitive when the number of b-jet is larger than one. This

signal is common to both the Type-I and Type-III seesaw mechanism. In the Type-I

case, only the sneutrino can decay into the Higgs boson whereas in the Type-III case

the charged slepton also has such a decay channel, enabling us to distinguish between

the two seesaw models. Conducting an identical cut-and-count analysis for both

seesaw cases has allowed us to obtain evidence to observe the Type-III seesaw

mechanism at the HE-LHC while the Type-I case may need more data or a more

efficient selection. This signal can be enhanced at a future electron-positron collider

with sufficient collision energy. In contrast, the FCC-hh will not be able to improve the

significance, as the background rate increases more than the signal.

The last part of the thesis was devoted to study the BLSSMIS, this time with

neutralino DM, at a future collider, specifically, the FCC-hh, in presence of (explicit)
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CP-violation in the Yukawa sector. The signature we pursued was that of sneutrino

pair production via a Z′ portal, yielding (via light chargino decays) a ‘di-jet +

di-lepton + /ET’, of which we studied T-odd observables, which are naturally zero in

the absence of CP-violation, hence, typically so for the SM (apart from tiny CKM

effects). The ensuing TPAs can serve as an efficient way to detect such CP-violation in

the BLSSMIS, despite it manifests itself at high scales. Based on our current results, the

cross sections of the signal is not very large to enable to fully exploit the powerof the

TPAs, altogether making it difficult to distinguish the signal from the SM background,

which leaks into the signal regions because of experimental uncertainties (both

statistical and systematic) in the measurement of the T-odd observables. Thus,

ultimately, we cannot presently establish the CP-violating signal presence with

enough significance. However, the analysis is still ongoing and we are confident that

new BPs will be found, enabling us to establish FCC-hh sensitivity to the CP-violating

BLSSMIS, possibly also exploiting a more efficient set of cuts.
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