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Abstract

The primary hypothesis on which the Thesis relies is the existence of additional

scalar particles other than the Higgs boson discovered in 2012 at LHC. Finding other

scalar particles would have a conspicuous effect on the future development of particle

physics.

I consider the Higgs Triplet Model (HTM) not restricted by the custodial symme-

try and the Minimal Left-Right Symmetric Model (MLRSM). The models include scalar

triplets with different complexity of scalar potentials and, due to experimental restric-

tions, completely different scales of non-standard triplet vacuum expectation values.

In both models, a doubly charged Higgs boson H±± can acquire a mass of hundreds

of gigaelectronvolts, which can be probed at HL-LHC, future e+e−, and hadron col-

liders. Notably, H±± particles are connected with different neutrino mass generation

mechanisms, seesaw type-I in case of MLRSM, and seesaw type-II in case of HTM. Thus,

collider’s H±± discovery signals can help to understand neutrinos’ properties.

I consider H±± production and decay in e+e− and pp colliders, including possible

clean four charged lepton signals without missing energy in the final state. The signals

are compared with the Standard Model background predictions. In signal estimates, I

take into account a comprehensive set of constraints on the parameters of both models

coming from neutrino oscillations, LHC, e+e− and low-energy lepton flavour violating

data.

I show that the discovery of the H±± leptonic signals over the SM background

in two models is possible and for which parameters there is a chance to discriminate

between the models when four leptons are identified in the final state.
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Streszczenie

Podstawową hipotezą na której opiera się niniejsza rozprawa doktorska jest ist-

nienie dodatkowych cząstek skalarnych, innych niż bozon Higgsa odkryty w 2012

roku w eksperymencie LHC w CERN-ie. Znalezienie dodatkowych cząstek skalarnych

nadałoby duży impet rozwojowi fizyki wykraczającej poza Model Standardowy.

W pracy rozważam model z trypletem pól Higgsa (HTM) który nie jest ogranic-

zony przez tzw. symetrię opiekuńczą oraz minimalny model symetryczny lewo-prawo

(MLRSM). Modele te zawierają skalarne tryplety o różnej złożoności potencjałów skalarnych

oraz, ze względu na ograniczenia eksperymentalne, zupełnie różne skale niestandard-

owych wartości oczekiwanych stałych próżniowych trypletów. W obu modelach pod-

wójnie naładowany bozon Higgsa H±± może uzyskać masę setek gigaelektronowoltów,

cząstki takie można badać w HL-LHC, przyszłych zderzaczach e+e− i zderzaczach

hadronowych. Warto zauważyć, że cząstki H±± są powiązane z różnymi mechaniz-

mami generowania mas neutrin, huśtawki typu-I w przypadku MLRSM i huśtawki typu-II

w przypadku HTM. Zatem odkrycie cząstek H±± w zderzaczach może doprowadzić do

lepszego zrozumienia własności neutrin.

W rozprawie skupiam się na przypadku produkcji podwójnie naładowanych bo-

zonów Higgsa H±± w zderzaczach e+e− i pp z ich późniejszym rozpadem na cztery

naładowane leptony. Sygnał ten jest porównany z tłem w ramach Modelu Standardowe-

go. Przy oszacowaniu sygnału uwzględniam szerokie spektrum istniejących ograniczeń

dotyczących parametrów obu modeli pochodzących z oscylacji neutrin, eksperymentów

LHC, e+e− i niskoenergetycznych danych łamiących zapachowe liczby leptonowe.

W rozprawie pokazuję, że odkrycie sygnałów leptonowych pochodzących od bo-

zonów skalarnych H±± ponad standardowe tło w obu modelach jest możliwe i oba

modele mogą być rozróżnione przy identyfikacji czterech leptonów w stanie końcowym

dla określonego zakresu parametrów modeli.
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1 Introduction

1.1 Meaning of the Higgs boson in particle physics

In general, the name boson describes integer spin objects that follow the Bose-Einstein

statistics, as opposed to half-integer spin fermions, which obey the Fermi–Dirac statis-

tics crucial for atoms formation (Pauli exclusion principle). The boson might be an

elementary particle or a composite one. Even a bound state of two fermions might

behave like an integer spin particle, as in the case of superconductivity, when two elec-

trons are combined into a bound state called Cooper pairs.

Depending on the value of the spin and parity behavior under the Lorentz trans-

formation, we distinguish vector bosons (for example gauge bosons with spin equal to

1), scalars (for example the Higgs boson, spin 0, even parity), and pseudoscalars (for

example π mesons, spin 0, odd parity). Among the elementary particles within the

Standard Model (SM), we classify force carriers vector bosons, which intermediate the

fundamental interactions: photon γ (electromagnetism) , Z, W± (weak interactions),

and gluons (strong interactions). These non-zero spin carriers of fundamental interac-

tions are completed by one extraordinary spin-zero particle, the Higgs boson. With

gathered statistics and its decay rate to γγ [1,2], we know already that the spin-parity

of the Higgs boson discovered in 2012 (throughout the thesis we will call it H0) is dom-

inantly CP-even JP = 0+ [3–7]. Establishing spin of H0 is non-trivial, it is summarized

in Fig. 1 [8].

The present Particle Data Group H0 mass is [9]

mH0 = 125.25 ± 0.17 GeV. (1.1)

It is the second among heaviest SM elementary particles1, heavier is the top quark

(mt ≃ 173.2 GeV), lighter are gauge bosons: mW ± ≃ 80.385 GeV, mZ0 ≃ 91.1876

GeV [11].

1Interestingly, as noticed in [10], taken masses of the heaviest particles of spin zero, half, and one,

1
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Figure 1: Tests of spin-parity hypotheses for the Higgs boson. Scenarios favour strongly

the 0+ assignment expected in the SM. Figure taken from [8].

Discovered in 2012 Higgs boson is responsible for a basic mass generation mechanism

of fermions and gauge bosons2. It was the last missing element of the Standard Model,

and the scalar boson discovery at the LHC [13–15] confirmed the role it plays in parti-

cles mass generation through spontaneous symmetry breaking (SSB). Observed decays

of the Higgs boson to gauge boson particles W+W− and ZZ [3, 4, 16] fits beautifully

into this picture. Similarly, determination of tt̄H0 couplings in gluon fusion [17–19]

and tt̄H0 production [20] confirm Higgs boson role in fermion mass generation. I will

extend this subject in the section 1.2. The status of H0 after its discovery is described

nicely in reviews [21–23].

we get

ρt = mZ0mt

m2
H0

, (1.2)

ρ
(exp)
t = 1.0022 ± 0.007 ± 0.009. (1.3)

Does it mean that some symmetry is hidden behind the relation (1.2)?
2It has begun a standard calling the SM scalar spin-zero boson the Brout-Englert-Higgs (BEH)

boson [12].

2
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The Higgs boson is connected with the mechanism of spontaneous symmetry break-

ing which brings the situation when the original system’s Lagrangian obeys a symmetry

which is not held anymore for lower-energy solutions. The mechanism of SSB is known

in many contexts, in particle physics within the electroweak theory or chiral symme-

try breaking in quantum chromodynamics (QCD), another example is the Ginzburg-

Landau’s theory in superconductivity3. Superconductivity in low temperatures is de-

scribed by the Bardeen–Cooper–Schrieffer (BCS) theory [24], which postulates that two

electrons with opposite spin directions create a bounded state - a Cooper pair. The

Ginzburg-Landau theory describes this process from the phenomenological perspective

using the SSB mechanism in a form as we use in the SM, see VSM in Eq. (1.4), where

the symmetry breaking parameter is the temperature, changing the sign of the µ2 in

Eq. (1.4).

In the case of QCD, the Lagrangian for the first generation of quarks has a chiral

symmetry under the SU(2)L × SU(2)R, which is broken when quark-gluon plasma

formed hadrons. It is worth noticing that the chiral symmetry in the fermion sec-

tor of QCD is only approximate due to the non-zero quark masses. That is why the

Goldstone bosons will also be massive and called pseudo-Goldstone bosons. After the

SSB SU(2)L × SU(2)R → SU(2)Y, where by Y I mean isospin, three pions appear

as pseudo-Goldstone bosons. The same approach can be used after adding the charm

quark to the theory and considering the SU(3)L ×SU(3)R symmetry breaking. In this

case, apart from the pions, the whole mesons octet plays the role of massive pseudo-

Goldstone bosons, and even the SSB mechanism can be used for describing the baryon

octet and decouplet. More details can be found in [25].

For this thesis, the most important case of SSB is the mass generation mechanism

in the SM and its extensions, which introduce the theory of massive vector bosons and

other scalar particles. The power of the Higgs mechanism comes from its simplicity4,

3Other symmetry breaking examples are discussed in [23].
4Actually, it was to large extent the collective effort by Englert, Kibble, Guralnik, Brout, Englert

3
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expressed by the SM scalar potential

VSM = −µ2Φ†Φ + λ(Φ†Φ)2. (1.4)

This potential is invariant under the SM SU(2)×U(1) symmetry. Φ is the Higgs com-

plex doublet of four real fields, µ is the bare mass term of the potential and λ is the

self-interacting scalars coupling.

An important feature of VSM is that its origin is unstable, and is surrounded by

a valley where ⟨H⟩ ≡ v ≃ 246 GeV, the electroweak vacuum, see Fig.2 which can be

generated in Gnuplot [32] using the following commands:

set xzeroaxis

set yzeroaxis

set isosamples 50

set hidden3d

set parametric

set contour both

splot [0:230][0:2*pi] u*cos(v), u*sin(v), µ2*u**2 + λ*(u**2)**2

By µ2 and λ I mean the potential parameters from Eq. (1.4), so the mass term pa-

rameter and the Higgs self-coupling constant. They are connected with the vacuum

expectation value (VEV) v ot the potential by relation: v2 = −µ2

λ
, and with the SM

Higgs particle’s mass by relation: µ2 = −m2
H0
2 .

Considering fluctuations of the Φ field 1√
2(v+η)ei ξ

v around the minimum of the po-

tential at v2 = −µ2

λ
, the SSB mechanism emerges, which brings mass terms to fermions

(originating from the Yukawa Lagrangian) and gauge bosons W±, Z (originating from

the kinetic Lagrangian), after subtle absorption of the Goldstone fields ξ of the complete

SU(2) × U(1) gauge group. This SM mechanism has been described in my master’s

thesis [33].

and Higgs [26–31] of whom the two last received the 2013 Nobel Prize for Physics.

4
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Figure 2: The shape of the SM scalar potential V (Φ) as a function of the complex field

Φ for parameters µ2 = m2
H0
2 and λ = −µ2

v2 . The minimum of the potential is marked by

a green circle. Points of the circle fulfil condition Φ†Φ = 1
2v.

The SM theory combines electromagnetic, weak, and strong interactions to imple-

ment the gauge boson and their masses and finally introduces the scalar Higgs boson.

In the next chapter, the scalar sector of the SM and its history is presented.

1.2 The Standard Model and hunting for the Higgs boson

As described in [34], for the first time, the mechanism of mass generation was associated

with vacuum fluctuations of another field in 1957 in work by Julian Schwinger [35],

followed by the work of Murray Gell-Mann with Maurice Lévy [36]. The σ-model was

considered. Schwinger has shown how to give masses to nucleons. The model contains

four scalar particles with the O(4) symmetry with local left and right chiral symmetries

of vector fields, O(4) = SU(2)L × SU(2)R.

In 1962 Jeffrey Goldstone, Abdus Salam, and Steven Weinberg showed that the SSB

in field theory leads to the existence of other massless and spinless particles, commonly

called ‘Goldstone bosons’ [37]. Another important paper was written in 1962 by Philip

Anderson [38]. Anderson studied superconductivity and the Meissner effect but showed

5
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how the Goldstone boson could become massive due to an interaction with a gauge

field and raised the possibility of using the SSB mechanism in particle physics. The

idea to use a scalar field and the SSB mechanism to enable the mass generation in the

SM was an extension of those works. It appeared in 1964 in the famous papers by Peter

Higgs [27,28], François Englert, Robert Brout [26] and Gerald Guralnik, Carl Richard

Hagen, Tom Kibble [29]. In those papers, local symmetry is broken, but the Goldstone

field is connected with the third polarisation of a vector gauge particle, which became

massive. Living authors of those crucial papers (François Englert and Peter W. Higgs)

were awarded the Nobel prize in 2013.

The Higgs mechanism and prediction of the existence of a massive scalar particle

was a landmark moment. However, it was still not completing the SM theory, which

bases on the symmetry-breaking mechanism. Among essential papers, it is worth men-

tioning the seminal work firstly by Sheldon Glashow [39], where the author extended

Schwinger’s studies and predicted the existence of the neutral Z vector boson. In 1964

Abdus Salam and John Ward wrote a paper based on a similar idea and predicted a

massless photon and three gauge bosons [40]. In 1967 Tom Kibble extended those stud-

ies to non-abelian gauge symmetries and implemented the SSB mechanism [31]. Then

Weinberg proposed the unified theory of electromagnetic and weak interactions [41]

based on the SU(2) × U(1) gauge group, known since then as the Standard Model.

The only thing left was to prove that the theory is renormalizable, which was done in

1971 by Gerard ’t Hooft [42]. The Standard Model is now also called the Glashow-

Weinberg-Salam model. Those three physicists were awarded the Nobel prize in 1979.

The SU(2)×U(1) SM was completed when the quantum chromodynamics (QCD) sec-

tor with quarks and gluons was based on the SU(3) gauge symmetry exhibiting notions

of asymptotic freedom, discovered in 1973 by David Gross and Frank Wilczek [43,44],

and independently by David Politzer [45] in the same year. For this work, all three

authors shared the 2004 Nobel Prize in Physics. I should add that the so-called eigth-

fold quark model (based on the SU(3) groups of colors and flavors) was suggested

independently in 1964 by Murray Gell-Mann [46] and George Zweig [47].

6
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Hand in hand, experimentalists tested the theory and provided the foundations for

the upcoming theoretical work. Until the fifties, only a few elementary particles were

known, such as photons, electrons, and muons. Electron [48] and muon neutrinos’

existence were predicted theoretically. The electron neutrino was observed in 1956 by

Clyde Cowan, and Frederick Reines [49]. Muon neutrino was discovered a few years

later, in 1962 [50]. The famous experiment by Wu [51], crucial for the SM studies, took

place within that time, confirming the hypothesis formulated by Tsung-Dao Lee and

Chen-Ning Yang, that parity is not conserved in weak interactions [52]. The neutral

current predicted by the electroweak theory (evidence of the Z boson existence) was

observed for the first time in 1973 at CERN [53, 54]. One year later, the τ lepton

was observed at Stanford Linear Accelerator Center (SLAC) and Lawrence Berkeley

National Laboratory [55], but for the discovery of the tau neutrino physicists had

to wait till 2000, when the DONUT experiment confirmed its existence [56]. The

evidence of gluons was established by the PLUTO detector at DESY in 1978 [57] and

the quarks were registered for the first time in 1968 in the electron-proton collision at

SLAC [58, 59]. Due to the hadronisation, there is not possible to observe an unbound

gluon or quark. However, it is possible to detect them indirectly. Deep inelastic e−-p

scattering at SLAC proved that the proton is not an elementary particle and was the

first experimental evidence of quarks’ existence. The observation of the proton inner

structure at SLAC with gluons was observed at PLUTO as a narrow resonance in

e+e− annihilation with quarkonium decay: e+e− → q+q− → 3g → 3j. Experimental

completion of the SM quark sector came with the discovery of the heaviest of them.

The top quark was observed in 1995 at Tevatron [60,61].

So till 2000, when the tau neutrino was observed, almost every particle predicted

by the SM was confirmed experimentally, except the scalar boson - Higgs particle.

Searches for the Higgs boson started in the nineties of the last century at Large

Electron–Positron Collider (LEP) at CERN. There are two main ways to produce the

Higgs boson in electron-positron collision [62]: Higgsstrahlung e+e− → HZ and vector

boson fusion e+e− → e+He−/νeHν̃e. LEP has reached the energy of 209 GeV, so it

7
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potentially could produce a single Higgs particle. LEP has found a 3σ excess around

the 114 GeV [63] but has not observed the Higgs boson directly. LEP was shut down

in 2000, establishing the lower bound on its mass at 114.4 GeV with 95% confidence

level [64]. Searches were also conducted at the proton-antiproton collider Tevatron.

Also, in Tevatron, a slight excess (around 1.5 σ) of data events over the background

estimation was observed between the mass range from 115 GeV to 140 GeV in the bb̄

decay channel [65], excluding a wide range of Standard Model scalar boson masses.

Tevatron was shut down in 2011, but Large Hadron Collider (LHC) had started its

first run with the energy of 7 TeV one year earlier. Now comes the successful story of

the H0 discovery at LHC.

1.3 H0 at LHC: the discovery, current status and HL-LHC

The following figures show the SM Higgs boson H0 decay and production modes, prior

to the H0 discovery when the SM Higgs boson mass was a free parameter.

In Fig. 3 branching ratios for the SM Higgs decay are shown alongside with Feynman

diagrams which dominates at the tree level the H0 production process.

Discovery of the 125 GeV H0 massive scalar at LHC confirmed the theoretical

predictions for branching ratios which are dominated by the heavy flavor fermion decays

(bb̄, ττ), see the upper left plot in Fig. 3. The production process is dominated by

the gluon fusion process (ggF), see Tab. 1 for present precision and accuracy (taken

from PDG 2022 [67]). The corresponding ggF Feynman diagram is given in Fig.3(a).

Other leading production diagrams given in the figure contributing to the Higgs boson

production are the following; VBF: vector-boson fusion (b); WH: Higgs-strahlung (c);

ZH: ssociated production with a gauge-boson (d); associated production with a pair of

top quarks (e); tt̄H: production in association with a single top quark (f) and (g).

Concerning the branching ratios alone, the first clearH0 signals were connected with

the H0 decay to four leptons (muons) but not b-quarks which we could expect from

the branching ratios at mH0 = 125 GeV. This is due to a tricky background. A clear

8
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Figure 3: The decay branching ratios of the Standard Model Higgs boson (top left

plot) and the Standard Model Higgs boson production cross sections (bottom plots) in

the main channels at the
√
s = 14 TeV pp and

√
s = 500 GeV e+e− colliders. Feyn-

man diagrams (a)-(g) are explained in the main text. Plots taken from the arxiv.org

distribution in [66].

discovery that the Higgs boson decays to the third generation of fermions is spectacular,

namely to the pairs of τ leptons and b-quarks. Especially determination of the Yukawa

Higgs boson coupling to b-quarks is difficult, as though this channel amounts to about

60% of Higgs boson decays, the QCD b-quark background is overwhelming [68].

9
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In 2011 LHC observed some significant excesses in W+W−, ZZ, γγ, bb̄ and τ+τ−

decay channels [62]. Finally, on the 4 July 2012 two LHC experiments, ATLAS and

CMS, announced the discovery of the SM-like scalar particle [69, 70].

Table 1: The present, state-of-the-art production accuracy of the H0 production at

LHC, which include higher order radiative corrections, details and references can be

found in the PDG Higgs review Status of Higgs Boson Physics [67].
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Figure 4: On left the H0 discovery result by the ATLAS collaboration for the observed

four-lepton invariant mass, compared to expected backgrounds [13]. On right the H0

discovery result by the CMS collaboration for the observed diphoton invariant mass

distribution [71].
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Figure 5: Summary of experimental results and theoretical recent predictions for a wide

spectrum of processes studied at LHC. Figure taken from the Corfu 2022 talk [73].

Fig. 4 shows the first H0 discovery plots at LHC for
√
s = 7 and 8 TeV. At the

moment, ten years after the H0 discovery in 2012, with gathered 139 fb−1, 7.7 million

of Higgs bosons has been identified 5 [72]. The LHC story continues with the Run-3

update [72,73]. The next step will be the High-Luminosity LHC (HL-LHC) which will

operate at least till the end of the next decade [74] (i.e. ∼ 2038 year, see the scheme in

the next section, Fig. 7). The goal for HL-LHC is to deliver about L = 0.25 ab−1 = 250

fb−1 per year with the aim of integrated total luminosity in the range of 3 to 4.5 ab−1

by the late 2030s [75].

In Fig. 5 I present the summary for recent theory developments and computations

5In this section, I will refer to several recent talks which have been given in September 2022 at the

Corfu SM and Beyond conference. They summarize the present status of some of the most important

presently run and planned colliders.
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for a broad array of processes considered at LHC. These impressive results show a

very good agreement and confirmation for the SM theory predictions (electroweak and

QCD) in hadron collissions, at the percentage level and better.
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2 Higgs searches for future high-intensity and en-

ergy frontiers

In the thesis I will focus mainly on aspects of searching for new Higgs bosons, namely

doubly charged Higgs scalars H±±. These scalar BSM particles give a chance of finding

clear lepton flavour violating effects (LFV) at future colliders. I focus on future e+e−

high energy colliders signals and pp high energy collisions, including planned hadron

colliders and HL-LHC. I will study mainly the leptonic signals, shortly mentioning

gauge boson decays. Some recent detailed works exploring the doubly charged scalars

production at the LHC, with subsequent decay into gauge bosons, can be found in

[76,77]. As we will see, LFV signals are naturally connected with Majorana neutrinos

in model building. So in estimation of detection signals we profit also from present and

foreseen constraints connected with low energy, so-called intensity frontier experiments,

such as nuclear µ to e conversion or (ββ)0ν experiments, see e.g. [78–80]. In one specific

model which we will consider (i.e. HTM model), also neutrino oscillation data will be

relevant.

The scheme in Fig. 6 and Table 2 show some processes along with experiments

which are discussed for improving limits on LFV signals in intensity frontier studies.

More on that will be discussed in section 4.3.
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Figure 6: Estimated duration of individual experiments looking for processes violating

the principle of preserving the lepton number [81].

Process Present limits Expected limits References Experiment

µ+ → e+γ < 4.2 × 10−13 5 × 10−14 [82] MEG II

µ+ → e+e−e+ < 1.0 × 10−12 10−16 [83] Mu3e

µ−Al → e−Al < 6.1 × 10−13 10−17 [84] Mu2e, COMET

µ−Si/C → e−Si/C − 5 × 10−14 [85] DeeMe

τ → eγ < 3.3 × 10−8 5 × 10−9 [86] Belle II

τ → µγ < 4.4 × 10−8 10−9 [86] Belle II

τ → eee < 2.7 × 10−8 5 × 10−10 [86] Belle II

τ → µµµ < 2.1 × 10−8 5 × 10−10 [86] Belle II

τ → e had < 1.8 × 10−8 3 × 10−10 [86] Belle II

τ → µ had < 1.2 × 10−8 3 × 10−10 [86] Belle II

had → µe < 4.7 × 10−12 10−12 [87] NA62

H0 → eµ < 3.5 × 10−4 3 × 10−5 [88] HL-LHC

H0 → τµ < 2.5 × 10−3 3 × 10−4 [88] HL-LHC

H0 → τe < 6.1 × 10−3 3 × 10−4 [88] HL-LHC

Table 2: Current and future experimental limitations for selected lepton number break-

ing processes, based on [81].

Aiming at sub-percent precision for Higgs boson decays, quantitative tests of the

14

29:8247726565



SM for Higgs boson parameters (the mass, decay branching ratios, couplings) need

further scrutinizing studies at HL-LHC and future Higgs factories. These also include

the investigation of the Higgs boson self-coupling [89] and BSM effects in extended

Higgs sector.

Figure 7: Rough timelines of future large colliding beam facilities, the chart taken

from [90].

There are several proposals towards so-called Higgs factories where the first focus

is on study of the Higgs sector of the theory. Fig. 7 gathers the main projects. Some

of them are already operating (RHIC, LHC) accepted for extension (HL-LHC) or are

under construction (Electron-Ion Collider, EIC [91]). The rest is under hot debate,

some features of them will be outlined now. Let me start from several general remarks.

First, each of these project is extremely complicated in terms of physics studies prepa-

rations but in particular in terms of technological and infrastructure planning. As an

example, in Fig. 8 the scheme of action for HL-LHC is shown. Preparation of such

undertakings takes years and decades.

Second, there is a permanent progress in R&D (Research and Development) con-

cerning particles collisions. In Fig. 9 solid and dashed lines indicate a kind of ten-fold

increase per decade for hadron (circles) and lepton (triangles) colliders achievements

in terms of collision energies and luminosities.
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Figure 8: HL-LHC operation stages, the chart taken from [92].

Figure 9: Center of mass energy reach of particle colliders vs their start of operation

(on left). Luminosity of particle colliders (on right). Triangles are lepton colliders and

full circles are hadron colliders. Plots taken from the arxiv.org distribution in [90].

There are a few plans regarding future particle colliders. First, as already written,

the High Luminosity LHC (HL-LHC) will start operating in early 2028 according to the

plans [93]. While the proton-proton LHC reached the integrated luminosity 189.3 fb−1

for ALICE and CMS experiment [94], the HL-LHC is intended to increase that value

to around 3000 fb−1 within 14 years of activity [74].

Another collider planned to be built at CERN is the Future Circular Collider (FCC)

[95]. That project would be located in a new, 100 km tunnel near Geneva. The FCC

is planned to operate in several stages. At the moment, the first stage covers the
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electron-positron collider FCC-ee with center-of-mass energies between 88 and 365

GeV. FCC-ee would be the SM factory for W, Z, the top quark, and H particles, but

also it would cover the flavor physics beyond the current low energy projects, e.g.,

BES-III or Belle [96]. The second stage covers the hadron (pp) collider FCC-hh with

the center of energy goal of the order of 100 TeV, so around seven times higher than

the LHC.

FCC would continue the LHC mission at energy frontiers and also provide the ions

and electron-hadron options for collision (FCC-eh). FCC-hh, defined by the target of

100 TeV proton-proton collisions within 25 years of activity, will be able to reach a

total integrated luminosity of 20-30 ab−1 [97]. In total, the FCC-integrated project

will cover seven decades of analysis, the latest estimates can be found in the talk [98].

The first stage, FCC-ee, is planned6 for years 2040-2055, second, FCC-hh, for years

2060-2070.

The research program of FCC is very broad. Just two examples. In Fig. 10 taken

from [99], it is shown how much precision of SM parameters’ determination will im-

prove with FCC-ee (here W and top quark masses). Typically, the improvements for

electroweak observables are at the level of one to two orders of magnitude [100]. This

sensitivity of course opens the way for studying indirect BSM effects in specific models

or within effective theories [11,101].

Fig. 11 shows the ultimate sensitivity and reach that the FCC-ee project can achieve:

measurement of the electron Yukawa coupling; in other words measurement of the Higgs

boson coupling to electrons (which is, as predicted by the SM Higgs mechanism smaller

than the muon-Higgs coupling by the electron to muon mass ratio).

Continuing the list of considered future colliders, another idea is to run the high

energy LHC (HE-LHC), which could reach the energy of 27 GeV and luminosity around

3 times higher than HL-LHC, giving the integrated luminosity exceeding 10 ab−1 during

6As still nothing is established for good, estimations are changing all the time. In addition, eco-

nomic and even political situations influence the plans, which is especially clear after the 24th February

2022 Russian invasion of Ukraine. This remark refers to all future projects.
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Figure 10: Contours of 68% confidence level from fits of the SM to the electroweak

precision measurements at FCC-ee. The fit is compared to the direct mW and mt

measurements at the W+W− and tt̄ thresholds. For details see [99] from where the

plot has been taken.
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Figure 11: The so-called κe Higgs boson coupling modifier to electrons at present and

future LHC and FCC experiments as defined in [102] and discussed in [103] shows how

much precision of the H0 −e− −e+ coupling will improve in future collider experiments.

Plot taken from [104].

20 years of operation [105]. That could produce particles up to 12 TeV at a significant

scale and, for example, measure the Higgs self-coupling [106]. Both those machines

would use the existing LHC infrastructure, including its 27 km long tunnel. By the
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way, there was also an idea to use the same tunnel and install there again an electron-

positron collider, LEP3 [107]. However, this idea seems rather changed into the FCC-ee

option.

China has its own idea of a future collider, but similar in concept to FCC-ee,

namely a 100 km collider called the Circular Electron Positron Collider (CEPC), with

maximum energy of 240 GeV [108]. At this threshold it will operate as a Higgs factory

for 7 years reaching integrated luminosity of 5.6 ab−1 [109]. Later, in the same tunnel,

the collider could be upgraded to Super Proton-Proton Collider (SPPC) [110] with

centre-of-mass energy in the range of 75-125 TeV. In Table 4 the comparison of future

hadron colliders capabilities is presented.

LHC HL-LHC HE-LHC FCC-hh SPPC

Centre-of-mass energy: 8-14 TeV 14 TeV 27 TeV 100 TeV 75-150 TeV

Length: 27 km 27 km 27 km 100 km 100 km

Luminosity per year∗: 55 fb−1 250 fb−1 730 fb−1 >1000 fb−1 3000 fb−1

Integrated luminosity: ∼ 190 fb−1 3000 fb−1 >10 ab−1 >25 ab−1 30 ab−1

Table 3: Comparison of basic features of future hadron colliders. In the first row, we

present the planned maximum energy. Luminosity per year was calculated assuming

160 days of activity annually [105,110].

Regarding the lepton colliders, a few plans are considered. First, there are men-

tioned earlier circular e+e− colliders, LEP3 [107], FCC-ee [111], both planned location

at CERN, and CEPC in China. Apart from that, two linear lepton colliders are also

considered: Compact Linear Collider (CLIC) and International Linear Collider (ILC).

CLIC would be built at CERN near Geneva and could reach energy up to 3 TeV [112].

Regarding the ILC, a few potential locations are discussed, and the accelerator itself

will operate with energies up to 1 TeV [113]. Those accelerators aim to discover new

physics effects but would also test the SM parameters with unprecedented precision,

like Z, W, top, and Higgs couplings, see Figs. 10 and 11 for the FCC-ee case. The

colliders would work at a few stages with different energies corresponding to masses of
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desired particles. Integrated luminosity would depend strongly on energies and activity

time, but generally, it will reach the level of ab−1. Fig. 12 summarizes the luminosity

goals for future e+e− colliders.

Figure 12: Baseline luminosities expected to be delivered (summed overall interaction

points) as a function of the centre-of-mass energy
√
s, at each of the four worldwide

e+e− collider projects: ILC (blue square), CLIC (green upward triangles), CEPC (black

downward triangles), and FCC-ee (red dots). The plot taken from [95].

In Table 4 the comparison of future lepton colliders capabilities is presented.

LEP3 ILC CLIC FCC-ee CEPC

Centre-of-mass energy: 240 GeV 250 - 500 GeV 380-1500 GeV 88-365 GeV 88-240 GeV

Length: 27 km 30-50 km up to 50 km 100 km 100 km

Type: circular linear linear circular circular

Activity in years: 5-10 20 >10 15 10

Table 4: Comparison of basic features of future e+e− colliders.

Finally, coming back to Fig. 7, there are also plans for the muon collider7 [117].
7The list of ideas for future colliders can be easily extended, e.g., towards e.g. photon colliders [114]

or recent plan for the C3 collider in the US [115]. And maybe extreme energies, in the end, will become
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For this work, we will consider just high-energy electron-positron and proton-proton

collisions. For example, the lepton-hadron collision with doubly charged scalars was

discussed in [118].

Setting the scenery for future intensity frontier and high energy experiments, the

BSM Higgs theories of interest will be introduced in the next chapter, which includes

doubly charged Higgs scalars.

possible in Plasma Wakefield Linear Colliders [116].
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3 Higgs bosons beyond the Standard Model:

Theory

Going beyond the SM, crucial questions concerning the scalar sector are: what is the

representation for the scalar multiplets and what is the shape of the scalar potential of

the fundamental theory in particle physics? Are the fundamental forces unified, and

if so, then how? So far, we do not have any particular answer to these queries and

acquiring knowledge on the Higgs sector and scalar potential is essential. For instance,

in the SM the electroweak vacuum is unstable, in principle, with a possible quantum

tunnelling effects, matter of theoretical studies in cosmology [119]. Examples of im-

proving vacuum stability are supersymmetry [120] or extra dimensions [121]. However,

it is argued in [122] that the SM is stable in cosmological time up to the Planck scale.

3.1 Extentions of the SM - why triplets?

So far, the experiment confirms the Standard Model predictions with great accuracy.

The scalar boson, discovered in 2012 at CERN, also seems to fulfil SM requirements,

and it completes the list of elementary particles predicted by the Standard Model.

However, although the SM answers many questions, a few problems remain unsolved.

The SM does not include gravity since translating gravity to an effective field theory

leads to unremovable nonrenormalizability of the theory. But apart from the quanti-

zation of gravity, there are other problems too.

One of the main weaknesses of the SM lies in the fact that it does not provide the

dark matter candidate. A priori, among many exotic scenarios, neutrinos are excellent

candidates for contributing to the dark matter density: They do exist and are mas-

sive. To be a WIMP (Weakly Interacting Massive Particle) dark matter candidate,

a particle should be massive and interact with the forces not stronger than weak in-

teractions. For neutrinos DM constructions including beyond WIMPs scenarios, see

e.g. [123] and recent [124]. Regarding neutrinos, the classic version of the Standard
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Model does not include neutrino masses. The neutrino masses can be easily added to

the model by introducing to the theory right-handed fields, like in the seesaw type-I

mechanism. Another solution is to add a scalar triplet to the model (seesaw type-II)

or a lepton triplet (seesaw type-III). In this work, I will concentrate on the first two

options, that means seesaw type I and II mechanisms realized within the Left-Right

Symmetric Model (chapter 3.3.2) and the Higgs Triplet Model (3.3.1).

Both those models have extended scalar sectors with one or two scalar triplets, but

the first one contains right-handed heavy neutrinos and has an extended gauge group

too. Non-standard models with triplet extensions are exciting since, depending on

the triplet hypercharge, they might contain singly and doubly charged scalar particles.

Doubly charged scalars are the main object of this thesis. For that purpose, we need

to add to the theory triplets with hypercharge Y = 1 or Y = 2, depending on the

convention. For Y = 1, the electric charge of the field is given by the sum of its third

isospin component, and the hypercharge Q = T3 + Y is used. For Y = 2, the electric

charge is given by the formula

Q = T3 + Y

2 . (3.1)

I will follow the second convention. Of course, it is possible to add the scalar triplet

with the hypercharge Y = 0, but from Eq. (3.1), it is clear that in that case, it is not

possible to get a doubly charged particle in the model spectrum.

However, adding triplet scalar fields to the model also creates potential problems.

In the next section I will discuss them in detail.

3.2 Imprints of models with triplet fields

BSM models include new particles, which usually couple with SM particles, even if

very weakly. Thus, even if their detection is beyond present experimental sensitivity,

they may leave their imprints in modifications of the SM parameters and observables.

One of the key parameters of this kind is the ρ-parameter and when the scalar sector
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is extended, the ρ-parameter should remain close to one at the tree level [125–127] as

ρ = JNC

JCC

(3.2)

= M2
W

M2
Z cos2 θW

, (3.3)

and ρtree
SM = 1. The relation (3.2) defines ρ as a ratio of neutral JNC to charged JCC

currents.

The SM tree level ρ-parameter in (3.3) gets modifications due to radiative correc-

tions which changes MW ,MZ and s2
W ≡ sin2 θW

s2
W =

(
1 − M2

W

M2
Z

)
tree

+ δs2
W (3.4)

= 1 − M2
W

M2
Z

+ c2
W

(
ΠW W (M2

W )
M2

W

− ΠZZ(M2
Z)

M2
Z

)
= 1 − M2

W

M2
Z

+ c2
W ∆ρ, (3.5)

so ∆ρ is defined by the difference between mass corrections to W and Z boson masses,

M2
V → M2

V − ΠV V (M2
V ) where ΠV V is the real part of the transverse component of the

self–energy of V at the scale MV , V = W,Z.

In SM, this correction due to the top-quark is substantial (at the percentage level)

while correction due toH0 is moderate (logarithmic behaviour, screening theorem [128])

∆ρ = 3 Gµm
2
t

8
√

2π2

[
1 + ∆ρt + ∆ρH + . . .

]
, (3.6)

∆ρt = 3
√

2m2
tGµ

16π2 , (3.7)

∆ρH ∼ −3GµM
2
W

8
√

2π2

s2
W

c2
W

log M
2
H

M2
W

for MH ≫ MW . (3.8)

∆ρ is one of the key parameters considered in the precision physics calculations. It

is one of the so-called oblique corrections [129] (self-energy corrections) which is also

used to parametrize BSM radiative contributions through S, T, U parameters, which

are defined as follows [129]
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αS = 4s2
W c

2
W

[
ΠZZ(0) − (c2

W − s2
W )/(sW cW )Π′

Zγ(0) − Π′
γγ(0)

]
, (3.9)

αT = ΠW W (0)/M2
W − ΠZZ(0)/M2

Z , (3.10)

αU = 4s2
W

[
Π′

W W (0) − c2
W Π′

ZZ(0) − 2sW cW Π′
Zγ(0) − s2

W Π′
γγ(0)

]
. (3.11)

The variable αT is just the shift of the ρ-parameter due to BSM effects, αT = 1 − ρ−

∆ρ|SM. The primes in the above equations state for the derivative of self-energies over

momenta squared.

Later we will consider this so-called T-parameter in the framework of considered

BSM models. Electroweak corrections and S, T, U parameters for models with triplets

can be found in [130,131] and for MLRSM in [132] and [133].

In general, the ρ-parameter will depend on the scalar sector and will restrict the

additional multiplets VEVs. This is due to masses in Eq. (3.2) and the SSB mechanism,

and we get

ρ =
∑

i [Ti(Ti + 1) − (T3i)2] v2
i

2∑i T
2
3iv

2
i

. (3.12)

For the SM Higgs doublet with the hypercharge Y = 1 and weak isospin T = 1
2

(as well as for multi-doublets and singlets), the ρ-parameter is naturally equal to 1.

In this case the model has a custodial SU(2) global symmetry [34]. In the SM, this

symmetry is broken at the loop level when fermions of the same doublets have different

masses [134] and by the hypercharge group. E.g., by adding multiplets under the

SU(2)L group with the hypercharge Y = 2, it is needed to keep in mind that the

ρ-parameter will be modified8

ρ =
1 + 2v2

∆
v2

ϕ

1 + 4v2
∆

v2
ϕ

, (3.13)

8In [127] it has been noticed that ρ = 1 in general can be sustained in the case when a Higgs

multiplet H fulfills the condition T H(T H + 1) = 3(T H
3 )2, which has nontrivial solutions in (T H , T H

3 ),

e.g. when (1/2, ±1/2) or (3, ±2).
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where vϕ corresponds to the Standard Model Higgs doublet’s VEV and v∆ denotes the

additional triplet’s VEV. Since the final value depends on the multiplet’s VEV, we

have obtained the first bound on non-standard triplets’ parameters.

As we can see from (3.13), addition of triplets changes ρ to be smaller than 1. In

the limit v∆ → ∞, ρ = 1/2 (triplets only). For v∆ → 0, ρ = 1 (doublets only). So in

general (at tree level), 1/2 ≤ ρ ≤ 1.

The exact values of ρ with inclusion of radiative corrections depend on renormal-

ization schemes, for instance, in the on-shell scheme s2
W = 1 −M2

W/M
2
Z to all orders in

perturbation theory by definition, so ρ = 1, in the MS scheme, ρ = 1.01013 ± 0.00005,

see J. Erler and A. Freitas ‘Electroweak Model and Constraints on New Physics’ in [9].

Anyway, in any renormalization scheme, the final value of ρ is very close to one. That

means that, if exist, triplets addition to the SM theory is very small, within experi-

mental errors. Typically, v∆ is restricted to 1-2 GeV level, at best, see for instance

our estimate in [135]. As we will see, other low experimental data are also important,

decreasing the scale of v∆ in an unambiguous way to the (sub)electronvolt level for the

SM model with Y = 2 triplet.

Let us note that in some triplet extended models the ρ-parameter can be protected

by the custodial symmetry, for example in the Georgi-Machacek Model [136]. The pay

for not considering special constructions or symmetries like in [137,138] is that, as we

will see, v∆ ≪ vϕ, which makes experiments more challenging to detect its traces.

Another theoretical restrictions on extended scalar sectors with triplets comes from

the unitarity and vacuum stability. Vacuum stability means that a scalar potential

should be bounded from below [139, 140]. Perturbative unitarity protects masses and

couplings to the level in which the scattering amplitudes do not blow up at high energy

regime [141, 142]. Those issues in the context of the Higgs Triplet Model (see section

3.3.1) were discussed in [143–147], and in the context of the Left Right Symmetric

Models (section 3.3.2) were mentioned for example in [143, 148–150]. Unitarity and

vacuum stability impose some relations on the scalar potential parameters, so scalar
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particle masses, since they are expressed as functions of those parameters. I will cover

that subject in section 4.

3.3 GUT models with triplets

The SM theory is based on 19 free parameters [9]. Among those parameters are SU(3)C ,

SU(2)L, and U(1)Y gauge couplings gS, g, and g′. Further, charged fermion masses (9

parameters for leptons and quarks) and four parameters for mixing angles and the CP

phase in the CKM matrix. The remaining three parameters are QCD angle θQCD, scalar

doublet VEV vϕ, and Higgs quartic coupling λ. It is also necessary to add the neutrino

parameters (3 neutrino masses and six mixing angles for Majorana neutrinos). The

experimental data fix all those parameters, but understanding their origin would be a

milestone. Many attempts were undertaken to create the so-called Grand Unification

Theory (GUT). That theory is supposed to answer the above questions about the nature

of coupling constants and unify the SM interactions. The GUT models assume that

a larger gauge symmetry enfolds the SM gauge group before the symmetry breaking

at high energies, for example, by the SO(10) group. One example of the GUT model

is the Minimal Left-Right Symmetric Model (MLRSM), which is introduced in section

3.3.2.

For the aim of this thesis, the most interesting part is the extension of the scalar sector.

There are two ways to create a model with a more complex scalar sector, indirectly, by

extending the gauge group, which will enforce further extension of the scalar sector to

break the symmetry, or simply by introducing more scalar multiplets to the theory "by

hand". Below, I will introduce two models that present those two approaches, MLRSM

(section 3.3.2) with an extended gauge group and HTM (section 3.3.1), based on the SM

gauge group.
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3.3.1 The Higgs Triplet Model (HTM)

The Higgs Triplet Model (HTM) is one of the less complicated extensions of the SM. It

is created just by adding a triplet (like in Eq. (3.15 below) to the scalar sector, which

affects neutrino masses without introducing right-handed neutrino fields (so the model

realizes the type-II seesaw mechanism). The gauge group remains the same as in SM.

The scalar sector is built from the SM-like doublet Φ and the triplet ∆ with the desired

hypercharge. I chose a model with the hypercharge Y = 2 and followed the convention

where the electric charge is given by the relation Q = T3 + 1
2Y , and the following

notation for scalar triplet and doublet fields

Φ = 1√
2

 Φ+

Φ0

 = 1√
2


√

2w+
Φ

vΦ + hΦ + izΦ

 , (3.14)

∆ = 1√
2

 ∆+ √
2∆++

√
2∆0 ∆+

 = 1√
2

 w+
∆

√
2δ++

v∆ + h∆ + iz∆ −w+
∆

 . (3.15)

The VEVs of the doublet Φ and the triplet ∆ fulfil the condition

v =
√
v2

Φ + 2v2
∆ ≃ 246 GeV, (3.16)

The most general form of the scalar potential for a model with SM-like doublet Φ and

an additional scalar triplet ∆ is presented, for example, in [146]

V = −m2
Φ

(
Φ†Φ

)
+ λ

4

(
Φ†Φ

)2
+M2

∆Tr
(
∆†∆

)
+
[
µ
(
ΦT iσ2∆†Φ

)
+ h.c.

]
+

+ λ1
(
Φ†Φ

)
Tr
(
∆†∆

)
+ λ2

[
Tr
(
∆†∆

)]2
+ λ3Tr

[(
∆†∆

)2
]

+ λ4Φ†∆∆†Φ ,

(3.17)

where mΦ and m∆ are functions of scalar potential’s parameters and triplet ∆ and

doublet Φ vacuum expectation values
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m2
Φ = λ

4v
2
Φ + (λ1 + λ4)

2 v2
∆ −

√
2µ v∆ , (3.18a)

m2
∆ = −(λ2 + λ3) v2

∆ − (λ1 + λ4)
2 v2

Φ + µ√
2
v2

Φ
v∆

. (3.18b)

The physical particles are described as superpositions of the above fields. The H0

particle is interpreted as the SM-like Higgs boson

H±± = δ±±, (3.19a)

G0

A

 =

 cos β′ sin β′

− sin β′ cos β′


zΦ

z∆

 , tan β′ = 2v∆

vΦ
, (3.19b)

G±

H±

 =

 cos β sin β

− sin β cos β


w±

Φ

w±
∆

 , tan β =
√

2v∆

vΦ
, (3.19c)

 h

H0

 =

 cosα sinα

− sinα cosα


hΦ

h∆

 , tan 2α = 2BS

CS − AS

, (3.19d)

where the coefficients AS, BS and CS are

AS = λv2
Φ

2 , (3.20a)

BS =
√

2µvΦ − (λ1 + λ4)v∆vΦ , (3.20b)

CS = µv2
Φ√

2v∆
+ 2(λ2 + λ3)v2

∆ . (3.20c)

So for an additional triplet ∆ with a hypercharge Y = 2, we obtained the following

scalar particles spectrum: two Goldstone particles G0, G+, one SM-like neutral scalar

H0, one charged and one doubly charged scalars: H± and H±±.

Since the model provides neutrino masses, the Yukawa part of the Lagrangian has to

be added. Firstly, as in the Standard Model, neutral and charged leptons are grouped

in doublets under the SU(2)L transformation
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Lℓ =

νℓ

ℓ


L

, [ℓ = e, µ, τ ] . (3.21)

The Yukawa Lagrangian, in that case, is presented below, C is the charge conjuga-

tion operator (it can be written using the Dirac matrices in the form C = iγ2γ0) and

Yℓℓ′ is the symmetric Yukawa matrix

L∆
Y = 1

2Yℓℓ′LT
ℓ C

−1iσ2∆Lℓ′ + h.c. (3.22)

The σ2 denotes the second Pauli matrix. The above formula includes the neutrino

mass term

Lν = 1
2 ν̄ℓ

v∆√
2

Yℓℓ′ νℓ′ . (3.23)

As mentioned, this neutrino mass generation mechanism using additional Higgs

fields is called seesaw type-II. Apart from providing massive neutrinos, the Lagrangian

L∆
Y also describes the interaction between triplet fields and leptons, particularly the

H±± − l∓ − l′∓ and H± − l∓ − νl′ vertices. Those vertices break the lepton number

and can be a part of not observed so far processes like µ → eγ, as well as contribute

to the muon anomalous magnetic moment (g − 2)µ. Those processes put bounds on

the Yukawa coupling Yℓℓ′ . I will present those bounds in section 4.3. To find the exact

form of the Yukawa coupling, it is necessary to diagonalize the Yukawa term, usually

using a biunitary transformation, and keep an eye on the Yukawa term that leads to

the neutrino masses too. Finally, the physical coupling is given by a formula [151]

Y HTM
ℓℓ′ = 1√

2v∆
V ∗

PMNS diag{mνe ,mνµ ,mµτ } V †
PMNS, (3.24)

where mνe ,mνµ and mµτ denote the neutrino masses.
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3.3.2 The Minimal Left-Right Symmetric Model (MLRSM)

The Left-Right Symmetric Model was created in the seventies of the last century by

Rabindra Nath Mohapatra, Jogesh Pati, Abdus Salam, and Goran Senjanović [152–

154]. That model is based on an extended gauge group with an additional SU(2)R

term in the product, underlined below. The simplest gauge group which implements

the left-right symmetry is

SU(3)C × SU(2)R × SU(2)L × U(1)B−L. (3.25)

Another exciting thing in the above equation is that the U(1) group generator is inter-

preted as a subtraction of the baryon and lepton numbers (Y = B − L) [155].

As mentioned earlier, the seesaw type-I mechanism is realized in this model. That

means that the model predicts the existence of right-handed neutrino fields, which

transform under the SU(2)R group with the right-handed charged lepton fields. So in

the Left-Right Symmetric model, both leptons and quarks form doublets. I follow the

notation of [156]

LiL=

 ν ′
i

l′i


L

, QiL=

 u′
i

d′
i


L

, (3.26)

LiR=

 ν ′
i

l′i


R

, QiR=

 u′
i

d′
i


R

. (3.27)

Since left- and right-handed fermions undergo the transformation under SU(2)L,R

groups, it is needed to introduce another gauge coupling, so there are two indepen-

dent SU(2) couplings, gL and gR

ψL →
[
e−i g′ Y

2 Θ(x) −i gL
1
2 σ⃗ · Θ⃗(x)

]
ψL,

ψR →
[
e−i g′ Y

2 Θ(x) −i gR
1
2 σ⃗ · Θ⃗(x)

]
ψR.

(3.28)

In this thesis, I will consider the so-called "manifest" version of the Left-Right Sym-

metric Model, where the explicit P symmetry is assumed. That implicates equal gauge
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coupling gL = gR, as well as the hermitian Yukawa coupling matrices [3]. So I will use

the "MLRSM" abbreviation since I mean that particular version of the model.

Returning to Eq. (3.28), since the gauge transformation is more complex, also the

covariant derivatives need to contain extra gauge fields

DµψL=
(
∂µ − ig′ Y

2 Bµ − igL
σ⃗
2
−→
WLµ

)
ψL ,

DµψR=
(
∂µ − ig′ Y

2 Bµ − igR
σ⃗
2
−→
WRµ

)
ψR .

(3.29)

So the model has seven gauge fields that will create seven gauge particles after the

spontaneous symmetry breaking. Those known from the SM (γ, Z1 = Z, W±
1 = W±),

and three additional: Z2, W±
2

−→
WLµ,

−→
WRµ, Bµ −−−−−−−→

[SSB] W±
1 , W

±
2 , Z1, Z2, γ.

But to break that SU(3)C × SU(2)L × SU(2)R × U(1)B−L symmetry, also the scalar

sector needs to be extended. Historically, two scalar doublets and one bidoublet were

used. Later two triplets instead of doublets were introduced since that model connects

the small neutrino masses with a large scale of the right-handed symmetry breaking.

In this thesis, I am also using this version of MLRSM

ϕ =

 ϕ0
1 ϕ+

1

ϕ−
2 ϕ0

2

 , ∆L,R =

 δ+
L,R/

√
2 δ++

L,R

δ0
L,R −δ+

L,R/
√

2

 . (3.30)

As in the previous case, the scalar potential, kinetic term, and Yukawa part of the

Lagrangian are needed. The most general scalar part is, of course, more complicated.

Here it is
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V=−µ2
1

(
Tr[ϕ†ϕ]

)
− µ2

2

(
Tr[ϕ̃ϕ†] + Tr[ϕ̃†ϕ]

)
− µ2

3

(
Tr[∆L∆†

L] + Tr[∆R∆†
R]
)

+λ1

((
Tr[ϕϕ†]

)2
)

+ λ2

((
Tr[ϕ̃ϕ†]

)2
+
(
Tr[ϕ̃†ϕ]

)2
)

+ λ3
(
Tr[ϕ̃ϕ†]Tr[ϕ̃†ϕ]

)
+λ4

(
Tr[ϕϕ†]

(
Tr[ϕ̃ϕ†] + Tr[ϕ̃†ϕ]

))
+ ρ1

((
Tr[∆L∆†

L]
)2

+
(
Tr[∆R∆†

R]
)2
)

+ρ2
(
Tr[∆L∆L]Tr[∆†

L∆†
L] + Tr[∆R∆R]Tr[∆†

R∆†
R]
)

+ ρ3Tr[∆L∆†
L]Tr[∆R∆†

R]

+ρ4
(
Tr[∆L∆L]Tr[∆†

R∆†
R] + Tr[∆†

L∆†
L]Tr[∆R∆R]

)
+α1

(
Tr[ϕϕ†]

(
Tr[∆L∆†

L] + Tr[∆R∆†
R]
))

+α2
(
Tr[ϕϕ̃†]Tr[∆R∆†

R] + Tr[ϕ†ϕ̃]Tr[∆L∆†
L]
)

+α∗
2

(
Tr[ϕ†ϕ̃]Tr[∆R∆†

R] + Tr[ϕ̃†ϕ]Tr[∆L∆†
L]
)

+α3
(
Tr[ϕϕ†∆L∆†

L] + Tr[ϕ†ϕ∆R∆†
R]
)

+β1
(
Tr[ϕ∆Rϕ

†∆†
L] + Tr[ϕ†∆Lϕ∆†

R]
)

+ β2
(
Tr[ϕ̃∆Rϕ

†∆†
L] + Tr[ϕ̃†∆Lϕ∆†

R]
)

+β3
(
Tr[ϕ∆Rϕ̃

†∆†
L] + Tr[ϕ†∆Lϕ̃∆†

R]
)
.

(3.31)

The potential parameters µi, λi, ρ1, and αi will be used to express the scalars’

masses. To avoid the fine-tuning problem, parameters βi will be set to zero [157].

For one bidoublet and two triplets the scalar sector has four VEVs.

< ϕ >=

 κ1/
√

2 0

0 κ2/
√

2

 , < ∆L,R >=

 0 0

vL,R/
√

2 0

 . (3.32)

To avoid the fine-tuning in the light neutrino mass spectrum [158] and to keep the ρ

parameter (see section 3.2) close to one at the three level, the left-handed triplet VEV

vL has to be small, in particular I consider a model with vL = 0. For convenience, I

introduce the notation

κ+ =
√
κ2

1 + κ2
2 , κ− =

√
κ2

1 − κ2
2. (3.33)

The bidoublet VEVs κ1,2 are in the range of the electroweak symmetry scale. I follow

the convention where κ1 ≫ κ2, κ1 ≃ 246 GeV and κ2 → 0, which makes WL − WR

mixing between light and heavy charged gauge bosons very small. The triplet VEV vR
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has to reach at least a few TeV range to meet the experimental criteria for non-standard

neutrinos, scalar, and gauge bosons masses. I will discuss those limits in section 4.2

As the potential should be invariant under the parity transformation, the potential

parameters are real, except α2, but this parameter should not be complex to avoid

the explicit CP symmetry breaking [156]. From the scalar sector, ten physical fields

are obtained, two doubly charged scalars, two singly charged scalars, four neutral (the

SM-like Higgs particle will be denoted as H0
0 ), and two pseudoscalars

H±±
1 , H±±

2 , H±
1 , H±

2 , H0
0 , H

0
1 , H

0
2 , H

0
3 , A

0
1 , A

0
2.

The physical fields are connected with the doublet and triplet fields. The more detailed

discussion is presented in [156], but for κ+ ≪ vR the following approximations are valid:

H±±
1 = δ±±

L ,

H±±
2 = δ±±

R ,

H±
1 = δ±

L ,

H±
2 = κ2

−

κ2
+

√
1+
(

κ2
−√

2κ+vR

)2

(
κ1
κ+
ϕ+

1 − κ2
κ+
ϕ+

2

)
,

H0
0 =

√
2/κ+Re (κ1ϕ

0
1 − κ2(ϕ0

2)∗) ,

H0
1 =

√
2/κ+Re (κ1(ϕ0

2)∗ − κ2ϕ
0
1) ,

H0
2 =

√
2 δ0

R,

H0
3 =

√
2 Re(δ0

L),

A0
1 =

√
2/κ+Im (κ1(ϕ0

2)∗ − κ2ϕ
0
1) ,

A0
2 =

√
2 Im(δ0

L).

(3.34)

The formulas for scalar boson masses will be presented in section 4.2, where I discuss

the experimental bounds on those masses.

As in the case of HTM, the Yukawa part of the Lagrangian creates the masses of

neutrinos. However, within MLRSM the right-handed neutrino fields are introduced,

so as distinct from SM and HTM, right-handed leptonic fields do not form singlets but
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become a part of doublets under the SU(2)R group. The same is true for the right-

handed quark fields (Eqs. (3.26) and (3.27)) thus

LY = −
{
L̄L

[
hlϕ+ h̃lϕ̃

]
LR + h.c.

}
− L̄c

Riσ2∆LhMLL − L̄c
Riσ2∆RhMLL + h.c. (3.35)

where ϕ̃ = σ2 ϕ
∗σ2, h̃l = σ2 h

∗
l σ2. Lc

R,L denotes CL̄T
R,L, where C is the same charge

conjugate operator as in Eq. (3.22). hM is a complex symmetric matrix (hM = hT
M).

The above Lagrangian contains the mass term for charged leptons, as well as the

neutrino mass term, which can be written in the following form

Lνmass = −1
2 (n̄′

L
cMνn

′
R + n̄′

R
cMνn

′
L) (3.36)

where for convenience left- and right-handed neutrino fields are combined

n′
R =

 ν ′
R

c

ν ′
R

 , n′
L =

 ν ′c
L

ν ′
L

c

 . (3.37)

Mν denotes the famous seesaw neutrino matrix presented below. The element MD is

proportional to the electroweak symmetry breaking scale whereas MR depends on the

right-handed triplet VEV vR

Mν =

 0 MD

MT
D MR

 , MD = 1√
2
(
hlκ1 + h̃lκ2

)
, MR =

√
2hMvR. (3.38)

To calculate masses of physical states, the Mν matrix needs to be diagonalized

(Mν)diag = UTMν U (3.39)

where U is a unitary 6 × 6 matrix [159]. The common solution is to choose the seesaw

mixing matrix: |Uνij| ≃ |<MD>|
MR

δi,j−3. Masses of non-standard heavy neutrinos are pro-

portional to MR when masses of SM neutrinos are proportional to M2
D

MR
. For the GUT

symmetry breaking scale much higher than the electroweak one (vR ≫ κ+), those rela-

tions explain the smallness of neutrino masses. I will denote the light SM-like neutrinos

by νi, the heavy neutrinos by Nj, and their masses by Mνi
and MN j respectively, where
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i = e, µ, τ , j = 1, 2, 3.

As in the case of HTM, the Yukawa Lagrangian in Eq. (3.35) characterizes particles

interactions including the lepton number violating vertices H±±
1,2 − l∓i − l∓j . The

couplings depend on the general shape of the unitary matrix U . The matrix can be

written in the form: U =

 K∗
L

KR

. I am choosing the case when the off-diagonal

elements of the KL and KR vanished: H±±
1,2 − l∓i − l∓j ∼ δij. More about that choice

and the detailed discussion of why it is justified can be found in [135]. I will shortly

sum up that the off-diagonal elements are of the range of inverted triplet VEV, where

the vertices can be expressed in the following way

H±± − li − li =
√

2
vR

MNi
. (3.40)

The structure of the couplings within HTM in Eq. (3.24) and MLRSM in Eq. (3.40) will be

crucial for the studies presented in the thesis. H±± −li −li vertex is vital for calculating

scalar decay branching ratios and possible detection signals. It will bring essential

bounds on models’ parameters since it contributes to lepton flavor and number-violating

processes.
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4 Phenomenology of particle physics with doubly

charged Higgs bosons

The doubly charged scalar particles have been in the physicists’ circle of interest for

years. Direct searches of those particles were performed, among others, at LEP, Teva-

tron, and LHC. For recent LHC searches for these particles, see [160]. More references

will follow in the next sections. The doubly charged scalars’ decay modes can be dif-

ferent depending on the model, which, in the case of an observation of this kind of

particle, can enable us to distinguish between extensions of the Standard Model and,

potentially, reject a part of theoretical solutions. The distinction between the models

is one of the main threads of this thesis.

Starting with a model-independent analysis, the doubly charged scalar particles’

decay channels can be split into three categories. In the first category, I put decays to

other non-standard particles like, in the case of HTM and MLRSM, a pair of singly charged

scalars (H±
(1,2)H

±
(1,2)) or charged scalar and charged gauge bosons (SM-like or beyond

the SM: H±
(1,2)W

±
1 , H±

1,2W
±
2 ), or a pair of same-sign charged gauge bosons W±

i W
±
j ,

i, j = 1, 2. Two other cases are decays into Standard Model particles: pair of gauge

bosons (W±W±) or leptons (l±i l±j ). Those last two decay channels were mainly studied,

and there is no evidence of doubly charged scalars. However, experimental limits and

bounds on the non-standard scalar masses and couplings are set. The decay into a

pair of same-sign leptons is often considered the most promising channel to discover

the doubly charged scalar since the same-sign dilepton signal can be directly seen

in the detector. The kinematics of such a decay differs from the SM background

as dileptons originate from the same particle. This channel is also interesting since,

depending on the model, analysis of that decay potentially brings information about the

neutrino mixing matrix, see Eq. (3.24) and [161]. Searches for doubly charged scalars

through decay to a pair of same-sign leptons have been performed, among others, at

LEP [162,163], Tevatron [164–167] and LHC. In section 4.4, I will shortly sum up the

bounds from high energy experiments.
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In this thesis, I am concentrating on leptonic final state signals. Phenomenological

analysis of diboson signals at high-energy colliders can be found in [168–170]. See also

my collaborative work [171].

4.1 Doubly charged scalar mass spectrum within HTM

The range of charged scalar masses is crucial to study their production at colliders.

Theoretical and experimental constraints on their masses are discussed in sections 3.2,

4.3 and 4.4. Masses of scalar particles in HTM depend on the scalar potential parameters

and the triplet VEVs in Eq. (3.17) (assuming that the ratio 2v∆
vΦ

→ 0 [144])

M2
A = µ√

2v∆
(v2

Φ + 4v2
∆), (4.1)

M2
h = λv2

Φ cos2α +
(
µv2

Φ√
2v∆

+ 2v2
∆(λ2 + λ3)

)
sin2α

+2
(
vΦv∆(λ1 + λ4) −

√
2µvΦ

)
cosα sinα, (4.2)

M2
H0 = λv2

Φ sin2α +
(
µv2

Φ√
2v∆

+ 2v2
∆(λ2 + λ3)

)
cos2α

−2
(
vΦv∆(λ1 + λ4) −

√
2µvΦ

)
cosα sinα, (4.3)

M2
H± = (2

√
2µ− λ4v∆)

4v∆
(v2

Φ + 2v2
∆), (4.4)

M2
H±± = µv2

Φ√
2v∆

− λ4

2 v
2
Φ − λ3v

2
∆ . (4.5)

First, I discuss the potential stability and unitarity, as well as the ρ and T param-

eters within HTM. This subject was covered, for example, in [172], [173] and [174], here

I will present the most important conclusions.

As discussed already in section 3.2 the S, T and U (Peskin–Takeuchi) parameters

can be used to parameterize the new physics contributions to electroweak radiative

corrections [129, 175], so-called oblique corrections. Among them, the T -parameter is

considered the most significant in comparison to the other oblique parameters (although
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for the models with the custodial symmetry it might not be true [176]), because of its

quadratic, instead of logarithmic, dependence on the masses of new particles. The T -

parameter is connected with the ρ-parameter by the relation ∆ρ = αT [129], where α

is the fine-structure constant. The ρ-parameter is also bounded directly by the triplet

VEV, see Eq. (3.13) and [177].
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M
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 [
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e
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MH
± ± = MH

± degenerated case

Figure 13: Parameter space for singly and doubly charged scalars, allowed by the

HTM scalar potential’s unitarity, stability, and T-parameter. Triplet VEV is small,

v∆ ≃ 10 eV, see next sections and [174].

The accurate formulas for potential stability, unitarity, and the T-parameter within

the HTM are presented in Appendix A.5. In Fig. 13 I am presenting the allowed mass

region for MH±± and MH± . From that plot, it is justified to choose degenerate masses

MH±±=MH± . Another important conclusion from the plot is that the mass gap be-

tween the doubly and singly charged scalars is less than the mass of the boson W. This

will suppress decay channel H±± → H±W±. It is also consistent with the electroweak

precision data from the H0 → γγ decay, which gives the mass gap between the singly

and charged scalar masses |MH±± −MH±| less than 40 GeV [172, 178, 179]. A similar

analysis for the possible difference between the charged and heavy neutral scalar par-
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ticles is presented in [144], with the conclusion that within the mass range below 1000

GeV, the mass gap |MH± −MH | equal to zero fulfil the potential stability, unitarity

and T-parameter bounds. So finally, it is natural to assume that the scalar sector is

degenerated (excluding the SM-like scalar): MH±± = MH± = MH = MA.

I am interested in the scalar particle masses around a few hundred GeV, but to

discuss the possible mass range, it is necessary to analyze the decay channels. Those

studies are presented in section 4.5.

4.2 Doubly charged mass spectrum within MLRSM

tThe subject of the MLRSM mass spectrum was covered in [180]. Comparing to HTM

the situation is different. Here the most relevant scale is connected with the SU(2)R

triplet vacuum expectation value which necessarily needs to be high, at the range of

at least several TeV, to explain the fact, that heavy gauge bosons and heavy neutrinos

are not visible in the experiments. The leading terms of the ρ-parameter in Eq. (3.3)

connected with the scale vR of the heavy sector of the theory can be found in [132,133].

Below I am presenting the formulas for the scalar sector particles’ masses as functions

of the scalar potential parameters in Eq. (3.31), and vR
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M2
H0

1
= 1

2α3v
2
R > (10 TeV)2, (4.6)

M2
H0

2
= 2ρ1v

2
R, (4.7)

M2
H0

3
= 1

2(ρ3 − 2ρ1)v2
R > (55.4 GeV)2, (4.8)

M2
A0

1
= 1

2α3v
2
R − 2(κ2

1 + κ2
2)(2λ2 − λ3) > (10 TeV)2, (4.9)

M2
A0

2
= 1

2(ρ3 − 2ρ1)v2
R > (55.4 GeV)2, (4.10)

M2
H±

1
= 1

2(ρ3 − 2ρ1)v2
R + 1

4α3(κ2
1 + κ2

2), (4.11)

M2
H±

2
= 1

2α3v
2
R + 1

4α3(κ2
1 + κ2

2) > (10 TeV)2, (4.12)

M2
H±±

1
= 1

2(ρ3 − 2ρ1)v2
R + 1

2α3(κ2
1 + κ2

2), (4.13)

M2
H±±

2
= 2ρ2v

2
R + 1

2α3(κ2
1 + κ2

2), (4.14)

and, for SM-like Higgs I am applying the following conditions

M2
H0

0
≃ 2κ2

+λ1, (4.15)

124.7 GeV < MH0
0
< 126.2 GeV. (4.16)

I have already added some experimental limits to the above equations. Limits on M2
H0

3

(4.8) and M2
A0

2
(4.10) come from LEP studies on the e+e− → γ + /ET [181]. But more

severe limits are introduced to suppress Flavour Changing Neutral Currents (FCNC).

The Yukawa Lagrangian, apart from the lepton part of Eq. (3.35), contains the term

responsible for quarks’ masses LY = YuQ̄iLϕQiR +YdQ̄iRLϕ̃QiR +h.c. This term brings

interactions between the neutral scalar fields and quarks, including changing quarks’

flavour. However, only H0
1 and A0

1 particles can contribute to this process, bringing the

lowest limit on their masses at the range of 10-15 TeV [182]. The Feynman diagram of

an exemplary process is presented in Fig. 14.

Even though this limit is applied only to neutral particles, it will influence the mass

bound on the singly charged scalar H±
2 since the mass of this particle is expressed as
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s d

s̄ d̄

H0
1 , A

0
1

Figure 14: An exemplary diagram for the FCNC process.

a function of the same parameters as for MH0
1

(compare (4.6) and (4.12), keeping in

mind that α3 and both κ1 and κ2 are not negative parameters). But it is still possible

to choose the parameter space, where the doubly charged scalar particles’ masses are

relatively low, in the range of a few hundreds GeV. The detailed discussion with an

exemplary parameter set can be found in [180].

In the case of the MLRSM I will consider a non-degenerated case with low masses

of doubly charged scalars and possible very high masses of neutral and singly charged

scalars. That will suppress some decay channels too. I will discuss this subject in

the next section. The potential unitarity and stability conditions are presented in

Appendix A.5. The MLRSM potential has a lot of free parameters, so it is possible to

provide potential stability and unitarity for a wide range of scalar particles’ masses,

including non-degenerated cases.

An example set of generated mass spectra of Higgs bosons for vR = 8 TeV is pre-

sented in Fig. 15 (left figure). Mass spectra have been obtained by varying uniformly

the Higgs potential parameters in the range (-10,10). We have also taken into ac-

count the bounds on neutral Higgs bosons obtained from FCNC constraints assuming

mA0
1
,mH0

1
> 15 TeV by fixing α3 = 7.1. The spectra which did not fulfill relation (4.6)
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were rejected. Altogether we have 6 neutral, 2 singly charged and 2 doubly charged

Higgs boson particles in the MLRSM. The figure includes possible spectra of singly

and doubly charged as well as neutral Higgs bosons. Some of them can be degenerated

or nearly degenerated.

Although the Higgs particles naturally tend to have masses of the order of the vR

scale, it is still possible to choose the potential parameters such that some of the scalar

particles can have masses much below 1 TeV. We aim at such spectrum which can

be tested at LHC and future colliders. The cumulative distribution function P of the

lowest masses of singly and doubly charged and next to lightest neutral scalar particles

are plotted on right of Fig. 15. These results show that for vR = 8 TeV a fraction of the

parameter space that gives lightest scalar masses below 1 TeV is at the level of several

percent. It means that it is possible to generate the low mass spectra of Higgs boson

masses in MLRSM keeping large vR scale.

Neutral Single Charged Double Charged

0 5 10 15 20
100

500

1000

5000

1´ 104

M@GeVD

Neutral Single Charged Double Charged

5000 10 000 15 000 20 000

0.2

0.4

0.6

0.8

1.0

Mass [GeV]

P

Figure 15: On left an example of 20 Higgs mass spectra obtained by randomly chosen

Higgs potential parameters in Eq. (3.31). The constrain on the lowest SM-like neutral

Higgs mass Eq. (4.16) was imposed and the bounds coming from FCNC were taken

into account. On right cumulative distribution function P of the lowest mass of singly

and doubly charged and next to lightest neutral scalars. For both figures, vR = 8 TeV.

Figures taken from [180].
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In [180] we have analyzed what can be the lowest masses of H±± scalars based on

the potential analysis and experimental data. Due to the freedom in the parameter

space of the full scalar potential, there is no lowest limit on the mass of H±±
2 . On

the other hand, taking into account experimental limits one can obtain the following

bound on MH±±
1 √

min(M2
H0

3
) +M2

H0
1
κ2

1/v
2
R ≈ 2.41 TeV2

vR

. (4.17)

In the above relation neutral scalars are related to H±± as the same coefficients in

mass relations (4.6)-(4.14) are involved. The lowest limit depends of course on vR, e.g.

for vR = 8 TeV, the lowest mass of H±±
1 is 465 GeV.

HT
M

µ = 1.7 × 10−7, λ = 0.519, λ1 = 0.519, λ2 = 0, λ3 = −1, λ4 = 0.

Mh = 125.3 GeV, MH = 700 GeV, MH± = 700 GeV, MH±± = 700 GeV.

ML
RS

M

λ1 = 0.129, ρ1 = 0.0037, ρ2 = 0.0037, ρ3 − 2ρ1 = 0.015, α3 = 4.0816, 2λ2 − λ3 = 0.

MH0
0

= 125.3 GeV, MH0
1

= 10 TeV, MH0
2

= 600 GeV, MH0
3

= 605.4 GeV,

MH±±
1

= 700 GeV, MH±±
2

= 700 GeV, MH±
1

= 654.4 GeV, MH±
2

= 10 003.1 GeV.

Table 5: Benchmark points and corresponding potential parameters for HTM and LRSM

with MH±± = MH±±
1,2

= 700 GeV. The scalar potential parameters, fields and relations

for masses are defined in Eqs. (3.17), (3.19a) - (3.19d) and (4.1) - (4.5) for HTM and

Eqs. (3.31), (3.34) and (4.6) - (4.14) for MLRSM. I identify h and H0
0 as the SM Higgs

boson (H0).

The mass benchmark points are constructed in order to satisfy several theoreti-

cal conditions like potential stability, unitarity and the T-parameter restriction and
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bounds from H0 → γγ [144,149,172,174,178,179], see also section 4.1.

Finally, in Tab. 5 possible benchmarks for two considered models are given. Ob-

viously, there are more scalar fields in MLRSM than in HTM. Then any detectable signal

connected with a neutral, singly or doubly charged Higgs bosons which are present in

MLRSM but are not present in HTM would be in favour of MLRSM. However, none of these

extra particles has been identified/discovered so far and what we get so far are exclu-

sion limits on the parameters of this model. There is no indication for neutral, singly or

doubly charged scalars, extra neutral heavy leptons, extra gauge bosons. So we do not

know if and which BSM model is realized in nature and we are still looking for a first

experimental indication towards any non-standard signals in one or another model. As

the models’ parameters are already severely constrained, we have to consider very rare

processes and hence faint signals.

We will compare H±± signals from two models in the next sections as the doubly

charged Higgs bosons H±±
1,2 would undoubtedly be clear messengers of the new physics.

4.3 Low energy H±± physics with lepton number and lepton

flavour violation

Low energy physics makes it possible to study the charged Higgs bosons and their

parameters as charged scalars can intermediate in low energy processes, breaking lepton

flavour numbers. Those processes will be particularly interesting in the case of HTM, as

within MLRSM, I assume that the off-diagonal vertex between the doubly charged scalars

and different flavour leptons are negligible, see Eq. (3.40). In the context of HTM, those

processes have been discussed, for example, in [151,161,183–188].

Examples of the LFV processes and corresponding diagrams are presented in Fig. 16.

Among them I mention: radiative decay li → ljγ — diagrams (a) and (b), µ to e

conversion in the presence of atomic nuclei — diagrams (c) and (d), three body decay

li → ljlklm — diagram (e), and muonium-antimuonium conversion — diagram (f). The
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singly and doubly charged scalars can contribute to the muon (g − 2)µ parameter, too

(see, for example, [189]). Feynman diagrams for this process are presented in Fig. 17. In

Tables 6 and 8 the present and predicted future limits on LFV processes are presented.

Amplitudes for those processes are discussed in [135].

H±±

H±±/H±

li(p1) lk(p2)

lj

γ(q)

li(p1) lj/ν lk(p2)

γ(q)

li(p1) lk(p2)

γ(q)
lj/ν

H±±/H±

lk(p2)li(p1) lj/ν

γ(q)

H±±/H±

(a) (b)
µ(p1) e(p2)

N N∗

µ(p1) e(p2)

N N∗

H±±

H±±/H±

γ/Z(q) γ/Z(q)

µ(p1) e(p2)

H±±/H±

N∗N N∗N

e(p2)µ(p1)

H±±/H±

γ/Z(q) γ/Z(q)

l/ν l/ν

(c) (d)

H±±

ll

lk

lj

li e−

H±±

e+

µ+ µ−

(e) (f)

Figure 16: Feynman diagrams representing the contributions to various lepton flavour

violating processes mediated by charged scalars in HTM. (a) and (b) are representing the

radiative decay li → ljγ, (c) and (d) corresponds to the µ to e conversion. Three body

lepton decay of a lepton is represented by diagram (e), finally diagram (f) represents

the muonium-antimuonium conversion.

Another specific case of LFV processes which appears especially important for test-

ing the HTM model are neutrino oscillations data. The H±± decay within MLRSM is

not sensitive to the neutrino oscillation parameters. There is a strict relation between
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γ(q)

µ(k1) µ(k1 + q)

H±

νµ(k1) µ(k1 + q)

H±±

l(r)

γ(q)

µ(k1) µ(k1 + q)H±±

γ(q)

l

a) b) c)

Figure 17: Feynman vertex diagrams representing (g − 2)µ within HTM.

Process Present limits

LF
V

pr
oc

es
se

s

BR(µ → eγ) 4.2×10−13 [190]

BR(τ → eγ) 3.3×10−8 [191]

BR(τ → µγ) 4.4×10−8 [191]

BR(µ → eee) 1.0×10−12 [192]

BR(τ → eee) 2.7×10−8 [193]

BR(τ → µµµ) 2.1×10−8 [193]

BR(τ− → µ+e−µ−) 2.7×10−8 [193]

BR(τ− → µ+e−e−) 1.5×10−8 [193]

BR(τ− → e+µ−µ−) 1.7×10−8 [193]

BR(τ− → e+e−µ−) 1.8×10−8 [193]

R(µN → eN∗)
7.0×10−13

(for Au)
[194]

µ+e− → µ−e+
√

Yee · Yµµ <
0.44 · MH±±

103GeV
[195]

Table 6: Limits on the processes with doubly charged scalar contributions, LFV pro-

cesses (90% CL).

neutrino parameters and the Yukawa coupling Yℓℓ′ which enters discussed in the thesis

collider processes, see Eq. (3.24).
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The HTM model is thus sensitive to the neutrino oscillation data, as discussed already

in [161] and [144, 196, 197]. It means that also such details as neutrinos hierarchy and

the lightest neutrino mass play a role in studies of H±± signals at lepton colliders. In

analysis I use the following standard parametrization of the VPMNS matrix

VPMNS =


c12c13e

iα1 s12c13e
iα2 s13e

−iδCP

(−s12c23 − c12s23s13e
iδCP )eiα1 (c12c23 − s12s23s13e

iδCP )eiα2 s23c13

(s12s23 − c12c23s13e
iδCP )eiα1 (−c12s23 − s12c23s13e

iδCP )eiα2 c23c13

 .
(4.18)

By sij and cij I understand sin(θij) and cos(θij). The values of those angles are

presented in Table 7. Depending on the hierarchy scenarios defined in (4.19), for atmo-

spheric neutrino oscillations either ∆m2
3l = ∆m2

31 > 0 (NH) or ∆m2
3l = ∆m2

32 < 0 (IH).

Normal mass hierarchy: Inverted mass hierarchy:

mν1 = mν0 ,

mν2 =
√
m2

ν0 + ∆m2
21,

mν3 =
√
m2

ν0 + ∆m2
31,

mν1 =
√
m2

ν0 − ∆m2
21 − ∆m2

32,

mν2 =
√
m2

ν0 − ∆m2
32,

mν3 = mν0 ,

(4.19)
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Normal hierarchy (NH) Inverted hierarchy (IH)

Best

fit (bf):
σ bf±1σ bf±2σ

Best

fit (bf):
σ bf±1σ bf±2σ

sin2 θ12 0.310
+0.013

−0.012

0.298

÷

0.323

0.286

÷

0.336

0.310
+0.013

−0.012

0.298

÷

0.323

0.286

÷

0.336

sin2 θ23 0.558
+0.020

−0.033

0.525

÷

0.578

0.492

÷

0.598

0.563
+0.019

−0.026

0.537

÷

0.582

0.511

÷

0.601

sin2 θ13 0.02241
+0.00066

−0.00065

0.02176

÷

0.02307

0.02111

÷

0.02373

0.02261
+0.00067

−0.00064

0.02197

÷

0.02328

0.02133

÷

0.02395

δCP [o] 222
+38

−28

194

÷

260

166

÷

298

285
+24

−26

259

÷

309

233

÷

333

∆m2
21

10−5 eV2 7.39
+0.21

−0.20

7.19

÷

7.60

6.99

÷

7.81

7.39
+0.21

−0.20

7.19

÷

7.60

6.99

÷

7.81

∆m2
3l

10−3 eV2 +2.523
+0.032

−0.030

2.463

÷

2.527

2.463

÷

2.587

-2.509
+0.032

−0.030

-2.539

÷

-2.477

-2.569

÷

-2.445

Table 7: Neutrino oscillation data [198], best fit (bf) and parameter ranges for bf ±1σ

and bf ± 2σ. ∆m2
ij = m2

i −m2
j , see Eq. (4.19).

4.4 Collider physics limits on H±±

Collider experiments bring bounds on the charged scalars too. The most strict limits

come from LHC. The direct mass limits on doubly charged Higgs mass depend on

the analyzed decay channel. The ATLAS experiment sets the minimum on the H±±

mass at 870 GeV for the 100 % leptonic decay in the case of a pair of left-handed

leptons and 760 GeV for decays into right-handed leptons. By the ‘leptonic decay’, I
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mean here a decay into a pair of muons, electrons, or their combination. Some results

regarding the decay into the tau lepton are already published [160], but in this work I

am exploring the electron and muon signals. However, the above ATLAS limits can be

circumvented by assuming that the doubly charged scalar particles do not decay purely

into electrons or muons. For example, if that decay channel drops to 10% branching

ratio (BR) those limits decline to around 450 GeV. To reduce that BR, other decay

channels have to be enhanced, for example, H±±
(1,2) → W±W±, or H±±

(1,2) → τ±τ± or

decay into the tau and another charged lepton. Regarding the diboson channel, for

100% BR, the mass bounds are set around 200-220 GeV [199], so considering this decay

channel, it is possible to reduce the experimental limits on the doubly charged scalar

mass. In this thesis I will follow this direction and, thanks to studying different decay

channels, lower mass bounds will be obtained. The detailed discussion can be found in

section 4.5. Other scenarios with possible low H±± mass limits have been considered

recently in [76], see also [77].

The high-energy lepton collider physics also brings some limits on the doubly

charged scalar particle couplings. Those particles can intermediate in well-known pro-

cesses like the Bhabha or Møller scattering or the e+e− → l+l− process. The doubly

charged scalars contribute to the t−channel (Feynman diagram is similar to the dia-

gram (f) in Fig. 16). In Tab. 8, some important (lepton conserving) SM processes with

the corresponding bounds on the doubly charged scalars’ couplings are gathered, which

will also be used in sections on the high-energy colliders H±± analysis.
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Process Present limits Refs.

SM
pr

oc
es

se
s

|Yee| ≤
√

4π MH±±
8.7×103 GeV

[200]

e+e− → l+l− |Yeµ| ≤ 1√
2

√
4π MH±±

12.2×103 GeV
[200]

(LEP)

|Yeτ | ≤ 1√
2

√
4π MH±±

9.1×103 GeV
[200]

e−e− → e−e− |Yee| ≤ MH±±
3.7×103 GeV

[201]

(MØLLER)

Table 8: Important other than LHC limits on the Standard Model processes with

doubly charged scalar contributions (95% CL).
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4.5 H±± decay channels and widths

Let us first studyH±± decays, which depend on particles’ mass spectrum. The situation

is quite simple in the case of HTM. In Table 9, I have collected all possible vertices. The

situation is more complicated in the case of MLRSM. Theoretically, there are twenty

bosonic decay channels, apart from the three leptonic decays. I have presented them in

Table 9. Still, most of them can vanish by choosing the parameter space, for example,

due to SU(2)L triple VEV, vL set to zero (to avoid problems with the ρ and T -parameter

constraints) or the experimental limits on the W1−W2 mixing angle ξ < 10−2 [202,203].

The non-vanishing decay channels are also presented in Table 9.

HTM MLRSM

(i) H±± → li lj , (v) H±
1 → li li (vii) H±±

2 → li li

(ii) H±± → W ± W ± (vi) H±±
1 → H±

1 W ±
1 (viii) H±±

2 → W ±
2 W ±

2

(iii) H±± → H± W ± (ix) H±±
2 → H±

2 W ±
2

(iv) H±± → H± H± (x) H±±
2 → H±

2 W ±
2

Table 9: Non-vanishing vertices for doubly charged scalar particle decays within the

HTM and MLRSM models, i, j = e, µ, τ .

Some of the decays in Table 9 will be suppressed, too, due to the mass spectrum

discussed in sections 4.1 and 4.2. In case of mass degeneration in HTM (H±± = H±),

and due to the large mass of the H±
2 scalar (MH±

2
> 10 TeV) within MLRSM, I will skip

the channels (iii), (iv), (ix) and (x). The channel (viii) depends on the heavy gauge

boson masses. From [202] and [203], the mass of the non-standard charged gauge

boson MW2 > 700 GeV, so the channel (viii) will also be kinematically suppressed

for low MH±±
2

. Choosing the benchmark masses by choosing the particular potential

parameters (Tab. 5), the process (vi) is also suppressed. In Table 10, I am presenting

the left processes with the vertex dependence.

Within HTM, the leptonic vertex is inversely proportional to the triplet VEV v∆ while

the H±± → W±W± vertex is proportional to v∆. That dependence is presented in Fig.

18. So to find the dominating decay channel, I first study the appropriate range of v∆.

52

67:4366655490



HTM MLRSM

(i) H±± → li lj , (v) H±
1 → li li (vii) H±±

2 → li li

f( 1
v∆

, VPMNS) f( 1
vR

, MNi
) f( 1

vR
, MNi

)

(ii) H±± → W ± W ±

f(v∆)

Table 10: Decay modes with the greatest impact for low H±± mass, MH±±
(1,2)

= 700

GeV. The f function shows dependence of corresponding vertices on key parameters

v∆, vR,MNi
, VPMNS. Indices i, j denote lepton flavours e, µ, τ . The numbering of the

processes stays the same as in Table 9.

10
-4

10
-3

10
-2

10
-1

10
0

10
4

10
5

B
R

v∆ [eV]

MH
± ± = MH

±

H
± 

±  →
 W

± W
± H ± ±

 →
 l ±

l ±

mν0
=0, NH

mν0
=0, IH

∑ mν=0.23 eV, NH & IH

Figure 18: Branching ratios for HTM scalar particle H±± decays, the degenerate case

mH±± = mH± = 700 GeV. The plot has a band because the neutrino parameters are

taken within the ±2σ range, and neutrino masses are taken from 0 to the maximum

value that meets the conservative astrophysics limit ∑i mνi
< 0.23 eV [204].

The first limit on the SU(2)L triplet came from the ρ-parameter and was presented

in section 3.2, Eq. (3.13). From that condition, the triplet VEV v∆ can reach the level

of O(1) GeV. But v∆ is bounded from below, too, by the LFV processes, as well as

the (g − 2)µ and high energy data (see Tables 6 and 8). All those constraints provide
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bounds on the H±± − li − lj and H± − li −νj vertices, so on the coupling Yij, Eq. (3.24).

Fig. 19 presents the most severe limits. Since the H±± − l±i − l±j vertex depends not

only on the triplet VEV but also on the neutrino parameters, the plot presents the

limits in the case of normal and inverted neutrino mass hierarchies, with the neutrino

parameters in the range of ±2σ. The exact parametrization of the VPMNS matrix and

used neutrino parameters were presented in section 4.3.

(a) (b)

Figure 19: Limits on the triplet VEV v∆ as a function of the doubly charged scalar

particle’s mass within HTM. The LFV processes and muon (g−2)µ exclude the shaded

region. Normal and inverted neutrino mass hierarchies are tested. The neutrino oscil-

lation data are taken in the 2σ range (see section 4.3).

From Fig. 19 we can see that the triplet VEV for MH±± = 700 GeV is bound till 10 eV.

To satisfy that limit, I take v∆ = 15 eV for further calculations.

For MLRSM scenario, in section 3.3.2, I explained that I am taking into account only

the diagonal couplings H±±
1,2 − li − li, Eq. (3.40). That means that the limits from the

LFV processes are not applied here. Also, the constraints from the ρ-parameter are

suppressed by large values of vR [132, 133]. The most important experimental limits

come from the bounds on the non-standard particles’ masses, like MW2 and heavy neu-
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trino masses MNi
. Those bounds are often connected since one of the most crucial

processes used to calculate those bounds is a high-energy analogue of the neutrino-

less double beta decay process: pp → Nl → WRll → jjll. In [135], I discussed two

cases of the triplet VEV value, vR = 6000 GeV and vR = 15 000 GeV. That corre-

sponds to the heavy charged gauge boson mass around 3500 GeV and 7500 GeV, since

MW2 ≃ gvR√
2 = 0.47vR. Here I will present the most interesting results for vR = 15 000

GeV. That value lies beyond the parameter space examined by the LHC, and there are

no limits on the heavy neutrino masses.

To calculate the triplet VEV’s bounds, it was essential to determine whether the dom-

inating decay channels in both models could be the leptonic ones. I will study this

case since the leptonic decay is the most promising for identification beyond the SM

signals [135]. For this purpose, I will present the experimental data combining the

leptonic branching ratios with bounds on the doubly charged scalars.

Table 11 shows that even though the most severe bound on the doubly charged

scalar particle’s masses is around 875 GeV (for 100% eµ), it is possible to find lower

limits, assuming that BR is also respectively lower.

Within HTM it is not possible to obtain the pure 100% decay into electrons and

muons anyway, see Fig. 20.

Within MLRSM for vR > 12 000 GeV, there are no experimental data about heavy

neutrino masses and mixing, except for some rough lower mass limits mentioned earlier.

So it is not an issue to find the allowed parameter space for desired doubly charged

particle masses. The chosen parameters’ set for MH±±
1,2

= 700 GeV and MH±±
1,2

= 1000

GeV will be presented in section 4.6 and Tab. 16.

While considering the doubly charged scalar’s decays and limits on its couplings,

calculating the total decay width is also important. The particle covered distance after

production depends on the total decay width. Many extensions of the SM introduce

new particles with macroscopic decay lengths (cτ > 1 cm) [206]. Such particles are

often called long-lived particles (LLPs). Since the doubly charged scalar particle was

not been directly observed so far, it is important to ensure that the particle decays
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BR ll ee eµ µµ

0.01 216.3 249.2 216.3 309.7

0.02 279.4 310.9 300.0 335.7

0.03 308.5 323.7 316.6 367.5

0.04 316.8 333.9 329.5 418.2

0.05 324.3 342.5 339.5 434.1

0.1 473.7 478.5 473.7 480.7

0.2 493.5 613.7 573.1 557.9

0.3 518.1 638.9 648.0 683.4

0.4 645.4 658.4 671.78 714.6

0.5 662.7 691.5 690.08 734.0

0.6 679.6 752.6 754.4 749.3

0.7 695.6 755.8 808.3 776.5

0.8 753.3 758.3 839.4 805.8

0.9 756.8 761.9 857.8 829.4

1.0 763.8 768.3 874.7 846.2

Table 11: Lowest limits on a mass of the doubly charged scalar boson for the SU(2)L

triplet as a function of different leptonic branching ratios. Based on the data from [205].

I bolded the BR range allowed within HTM (see Fig. 20). I separated the BR range

with a horizontal line that allows doubly charged scalars’ masses lower than 700 GeV.

before entering the detector. In Figs. 21 and 22 I present the total decay widths for

H±± within HTM (MLRSM). In both cases I assume MH±± = MH± , so dominating are

dilepton and diboson decay channels. As H++ − l+ − l+ vertex is proportional to 1/v∆

and H++ − W+ − W+ vertex is proportional to v∆ (see Tab. 9), their cotributions

cross around 105 eV in Fig. 21 (minimum). For the left part (below v∆ ∼ 105 eV) the

lines are sensitive to neutrino parameters. In MLRSM, Fig. 22, characteristic line kinks

for the region vR ≲ 10 000 GeV are due to the LHC exclusion analysis. For reader

convenience, I added here the corresponding figure from [207], Fig. 23, from which I

extracted the CMS exclusion limits, MW2 ≃ 0.48 vR.

As we can see, in both models H±± are not LLPs.
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Figure 20: H±± decay branching ratios into ee — fig. (a), µµ — fig. (b), eµ —

fig. (c) and ee + eµ + µµ — fig. (d) within HTM as a function of the lowest neutrino

mass mν0 . Corresponding lower limits on the doubly charged scalar particle’s masses

are marked (see Tab. 11). Neutrino parameters are taken within the ±2σ range (see

Tab. 7). Solid lines present the result for different Majorana phases and the best fit of

neutrino parameters. Points marked with □ and • are used for further calculation for

MH±±=700 GeV (□) and MH±±=1000 GeV (•).
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Figure 21: The total decay with for H±± in HTM. The excluded region for small

values of v∆ is due to Fig. 19 while for large values of v∆ is due to the constraints on

the ρ-parameter, Eq. (3.13).
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Figure 22: The total decay width for H±±
1,2 in MLRSM. In the legend, H±±

1,2 masses are

given in GeV.

Figure 23: Upper limit on the pp → eejj cross section for different MWR
≡ MW2 and

MNR
≡ MN mass hypotheses. The thin-dotted (blue) curves indicate the region in

(MW2 , MNi
) parameter space that is expected to be excluded at 68% CL. Figure taken

from [208].
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4.6 H±± production and decays in lepton and hadron colliders

There are two attractive options with singly and doubly charged H±± production

which after decays may lead to tri- and four-leptons in the final state. As already

discussed, we have chosen the parameter space in such a way that the doubly charged

scalars decay to charged leptons with almost 100% branching ratio. Thus, the four

lepton final state contains two pairs of same sign and same flavoured charged lep-

tons where each pair has opposite charges to each other. As there is no neutrino

(missing energy) or jet involved it is easy to reconstruct the momentum of the final

state particles. We have reconstructed invariant masses for a lepton pair defined as

mℓ1ℓ2 =
√

(E1 + E2)2 − (P⃗1 + P⃗2)2, where Ei and P⃗i are the energy and three mo-

mentum of ℓi, respectively, for the same sign dileptons (SSDL) and the opposite sign

dileptons (OSDL). As the doubly charged scalars are the ‘parents’ of the dilepton pairs,

invariant mass of the SSDL should lead to a clean peak around the mass of the doubly

charged scalar, which is not necessarily a case for OSDL.

There is another interesting variable which can be used for determination of signals

∆Rℓ1ℓ2 =
√

(η1 − η2)2 + (ϕ1 − ϕ2)2, (4.20)

where ηi and ϕi denote pseudorapidity and azimuth of ℓi, respectively. ∆Rℓℓ amounts

the separation between two light charged leptons (ℓ) in azimuth-pseudorapidity plane.

Its physical importance is that in the detector if ∆Rℓℓ is smaller than the specified

value then one can not distinguish whether the deposited energy is really by one or two

leptons. So, one chooses only events for which leptons are well separated. We expect

that the leptons originated from a single doubly charged scalar will be less separated than

the leptons coming from different charged scalars. This statement is very distinctively

clear from the invariant mass distributions of the same sign dileptons, as shown in

Fig. 24. Maximum number of same dilepton events are with an invariant mass peak

around MH±±
1

= 400 GeV and that around MH±±
2

= 500 GeV is much smaller, as

expected. For the opposite sign lepton pairs, the two leptons have different origin, thus

their invariant mass distribution is continuous while the same sign dilepton invariant
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mass distributions always peak around the mass of the doubly charged scalars. This is

the first analysis in which I was involved [209] where we have undertaken the study of

production and decay processes with H±±. We also performed the ∆Rℓℓ distribution
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Figure 24: Invariant mass for SSDL and OSDL signals in the pp → H++
1,2 H

−−
1,2 → 4l

process in the non-degenerate mass scenario with MH±±
1

= 400 GeV and MH±±
2

= 500

GeV for
√
s = 14 TeV and L = 300 fb−1.

for the same benchmark point. For the same reason as explained before our expectation

is reflected in Fig. 25 where the distribution for SSDL is narrower than for OSDL.

In [209] we have also considered the trilepton signals with missing pT by analyzing

processes pp → H±±
1 H∓

1 and pp → H±±
2 H∓

2 . We can have ℓ+ℓ+ℓ− or ℓ−ℓ−ℓ+ signals in

this case. We can estimate the ratio R+
− defined as

R+
− = # of events for ℓ+ℓ+ℓ−

# of events for ℓ−ℓ−ℓ+ . (4.21)

For
√
s = 14 TeV and integrated luminosity 300 fb−1, vR = 8 TeV, MH±±

1
= 483 GeV,

MH±±
2

= 527 GeV, MH±
1

= 355 GeV, MH±
2

= 15066 GeV, the estimate is R+
− = 396

158 ≃

2.51. In SM we got R+
−SM ≃ 17.8

15.0 = 1.19 which differs substantially from the MLRSM

prediction for the above choices of charged scalar masses. We find 554 trilepton signal

events after all the cuts as given in Appendix A.1.
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Figure 25: Lepton - lepton separations for the same sign lepton pairs (∆Rℓ±ℓ±) and

opposite sign lepton pairs (∆Rℓ±ℓ∓) in pp → H++
1,2 H

−−
1,2 → 4l. Benchmark parameters

as in Fig. 24.
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Figure 26: Invariant mass plots for SSDL and OSDL for the signals

ℓ± ℓ± ℓ∓ + missing pT (l = e, µ), at the LHC with
√
s = 14 TeV and integrated

luminosity 300 fb−1.
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From Fig. 26 it is distinctly seen that the significant amount of same sign dilepton

pair peaks again at smaller H±±
1 than H±±

2 mass (here specific benchmark points

defined in [209] are chosen for higher MH±±
1

than in Fig. 24). This implies that the

dominant contribution to this trilepton events are generated through pp → H±±
1 H∓

1

process and the further leptonic decays of the charged scalars.

In [171] we analysed all the associated processes of H±± with gauge and scalar

bosons in HTM and found that five of them are worth further studies. In Tab. 12 we

gathered the results, for basic Feynman diagrams see Appendix A.4.

Process Cross section [pb] Process Cross section [pb]

a) pp → H±±W ∓
∼ 10−22

b) pp → H±±H∓
8.13 × 10−5

(∼ 10−20) (8.78 × 10−3)

c) pp → H±±ZW ∓
∼ 10−12

d) pp → H±±ZH∓
6.29 × 10−7

(2.7 × 10−9) (1.56 × 10−4)

e) pp → H±±W ∓W ∓
∼ 10−10

f) pp → H±±W ∓h
∼ 10−12

(1.87 × 10−9) (3.47 × 10−8)

g) pp → H±±W ∓H
1.35 × 10−6

h) pp → H±±W ∓H∓
2.88 × 10−6

(2.44 × 10−4) (6.81 × 10−4)

i) pp → H±±hH∓
1.07 × 10−7 )

j) pp → H±±HH∓
∼ 10−29

(1.63 × 10−6 (∼ 10−26)

k) pp → H±±H∓H∓
∼ 10−31

(∼ 10−28)

Table 12: Cross sections for a production of a single H±± boson with associated SM

gauge bosons and other HTM scalars at the pp colliders in 2 → 2 and 2 → 3 processes,

calculated for
√
s = 14 TeV (100 TeV), in pb. Charged scalar masses are degenerated,

MH±± = MH± = 1 TeV. Basic Feynman diagrams can be found in Appendix A.4.

In Tables 13 and 14 we gathered results for pp → H±±H± after decays as we found

that the largest cross section, similarly to MLRSM is for the pp → H±±H± process.

However, as we can see from our preliminary studies, the background signals for con-

sidered processes are substantial, and more detailed analysis of kinematic conditions
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and appropriate distributions or choice of final states which can enhance new physics

signals over the SM background are needed.

v∆ Process: Signal [pb]: Background [pb]:

50 eV pp → H±±H∓ →

e± e± e∓
�ET

1.79×10−5 5.05×10−2

(2.00×10−3) (3.15×10−1)

µ±µ±µ∓
�ET

1.43×10−5 5.05×10−2

(1.55×10−3) (3.15×10−1)

W ±W ±W ∓ Z
3.62×10−5 7.00×10−4

(3.93×10−3) (1.60×10−2)

0.5 GeV pp → H±±H∓ → W ±W ±W ∓h
3.53×10−5 6.19×10−5

(3.84×10−3) (1.12×10−3)

W ±W ±jj
3.68×10−10 3.09×10−1

(4.01×10−8) (5.65)

Table 13: Singly and doubly charged scalar production pp → H±±H∓ with primary

decays to the SM particles for CM energy 14 TeV (100 TeV).

Process:
Signal: Background:

Before cuts [pb]: After cuts [fb]: Before cuts [pb]: After cuts [fb]:

e± e± e∓
�ET 1.79×10−5 5.46×10−3 5.05×10−2 0.94

µ± µ± µ∓
�ET 1.43×10−5 9.68×10−3 5.05×10−2 1.77

Table 14: Results from the Table 13 for v∆ = 50 eV, after cuts. Centre mass energy:
√
s = 14 TeV.

To the end of this section I will present the final results for doubly charged scalar

particles’ pair production in pp and e+e− colliders, aiming to compare signals in the

case of the same H±± masses in two considered models. The decays of those particles,

disscussed in section 4.5 will be used to calculate the possible detector signals.

First I will present the results for lepton colliders. In section 1.3 I have shortly

summarized main plans regarding future lepton and hadron colliders. Among lepton
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colliders, the higher centre-mass energy is planned in the CLIC, which can reach energy

of 3 TeV. However, that will be possible not until the last stage of this experiment. Till

that, the accelerator will operate with the energy of 1.5 TeV, maximally. That is the

reason that I study relatively low doubly charged scalars’s masses, for MH±±
(1,2)

= 700

GeV it is possible to consider the direct pair production in lepton collider at the energy

of 1.5 TeV. In Tables 15 and 16 I am presenting the models parameters for benchmark

points M(1,2)±± = 700 GeV and M(1,2)±± = 1000 GeV, for HTM and MLRSM.

MH±± H±± → XX
HTM

NH IH

BR=0.283

α1 = π
2

BR=0.475

α1 = π
2

eemax α2 = π
2 α2 = π

2

700 GeV BR < 0.5 mν0 = 0.071 mν0 = 0

(□)

BR=0.3

α1 = π
2

BR=0.3

α1 = 0

µµmax α2 = 0 α2 = 0

BR < 0.3 mν0 = 0.025 mν0 = 0.066

eemax BR=0.283

α1 = π
2

BR=0.475

α1 = π
2

α2 = π
2 α2 = π

2

1000 GeV mν0 = 0.071 mν0 = 0

(•)

µµmax BR=0.438

α1 = 0

BR=0.3

α1 = 0

α2 = 0 α2 = 0

mν0 = 0.015 mν0 = 0.066

Table 15: Parameters for the benchmark points MH±± = 700 GeV and MH±± = 1000

GeV. The neutrino masses and Majorana phases are fitted to obtain the maximal

possible signal for ee and µµ decays (maximal branching ratios), as well as to meet the

experimental limits on the neutrino parameters. The other parameters are set to the

best fit from Table 7. The benchmark points are also marked in Fig. 20 by □ (MH±±

= 700 GeV) and • (MH±± = 1000 GeV). Neutrino masses given in electronvolts.
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MH±±
1,2

H±±
1,2 → XX MLRSM

700 GeV

eemax
BR=0.5

MN1 = 1300

BR < 0.5 MN2,3 = 918

µµmax
BR=0.3

MN2 = 1300

BR < 0.3 MN1,2 = 1130

1000 GeV

eemax BR∼ 1
MN1 = 5733

MN2,3 = 300

µµmax BR∼ 1
MN2 = 5000

MN1,2 = 300

Table 16: Parameters for the benchmark points MH±±
1,2

= 700 GeV and MH±±
1,2

= 1000

GeV within the MLRSM for vR = 15 000 GeV. The heavy neutrino masses are fitted to

obtain the maximal possible signal for ee and µµ decays (maximal branching ratios).

Neutrino masses are given in GeV.

Compared to the hadron colliders, lepton colliders offer significantly lower energies,

but the signal can potentially be evident over the SM background. In Figs. 27 and

29, the results are given for HTM and MLRSM, respectively. In Fig. 28, I present the

Feynman diagrams for doubly charged scalars’ pair production in e+e− collisions. Even

though the MLRSM has rich phenomenology, the main contribution to the s-channel

within both models will be at the same range since the non-standard scalars are very

heavy. Regarding the t-channel, it is suppressed within HTM by the LFV processes (see

Fig. 27). Within MLRSM, the t-channel is bounded mainly by the Bhabha scattering

data (see Tab. 6), and the impact of the t-channel might reach around 20% of the

s-channel contribution. For the t-channel, the MW2 − MN space is restricted by

the LHC exclusion plots [208, 210]. To use this data, we take MW2 ≥ MN with the

same CP-parities of heavy neutrinos and a correlation between heavy masses which are

proportional to vR [149,159]. Let us note that most of the experimental LHC analyses

are based on simplified scenarios where heavy neutrinos are mass degenerate with

diagonal mixings and where CP-violating effects are not taken into account. However,
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1Figure 27: Doubly charged Higgs boson pair production in e+e− collision within the

HTM. MH±± = 700 GeV and collider energy ECM = 1.5. The low energy data excludes

the shaded region (Tab. 6). Neutrino oscillation parameters are within the ±2σ range

(Tab. 7). A dashed line marked the SM background for four leptons production σ =

0.415 fb, with the cuts presented in the Appendix A.1. Basic diagrams are given in

Fig. 28.
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e
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e

H±±
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H∓∓
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H∓∓
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a) b)

Figure 28: Pair production of doubly charged scalars in e+e− colliders.

The following particles contribute to the diagrams:

HTM: γ, Z, h and H (s-channel); e, µ, τ (t-channel),

MLRSM: γ, Z1, Z2, H0
0 , H0

1 , H0
2 (s-channel).
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1Figure 29: Doubly charged Higgs boson pair production e+e− → H++
1 H−−

1 +H++
2 H−−

2

for MH±±
(1,2)

= 700 GeV and CM energy 1.5 TeV in MLRSM. The crossed area on the

left is excluded by (g − 2)µ and FCNC. The maximum for vR = 1900 GeV comes

from the Z2 resonance, MZ2 = 1.9 TeV. The horizontal grey dashed line "Bhabha,

Møller" separates the t-channel contribution to the cross-section, which is still allowed

by the CMS and ATLAS exclusion analysis from constraints by the Bhabha and Møller

processes (Tab. 8). The t-channel contribution above this line is forbidden. The SM

background (black dashed horizontal line) after applying kinematic cuts is σ = 0.415

fb, see section A.1.

CP-parities of neutrinos can be different, leading to destructive interference effects,

relaxing limits on the vR scale, see [202, 211, 212]. We vary the MW2 mass from 600

GeV to 5.5 TeV and the heavy neutrino mass up to 4.8 TeV and take the best fit

expected values for the LHC exclusion data. As we can see, in both e+e− and pp cases,

the production processes can exceed the SM background. We will quantify the results in

the following tables after including H±± decays to four lepton final states.

Regarding the pair production in hadron colliders, only the s-channel will contribute
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1Figure 30: Doubly charged scalars’ pair production at pp colliders for LHC and FCC-hh

center-of-mass energies. Horizontal line marks the background for the process pp → 4l,

with kinematic cuts defined in the Appendix A.1. Basic diagrams are given in Fig. 31.
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q
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0
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0
2
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a) HTM b) MLRSM

Figure 31: Feynman diagrams for the doubly charged scalar particles’ pair production

in proton-proton colliders within (a) HTM and (b) MLRSM models.

to this process. The result for both HTM and MLRSM models are presented in Fig. 30 with

basic Feynman diagrams shown in Fig. 31. In both Fig. 27 and Fig. 30 by a dashed

line the SM background with four lepton in the final state is marked 4l, l = e, µ, with

cuts presented in the Appendix A.1. The processes contributing to the background are

gathered in Appendix A.2.
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Finally, I will compare the four lepton signals within HTM, MLRSM and SM (back-

ground). I chose the 4e and 4µ final states and present the results in Table 17 for e+e−

collider (CLIC: ECM =
√
s = 1500 GeV, luminosity L = 1500 fb−1) and in Table 18

for pp colliders (HL-LHC: ECM = 14 TeV, L = 4000 fb−1 and FCC-hh: ECM = 100

TeV, L = 25 000 fb−1). For the calculations, I used the cuts defined in Appendix A.1

to minimize the background contribution. The most promising result is obtained in

the 4µ channel for e+e− colliders where both HTM and MLRSM signals are much higher

than the background. I got 120 and 205 events for luminosity L = 1500 fb−1 within

HTM and MLRSM respectively, versus 8 events of the SM background (Tab. 17). That

gives a large significance S = 14 for MLRSM and S = 11 for HTM, where the significance

if defined: S ≡ S ′/
√
S ′ +B, S ′ and B are the total number of signal and background

events, rspectively.

In the case of pp colliders, the significance for the 4µ signal can reach S ∼ 1 for

HTM (normal hierarchy case) and S = 8 for MLRSM for HL-LHC energies. For the signal

and background numbers, see Tab. 18. That means that observing a 4µ signal with a

significance S > 1 can discriminate the HTM model.

Apart from the significance, detailed analysis of the signal can bring some important

information. For example, the invariant mass or the lepton-lepton separation can

be studied. In Fig. 32 I am presenting this kind of distribution for 4e signal in e+e−

colliders for benchmark points given in Tables 15 and 16. It is clear that good separation

of final dilepton signals is possible. More distributions for 4e and 4µ signals are given

in Appendix A.3.

Distributions presented in the thesis show that it is possible to extract clear signals

for doubly charged scalars at the LHC and future colliders. For signal identification,

crucial is how large are the SM background effects, and what are the significance values.
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SM background: e+e− → 4l

4e
No cuts: σ = 2.1 fb

After cuts: σ = 0.13 fb, N = 200

4µ
No cuts: σ = 0.07 fb

After cuts: σ = 0.005 fb, N = 8

BSM signal: e+e− → H++H−− → 4l
HTM

MLRSM
NH IH

4e

No cuts: 0.19 fb 0.53 fb 0.924 fb

After cuts:
0.02 fb 0.06 fb 0.113 fb

N=30 N=90 N=169

4µ

No cuts: 0.22 fb 0.19 fb 0.33 fb

After cuts:
0.08 fb 0.08 fb 0.137 fb

N=120 N=120 N=205

Table 17: Doubly charged scalars’ pair production with subsequent decays to four

leptons at e+e− colliders, with MH±± = 700 GeV and centre-of-mass energy
√
s = 1.5

TeV. To study the 4e and 4µ signals, the paramaters set from Tables 15 and 16 were

applied. "N" estimates a number of final events for luminosity L = 1500 fb−1.

mee [GeV]

SSDL

OSDL

 0

 50

 100

 150

 200

 0  200  400  600  800  1000  1200

LRSM

∆Ree

SSDL

OSDL

 0

 10

 20

 30

 40

 50

 60

 70

 0  1  2  3  4  5

LRSM

Figure 32: Dilepton distributions for e+e− → 4e in the LRSM. Benchmark parameters

are given in Tab.16 (for MH±±
1,2

= 700 GeV).
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SM background: pp → 4l

4e
No cuts: σ = 6.9 [100.8] fb

After cuts: σ = 0.0061 [0.192] fb, N = 24 [4391]

4µ
No cuts: σ = 6.9 [100.6] fb

After cuts: σ = 0.019 [0.62] fb, N = 77 [15 167]

BSM signal: pp → H++H−− → 4l
HTM

MLRSM
NH IH

4e

No cuts:
0.0033 fb 0.0095 fb 0.085 fb

[0.39 fb] [1.11 fb] [10.6 fb]

After cuts:

0.00028 fb 0.0008 fb 0.0072 fb

N=1.1 N=3.2 N=28

[0.017 fb] [0.051 fb] [0.53 fb]

[N=421 ] [N=1269] N=[13 240]

4µ

No cuts:
0.008 0.0034 fb 0.085 fb

[0.944 fb] [0.41 fb] [10.6 fb]

After cuts:

0.0027 0.00115 fb 0.028 fb

N=10 N=4.6 N=112

[0.176 fb] [0.078 fb] [2.1 fb]

[N=4397] [N=1967] N=[52 540]

Table 18: Doubly charged scalars’ pair production with subsequent decays to four

leptons at hadron colliders, with MH±± = 1000 GeV and centre-of-mass energy
√
s = 14

[100] TeV. "N" estimates a number of final events with the assumed luminosity L = 4000

[25 000] fb−1
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5 Conclusions

The discovery of doubly charged Higgs bosons would signal the existence of a more

complex potential for scalar fields. In the Thesis, I focused on a detailed study of the-

oretical constraints and possible phenomenological signals of the H±± pair production

and decay to four leptons in future lepton and hadron colliders.

I considered the Higgs Triplet Model (HTM) not restricted by the custodial symme-

try and the Minimal Left-Right Symmetric Model (MLRSM). The models include scalar

triplets with different complexity of scalar potentials and, due to experimental restric-

tions, completely different scales of non-standard triplet vacuum expectation values.

In both models, a doubly charged Higgs boson H±± can acquire a mass of hundreds of

gigaelectronvolts, which can be probed at HL-LHC, future e+e−, and hadron colliders.

I compared both models taking into account the consistent selection of all available

experimental data.

I analyzed the possible decays of doubly charged scalar particles to estimate the

lower bounds of their masses. It turned out that lepton decays dominate both models

while other channels are suppressed. For example, doubly charged scalar particles

can decay into singly charged particles, which are present in both models: H±± →

H± +X. However, these decays are limited in both models by mass differences between

doubly and singly charged particles. Thus, in both cases, we expect lepton decays

purely, although individual decay channels may differ in these models. In HTM, the

decays of H±± depend on the parameters of neutrino oscillations, which strongly limit

the possible phenomenology of the HTM model. The decays of this particle in the

MLRSM model depend on the parameters of the heavy neutrino sector (see-saw type-I

mechanism).

Using these calculations, I estimated the mass lower limits of the doubly charged

scalar particles to assess whether they could be produced in e+e− accelerators with a

maximum planned energy of 1.5 TeV (CLIC). In both models, we found parameters that

allowed us to assume relatively low masses of these particles, and for e+e− collisions,
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we assumed MH±± = 700 GeV. Next, we examined the production of doubly charged

scalar particles in the e+e− and pp collisions. Our calculations showed that, despite

the richer MLRSM phenomenology, also containing additional heavy gauge bosons and

neutral scalar particles, their impact on the final result is negligible (due to the small

couplings and large masses of these particles). The production of doubly charged

particles scalars in the s channel is comparable in both models for e+e− (Figs. 27 and

29) pp collisions (Fig. 30). The situation is different in the t channel for e+e−. In

this case, the cross-section may be drastically different for both models. Additionally,

this channel is severely limited by the processes µ → eγ and µ → eee in the case of

HTM, and the so-called Flavor Changing Neutral Currents (FCNC) and the Möller and

Bhabha processes in the case of MLRSM. Interference between these channels had to be

considered when calculating the total maximum output in the s and t channels.

I examined the decays of particles produced in this way up to four leptons, selecting

the cuts and parameters of the model to obtain the maximum possible signal while

minimizing the background.

The clean reconstruction of the invariant mass and SSDL, OSDL separation signals

are possible even in the hadronic environment. These measurements can be a smoking

gun feature of BSM scenarios, indicating the presence of doubly charged scalars. The

most interesting results were obtained for decays up to 4 muons. The MLRSM model

dominates over the HTM production and the background of the Standard Model. In

Tab. 17 and Tab. 18 I present the results obtained for the e+e− and pp collisions.

The most interesting conclusions of my work:

1. The production probabilities of H++ particle pair in the e+e− and pp colliders

are very similar. In both cases, the production is limited due to the correlation

of parameters and the lack of signals of low-energy experiments breaking the

lepton number, analysis of the Bhabha process and Möller with contributions

from non-standard particles, and excluding analyzes for the pp → lljj process at

the LHC.
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2. There is a relatively small chance of discovering the production and decay signals

of the H++ particle pair up to 4 electrons in the HTM and MLRSM models in the e+e−

collisions. Analogous decays of up to 4 muons can be recorded and distinguished

from the background.

3. The difference in prediction and the much larger possible muon detection signals

within MLRSM allow distinguishing between the two models.

The most interesting part of the project is not so much looking at possible signals

at future colliders under HTM and MLRSM but trying to compare these models. In other

words, we were looking for an answer to whether, when a doubly charged scalar particle

of a given mass is discovered, it is possible to determine which model it belongs to or

exclude specific models. We managed to show that it is possible, thanks to appropriate

kinematic cuts and the selection of parameters that affect the decay ratios, without

special adjustments, in a wide range of parameters (e.g. vR > 15 TeV, theoretically

favoured range in the MLRSM model) to predict that the HTM model would give a signal

with four muons below the standard background from known processes. In contrast,

this signal could be substantial in the MLRSM model. This differentiation analysis be-

tween non-standard models is precious for planning research directions in future CLIC,

HL-LHC or FCC-hh accelerators. The great effort of the work done is the consistent

combination of different areas of high and low-energy physics to see how experimental

constraints affect predictions about future outcomes.

The analysis given here can be extended, especially in the region of potentially

positive signals, to a larger spectrum of models, especially supersymmetric models

with scalar triplets, also matching the results to the general framework, including

higher-dimensional operators of effective theories.
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A Appendix

In the link https://jgluza.us.edu.pl/mkord/index.html talks given and posters prepared

by the author and connected with the subject of this thesis can be found, as well as a

description of the used software.

Major calculations were performed using the MadGraph program [213] and the

PYTHIA program [214] where cuts were implemented. The HTM model was created

using the FeynRules Mathematica package [215]. This model’s files can be found on

the above website. The low energy processes and models constraints were calculated

in Mathematica [216] and Fortran [217].

A.1 Cuts

To optimize the detection of non-standard particles, I am using the following cuts and

selection criteria.

C1. Lepton identification criteria: transverse momentum pT ≥ 10 GeV, pseudorapid-

ity |η| < 2.5.

C2. Detector efficiency for electron (muon): 70% (90%).

C3. Lepton-lepton separation: ∆Rll ≥ 0.2.

C4. Lepton-photon separation ∆Rlγ ≥ 0.2 with pTγ > 10 GeV.

C5. Lepton-jet separation ∆Rlj ≥ 0.4.

C6. Hadronic activity cut - within the cone of radius 0.2 around the lepton the

hadronic activity should fulfill the inequality: ∑ pThadron
≥ 0.2 × pTl

.

C7. Z-veto - the invariant mass of any same flavour and opposite charge lepton should

satisfy the condition: |ml1l2 −MZ1| ≥ 6 ΓZ1 .

C8. Hard pT cuts: pT (l1) > 30 GeV, pT (l2) > 30 GeV, pT (l3) > 20 GeV, pT (l4) > 20

GeV.
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C9. Parton Distribution Functions (PDFs): CTEQ6L1 [218] [219].

A.2 SM background for four leptons production at e+e− and

pp colliders

In this section the SM background for 4l production at lepton and hadron colliders

are presented. For lepton collider I consider scattering and annihilation with photon

radiation and lepton pair emission, (Z/γ∗)(Z/γ∗) production and multiperipheral pro-

cesses (Fig. 33). For centre-of-mass energy
√
s = 1500 GeV the cross section for the

above processes is σ = 4.465 fb and σ = 0.415 fb, before and after cuts defined in the

section A.1.

For the pp collision, the main processes contributing to the SM background for 4l signal

are presented in the Table 19. For both e+e− and pp colliders cuts used are defined in

the previous section.

(a) (b) (c) (d)

Figure 33: Four lepton background diagrams at electron-positron colliders.
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Process Energy tt̄(Z/γ∗) (Z/γ∗)(Z/γ∗) TOTAL

σ(pp → 4l) [fb]
14 TeV 0.082 0.036 0.118

100 TeV 0.79 0.13 0.92

Table 19: Dominant Standard Model background contributions to 4l signal at hadron

colliders. The cross section are given in fb and are calculated using cuts from section

A.1, for energies
√
s = 14 TeV and

√
s = 100 TeV. For the tt̄ process the k-factor is

set to 2.2 [220].

A.3 Dilepton distributions for e+e− → 4l

In Figs. 34 - 41, I am presenting a complete distribution for e+e− → 4e and e+e− → 4µ

processes, with both HTM and LRSM, as well as the SM background, using cuts from the

section A.1. The number of events is given as a function of lepton invariant massml1l2 =√
(E1 + E2)2 − (P⃗1 + P⃗2)2 and the lepton separation ∆Rl1l2

, defined in Eq. (4.20). As

discussed in section 4.6, I consider two options, for the same sign lepton pair (SSDL -

two electrons, positrons, muons or antimuons), or the opposite sign lepton pair (OSDL

- e+e− or µ+µ−).

• The SM background:

mee [GeV]

SSDL

OSDL

 0

 5

 10

 15

 20

 25

 30

 35

 40

 0  200  400  600  800  1000  1200

SM

∆Ree

SSDL

OSDL

 0

 10

 20

 30

 40

 50

 60

 0  1  2  3  4  5

SM

Figure 34: Dilepton distributions for e+e− → 4e, the SM background.

• The LRSM signal.
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Figure 35: Dilepton distributions for e+e− → 4µ, the SM background.

Here I am presenting results for the 4µ signal. Dilepton distributions for e+e− →

4e were present in Fig. 32. The benchmark parameters as given in Tab.16 were

applied.

mee [GeV]

SSDL

OSDL

 0

 10

 20

 30

 40

 50

 60

 70

 0  200  400  600  800  1000  1200

LRSM

MH1
± ± = 700 GeV

MH2
± ± = 500 GeV

∆Ree

SSDL

OSDL

 0

 5

 10

 15

 20

 25

 0  1  2  3  4  5

MH1

± ± = 700 GeV

MH2

± ± = 500 GeV

LRSM

Figure 36: Dilepton distributions for e+e− → 4e. On left mee distributions are shown

for MLRSM with benchmark parameters for vR = 6 TeV, mH±±
1

= 700 GeV and mH±±
2

=

500 GeV. On right, analogous plot for the e− e separation observable ∆Ree is given.

• The HTM signal for the normal and inverted hierarchies of neutrino masses.
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Figure 37: Dilepton distributions for e+e− → 4µ in the LRSM. Benchmark parameters

are given in Tab. 16 (for MH±±
1,2

= 700 GeV).

mee [GeV]

SSDL

OSDL

 0
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 20

 30

 40

 50

 60

 0  200  400  600  800  1000  1200

HTM (NH)

∆Ree

SSDL

OSDL

 0

 5

 10

 15

 20

 25

 0  1  2  3  4  5

HTM (NH)

Figure 38: Dilepton distributions for e+e− → 4e for the HTM model with the NH

scenario. Benchmark parameters as given in Tab. 15 for MH±± = 700 GeV.

Figure 39: Dilepton distributions for e+e− → 4e for the HTM model with the IH scenario.

Benchmark parameters as given in Tab. 15 for MH±± = 700 GeV.
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Figure 40: Dilepton distributions for e+e− → 4µ for the HTM model with the NH

scenario. Benchmark parameters as given in Tab. 15 for MH±± = 700 GeV.

Figure 41: Dilepton distributions for e+e− → 4µ for the HTM model with the IH scenario.

Benchmark parameters as given in Tab. 15 for MH±± = 700 GeV.

A.4 Feynman diagrams for production of the doubly charged

Higgs boson in association with the SM gauge bosons

and/or other HTM scalars at hadron colliders

Below, we list the most relevant diagrams which contribute to the processes considered

in section 4.6 in which one doubly charged Higgs boson is present, for simplicity within

HTM. We keep the same numeration as in Tab. 12 for dominating processes denoted in

blue, so the processes b), d), g), h) and i).
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b) pp → H±±H∓

a)

d) pp → H±±ZH∓

qi

q̄j

Z

H∓

H±±

H±,W± H±±

qi

q̄j

H∓

Z

H±±

H±,W± H±,W±
H∓,W∓

qi

q̄j

Z

H±±

H±,W±

H∓

b) c) d)
qi

q̄j

W±

H±±

Z

H∓

qi

qj

q′
Z

H±±

H∓W±, H±

e) f)

g) pp → H±±W∓H

qi

q̄j

W∓

H

H±±

H±,W± H±,W±

qi

q̄j

H

W∓

H±±

H±,W± H±±
H∓,W∓

qi

q̄j

W∓

H±±

H±,W±

H

g) h) i)
qi

q̄j

W±

H±±

W∓

H

qi

qj

q′
H

H±±

W∓W±, H±

j) k)
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h) pp → H±±W∓H∓

q

q̄

W∓

H∓

H±±

h,H, γ, Z
H±,W±

q

q̄

H∓

W∓

H±±

h,H, γ, Z
H±,W± H∓∓

q

q̄

W∓

H±±

h,H, γ, Z

H∓

l) m) n)
q

q̄

γ, Z

H∓

W∓

H±±

qi

qj

q′

W∓/H∓

H∓/W∓

H±±W±, H±

o) p)

i) pp → H±±hH∓

qi

q̄j

h

H∓

H±±

H±,W± H±±

qi

q̄j

h

H∓

H±±

H±,W± H±,W±
H∓,W∓

qi

q̄j

h

H±±

H±,W±

H∓

r) s) t)
qi

q̄j

H±

H±±

h

H∓

qi

qj

q′
h

H∓

H±±W±, H±

u) w)
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k) pp → H±±H∓H∓

q

q̄

H∓

H∓

H±±

h,H, γ, Z
H±,W± H∓∓

q

q̄

H∓

H±±

h,H, γ, Z

H∓

l) m)
q

q̄

h,H

H∓

H∓

H±±

qi

qj

q′
H∓

H∓

H±±W±, H±

n) o)

A.5 Unitarity, scalar potential’s stability bound and T-parameter

The potential stability conditions guarantee that the potential has a stable vacuum

value. In the case of the htm, that condition implicates the following dependence of

the potential parameters [144,145]

λ ≥ 0 , λ2 + λ3
2 ≥ 0 , λ1 +

√
λ(λ2 + λ3) ≥ 0 , λ1 + λ4 +

√
λ(λ2 + λ3) ≥ 0 ,

|λ4|
√
λ2 + λ3 − λ3

√
λ ≥ 0 or 2λ1 + λ4 +

√
(2λλ3 − λ2

4)(2λ2
λ3

+ 1) ≥ 0.
(A.1)

The BSM models need to fulfil the perturbative unitarity conditions, that means that

in case of 2 → 2 processes the scattering matrix is limited and that involve some

constrains on the potential parameter to bound the diagrams with propagators. I apply

two conventions, with the scattering matrix element M less than 8π (what corresponds

with the 0th partial wave amplitude | Re(a0)| ≤ 1
2 , a0 ∼

∫ 1
−1 d(cos θ)M cos θ). Those

conditions are connected with the following bounds on the potential parameters [144,

146,147]
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Max
{∣∣∣λ2 ∣∣∣ , |λ1| , 1

2 |2λ1 + 3λ4| , |λ1 + λ4| , 1
2 |2λ1 − λ4| , |λ3 − 2λ2| , |2λ2| ,

|2(λ3 + λ2)| , 1
4

∣∣∣3λ+ 16λ2 + 12λ3 ±
√

(3λ− 16λ2 − 12λ3)2 + 24(λ4 + 2λ1)2
∣∣∣ ,

1
4

∣∣∣λ+ 4λ2 + 8λ3 ±
√

(λ− 4λ2 − 8λ3)2 + 16λ2
4

∣∣∣ } ≤ 8π.
(A.2)

The new physics contribution to the T-parameter are given by the relation [172]:

∆T = 1
4π sin2 θW

[
F (M2

H± ,M2
A) + F (M2

H±± ,M2
H±)

]
(A.3)

where F function is

F (x, y) = x+ y

2 − xy

x− y
ln x
y
.

Approximately, for δ ≡ |MH± −MH±±| ≪ MW , the F function is proportional to the

charged scalar mass difference squared F ∼ δ2 [173]. I used the following bound on

the new physics contribution to the T parameter ∆T < 0.2 [221].

The potential stability within the MLRSM is guaranteed by the following bounds

[149,222]

λ1 ≥ 0 , ρ1 ≥ 0 , ρ1 + ρ2 ≥ 0 , ρ1 + 2ρ2 ≥ 0. (A.4)

The unitarity constrains lead to the following inequalities (assuming that the scattering

matrix M < 8π)

λ1 <
4π
3 , (λ1 + 4λ2 + 2λ3) < 4π , (λ1 − 4λ2 + 2λ3) < 4π , λ4 <

4π
3 ,

α1 < 8π , α2 < 4π , (α1 + α3) < 8π ,

ρ1 <
4π
3 , (ρ1 + ρ2) < 2π , ρ2 < 2

√
2π , ρ3 < 8π , ρ4 < 2

√
2π.

(A.5)
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List of abbreviations

BSC Bardeen–Cooper–Schrieffer Theory of Superconductivity

BR Branching Ratio

CEPC Circular Electron Positron Collider

CLIC Compact Linear Collider

FCC Future Circular Collider

FCNC Flavour Changing Neutral Currents

GUT Grand Unified Theories

HTM Higgs Triplet Model

ILC International Linear Collider

LEP Large Electron-Positron Collider

LHC Large Hadron Collider

LLP Long-Lived Particle

MLRSM Manifest Left-Right Symmetric Model

OSDL Opposite-sign Dileptons

SM Standard Model

SSB Spontaneous Symmetry Breaking

SSDL Same-sign Dileptons

VEV Vacuum Expectation Value

QCD Quantum Chromodynamics
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