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ABSTRACT

Neutrinos are neutral fundamental fermions, which interact only via weak inter-
actions in the Standard Model (SM). The SM presumes neutrinos to be massless.
However, the observation of the phenomenon of neutrino oscillations has conclu-
sively established the fact that neutrinos are massive and therefore the SM is not
the complete description of nature. Neutrino mass is the first direct evidence of
the existence of new physics beyond the SM. The Large Hadron Collider (LHC)
has found the last missing piece of the SM, the Higgs boson, but no hint of any
new physics is observed in the first run with center of mass energies /s = 7 and 8
TeV. At the time of writing of this thesis the second run of the LHC has already
started. The energy scale of the LHC motivated us to study the TeV scale be-
yond Standard Model (BSM) scenarios, which have new particles with masses
within the reach of the LHC energy. The new physics models can have enlarged
particle content keeping the gauge group same as that of the SM or with a gauge
extension.

We have studied both types of models: (1) particle extended scenarios, which
include models like the Babu-Nandi-Tavartkiladze model (BNTM) and the min-
imal linear seesaw model (MLSM), and (2) gauge extended models in which we
have analyzed the minimal Left-Right symmetric model (MLRSM).

First we consider the BNTM, in which naturally small neutrino masses arise
from a dimension-7 operator at the tree level. Such a term can arise in the pres-
ence of a scalar quadruplet and a pair of vectorlike fermion triplets and enables
one to obtain small neutrino masses through the TeV scale linear seesaw mech-
anism. We study the phenomenology of the charged scalars of this model, in
particular, the multilepton signatures coming from their decays, at the LHC. Of
special importance is the presence of the same-sign-tri-lepton signatures origi-
nating from the triply charged scalars. The Standard Model background for such
processes is small, and hence this is considered as a confirming evidence of new
physics. We also looked for events with three, four, five, and six leptons that

have negligible contamination from the Standard Model. We further point out



vi

the spectacular lepton flavor violating four-lepton signal that can be the hall-
mark for these types of models. We also compute the added contributions to
the rate for the Standard Model Higgs decaying to two photons via the charged

scalars of this model.

In the next part of the thesis, we study the production of heavy neutrinos
at the LHC through the dominant s-channel production mode as well as the
vector boson fusion process. We consider the TeV scale MLSM containing two
heavy singlets with opposite lepton numbers. This model is fully reconstructible
from neutrino oscillation data apart from an overall normalization constant which
can be constrained from the metastability of the electroweak vacuum and bounds
coming from lepton flavor violation searches. The Dirac nature of heavy neutrinos
in this model implies suppression of the conventional same-sign-dilepton signal
at the LHC. We analyze the collider signatures with the tri-lepton final state and
missing transverse energy as well as vector boson fusion type signals which are
characterized by two additional forward tagged jets. Our investigation reveals
that due to stringent constraints on light-heavy mixing coming from lepton flavor
violation and metastability bounds, the model can be explored only for a light
to moderate mass range of heavy neutrinos. We also note that in the case of a
positive signal, flavor counting of the final tri-lepton channel can give information

about the mass hierarchy of the light neutrinos.

In the later part of the thesis, we do a comprehensive investigation of the
charged scalar sector of the MLRSM. First, the constraints on the scalar masses
from the collider experiments and from theoretical considerations are discussed.
We explore the scenarios where the amplified signals due to relatively light
charged scalars dominate against heavy neutral gauge boson Z, and charged
gauge boson W5 as well as heavy neutral Higgs boson signals which are sup-
pressed due to the large vacuum expectation value vg of the right-handed scalar
triplet. Consistency with flavor changing neutral current (FCNC) effects implies
masses of the two neutral Higgs bosons A9, HY to be at least of order 10 TeV,
which in turn implies that in MLRSM only three of the four charged Higgs bosons,
namely H 1i§: and H, can be simultaneously light. The doubly charged Higgs
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bosons H 1i2i would undoubtedly be clear messengers of new physics. We discuss
their mass spectrum and show how experimental data and relations between
scalar masses put limits on it. In particular, both the masses of the particles
HY, A% that play a crucial role in FCNC effects and the masses of the additional
gauge bosons Wy, Zy are notably important. In contrast, due to the freedom
in the parameter space of the full scalar potential, there is no lower limit on
the mass of HF~. When we demand vacuum stability of the scalar potential in
addition to other available constraints, we find that the stability of the potential
constrains the splitting (M HEE M Hli). We discuss and summarize the main
processes within MLRSM where heavy charged Higgs bosons can be produced
at the LHC. The decays of the charged scalars lead to multilepton signals. In
particular, the tri- and four-lepton final states for different benchmark points
are analyzed in our study. Kinematic cuts are chosen in order to strengthen the
leptonic signals and decrease the Standard Model (SM) background. The results
are presented using dilepton invariant mass and lepton-lepton separation distri-
butions for the same-sign-dilepton (SSDL) and opposite-sign-dilepton (OSDL)
as well as the charge asymmetry in the tri-lepton signals. We find that for the
considered MLRSM processes, tri-lepton and four-lepton signals are most impor-
tant for their detection when compared to the SM background. Both the signals
can be detected at 14 TeV collisions at the LHC with integrated luminosity at
the level of 300 fb™! with doubly charged Higgs bosons up to approximately
600 GeV. Finally, the possible extra contribution of the charged MLRSM scalar

particles to the measured Higgs to diphoton (HJ — ~v) decay is computed.

Production and decays of doubly charged Higgs bosons of the MLRSM, at the
LHC and future hadron colliders triggered by the vector boson fusion mechanism
are also discussed. Though the parity breaking scale vg is large (~ few TeV) and
scalar masses which contribute to FCNC effects are even larger, a consistent Higgs
boson mass spectrum still allows us to keep doubly charged scalar masses below
1 TeV which is an interesting situation for the LHC and future circular collider
(FCC). Assuming that doubly charged Higgs bosons decay predominantly into a

pair of same-sign leptons through the process pp — Hf/fgﬂfgjj — (E0E0T0T 45,
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we find that even for LHC operating at /s = 14 TeV with an integrated lumi-
nosity at the level of 3000 fb™" (i.e., High Luminosity LHC (HL-LHC)) there is
practically no chance to detect such particles at a reasonable significance level
through this channel. However, 33 TeV High Energy LHC (HE-LHC) and(or) 100
TeV Future Circular Hadron-Hadron Collider (FCC-hh) open up a wide region
for the doubly charged Higgs boson mass spectrum to be explored. In FCC-hh
doubly charged Higgs boson masses upto 1 TeV can be probed easily.

Apart from colliders, TeV scale seesaw models can have interesting impli-
cations for neutrinoless double beta decay (Ovff3) and lepton flavor violation
(LFV). We perform a detailed study of the scalar triplet contribution to the
low-energy rare processes of lepton flavor violation and O3 within a TeV-scale
Left-Right Symmetric framework. We show that in both Type-I and Type-II
seesaw dominance limit for the light neutrino masses, if the triplet is lighter than
the right-handed (RH) neutrinos or the RH gauge bosons, its contribution to the
LEV processes could be sizable, irrespective of the uncertainties in the Dirac and
Majorana C'P phases in the neutrino mixing matrix, except when the light neu-
trinos are quasi-degenerate. In particular, a combination of the constraints from
i — ey and p — 3e either already rules out these scenarios or can probe these
in the next generation experiments. Similarly, the triplet contribution to Ov3s3
is also accessible to the next generation ton-scale experiments for relatively light
triplets, which is complementary to the direct searches for these exotic particles
at the LHC. Finally, we also examine the implications of the triplet contribution
for the scenario with My, ~ 2 TeV and gr ~ 0.4—0.5, which provides a plausible

explanation of the recent diboson anomaly at the LHC.

Keywords : Neutrino Mass, Beyond the Standard Model, Large Hadron
Collider, Gauge Extension, Left-Right Symmetry, Charged Scalars, Heavy Neu-

trinos, Neutrinoless Double Beta Decay, Lepton Flavor Violation
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Chapter 1

Introduction

Neutrinos are the most elusive particles in the Standard Model (SM). The SM
presumes neutrinos to be massless, but neutrino oscillation experiments have al-
ready established that the neutrinos are massive!. This demands physics beyond
the SM. In this chapter we introduce the Standard Model of particle physics.
Then we discuss a brief history of the neutrinos, why they are massless in the
SM and the phenomenon of neutrino oscillation which implies that neutrinos are
massive. We also outline the mechanisms of neutrino mass generation. Phe-
nomenological consequences of neutrino masses, like neutrinoless double beta
(OvBB) decay and lepton flavor violation (LFV) are also introduced in this chap-

ter. Finally, we give a thesis overview.

1.1 The Standard Model

The Standard Model [1] of particle physics is a mathematical framework based
on the principle of invariance of the Lagrangian under local gauge transforma-
tions. The gauge group of the SM is Ggyy = SU(3). ® SU(2), @ U(1)y. Gen-
erators of these individual groups are associated with the gauge bosons needed
for local gauge invariance. These gauge bosons are mediators of the fundamen-

tal forces. In nature there are four fundamental interactions which have been

!The Nobel prize in physics for the year 2015 is shared by two experimental physicists, Prof.
Takaaki Kajita and Prof. Arthur B. McDonald, for the discovery of neutrino oscillations which
shows that neutrinos have mass.
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identified: strong interaction, electromagnetic interaction, weak interaction and
gravitational interaction. The SM includes the elementary particles and their in-
teractions except the gravitational interaction. It has been a successful model in
explaining wide range of experimental observations in high energy physics. The
discovery of the Higgs boson by the ATLAS [2] and the CMS [3] collaborations

has further consolidated it.

mass = =2.3 MeVic? =1.275 GeVic? =173.07 GeVl/c? o =126 GeVic?
charge — 2/3 213 23 t o 0 H
spin = 1/2 u 12 C 112 ’ 1 9 ]
up charm top gluon Higgs
boson
=4 8 MeV/c? =05 MeVic? =4 18 GeVl/c* 1]
113 d 113 S -3 b 0
172 112 1/2 g 1 y
down strange bottom photon
0.511 MeVic? 105.7 MeV/c? 1777 GeWle? 91.2 GeVic?
-1 -1 -1 i}
172 e 172 u 112 T 1 a
electron muon tau Z boson
<2 2 eWic? <0,17 MeV/c? <155 MeVic® 80.4 GeVic?
0 il o +1
172 -I')e 172 DH 1/2 -l)t 1 W
electron muon tau
neutrino neutrino neutrino W boson

Figure 1.1: The building blocks of the SM with their mass, electric charge and
spin. The first three columns show the three generations of fermions with the
upper half having quarks and the lower half with leptons, while the fourth column
represents gauge bosons of the strong, electromagnetic, and weak interactions.
The top right square is for the scalar particle called the Higgs boson. The figure
is taken from Wikipedia.

The field content of the Standard Model is as follows:

Fermions : Qr = (uL,dL)T, ug, dr, Ly = (vp, eL)T, er] x 3
Gauge Bosons : v, W*, Z, gluons

Scalar:  H = (H*, H°)". (1.1)

Quarks (Qr,ug,dr) and leptons (Ly,eg) are fermions since they have half

integer spins and they follow Fermi-Dirac statistics, while gauge bosons are medi-
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Color Third component Electric
Particles | multiplicity | of isospin, T3}, Hypercharge charge
SU(3). SU(2)L Ul)y Q=T+ %

ur 3 +1/2 +2/3

i ¢ I T I T
UR 3 0 +4/3 +2/3

dp 3 0 —2/3 —1/3
I N )
L= \ep 1 —1/2 —1
€RrR 1 0 -2 -1
HT 1 +1/2 +1
() ) G ()

Table 1.1: Quantum numbers of the SM particles. Charges of the individual
particles can be calculated using the formula @ = T3, + % [1].

ators of the fundamental forces and they have integer spin and obey Bose-Einstein
statistics. In Table 1.1 quantum numbers of the SM particles are given. In nature
there are three copies of fermions termed as three generations or three families
and each quark comes in three colors®. The electron, the electron-neutrino, the
up-quark and the down-quark are collectively known as the first generation of
fermions. In the Eq. 1.1 and Table 1.1 only the first family of fermions is shown.
In Fig. 1.1 the building blocks of the SM including the fermions of all the fam-
ilies, are shown with their masses, electrical charges and spins. As we can read
from the figure, v (photon) is the massless gauge boson which mediates the elec-
tromagnetic interaction, while W=, Z are the massive force carriers for the weak

interaction, and massless gluons (g) mediate the strong interaction.

In the SM the left-handed fermion fields transform as doublets, while the
right-handed fermion fields transform as singlets under SU(2);. However, the
right-handed neutrino (vg) is not present in the SM. This Left-Right asymmetry
is the implication of maximal parity violation observed in the weak interactions.

The SM neutrinos take part only in the weak interactions.

2Here color does not mean the color in our usual sense, but it means some charge corre-
sponding to the non-abelian SU(3). gauge group, like the electrical charge corresponding to
the U(1)q abelian gauge group.
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1.2 A brief history of parity violation

A brief history of parity violation in the weak interactions is as follows: conserva-
tion of parity was observed firmly in the electromagnetic and strong interactions
and therefore it was thought that parity conservation is a general law of nature.
But 6 — 7 puzzle led Lee and Yang to propose parity violation in the processes
involving weak interactions. The 7 and # mesons were known to have the same
life-time and the same mass, but it was found that 7 decays to 3 pions and 6
decays to 2 pions. Dalitz had shown that 7 had parity -1 and 6 had parity +1. So
either 7 and 6 were two different particles and there was no violation of parity,
or 7 and 6 were the same particle but parity was violated. Lee and Yang in
their classic paper on parity violation, also suggested some experiments to check
whether parity is violated in the weak interactions [1]. The first observation
of parity violation was obtained by Wu and collaborators by observing angular

distribution of electrons in the 3-decay of Co® nuclei [5].

1.3 Generation of gauge boson and fermion masses

in the SM

A mass term for a gauge boson, of the form M?AF*A,, breaks the gauge in-
variance, where p is a Lorentz index and a is a gauge index. So, a bare (di-
rect) mass term for the gauge boson would not respect the symmetry of the
Lagrangian. This forces the gauge bosons in the SM to be massless. However, to
explain the short-range nature of the weak interactions, massive gauge bosons are
needed. Because of the gauge invariance, fermion mass term m g is also not
allowed, since v, transforms as a doublet and ¢ transforms as a singlet under
SU(2)r, and thus the term is not invariant under SU(2)r. So, the fermions are
also massless before the symmetry breaking. Therefore, before the electroweak
(SU(2) ® U(1)y) symmetry breaking, all the particles in the SM are massless.
In general, masses of the particles in the SM arise by the Higgs mechanism [(—

|, in which the gauge symmetry is broken spontaneously by the electroweak
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vacuum as the neutral component of the Higgs doublet gets vacuum expectation

value (VEV), (H°) = v/y/2. The symmetry breaking pattern is as follows:

SU2), @ U(1)y

<HO>JQT3L+§

U(1)q-

Here the electroweak symmetry SU(2);, ® U(1)y breaks to U(1)g which is the
abelian gauge group representing electromagnetic interactions. The charge (Q),
in terms of T3, and hypercharge (Y), is given as () = Tj L—I—%. Once the symmetry
breaks down spontaneously, the gauge bosons (W*,Z%) and fermions become
massive through the Higgs mechanism. Photon and gluon still remain massless
as they are gauge bosons of the (manifestly residual) unbroken symmetries. The
Higgs mechanism also gives rise to a physical neutral scalar called the Higgs

boson, which has been found at the Large Hadron Collider (LHC) [2, 3].

Once the Higgs doublet is introduced, we can write a gauge invariant mass
term yYvpH + h.c. for the fermions, where y is the Yukawa coupling. The
fermion mass term, after SSB, becomes m s ibp + h.c. with m; = y(H) =
yv/+/2. But even after the Higgs mechanism, the neutrinos still remain massless,

due to the non-existence of right-handed neutrinos in the SM.

Though the SM at present gives a very good account of most of the observed
phenomena, there are several reasons which compel one to go beyond the SM.
Some of the theoretical drawbacks of the SM are the instability of the Higgs mass
under radiative correction also known as the hierarchy problem, no explanation of
hierarchy amongst fermion masses, presence of large number of free parameters,
non-inclusion of gravitation, etc. The experimental drawbacks are inability to
explain masses of neutrinos, no explanation for dark matter, etc. There are
several attempts at formulating a more fundamental theory at a higher scale and
the SM can be a low energy realization of this. The observation of non-zero
neutrino mass puts an emphasis on beyond the SM (BSM) scenarios which could

successfully generate neutrino masses.
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1.4 The neutrinos

Neutrinos are fermions with no electrical charge. The history of neutrino goes
back to the famous letter of Pauli, sent to a conference, in which he postulated
neutrinos in 1930 to explain the continuous energy spectrum of electrons in the
nuclear $-decay process. Based on the neutrino hypothesis Fermi built a theory
to explain the energy spectrum of the (-decay process, n — p e [l1]. In
1956 Goldhaber, Grodzins and Sunyar gave the first experimental evidence for
negative helicity® of the neutrinos[12]. Anti-neutrino () was first discovered in
the reactor experiments conducted by Cowan and Reines[13-15]. In these exper-
iments anti-neutrinos from the Savannah River reactor were detected through

the inverse [-decay process,
Vet+p—et +n. (1.2)

There are three types of neutrinos observed in various experiments. The second
type of neutrino, called as muon neutrino (v,), was found in the Brookhaven
neutrino experiment led by Lederman[l6]. The third generation neutrino v,
dubbed as the tau neutrino, was discovered by the DONUT collaboration at
Fermilab[17]. These three neutrinos v, (I = e, u,7) are termed as three flavors
of neutrinos and they are associated with the three charged leptons in the SM
e, i, and 7, respectively. Measurement of the decay-width of the Z boson at LEP
experiment gives important information about the number of neutrino species.
It is found that the number of species of neutrinos, with the SM interactions, are
n, = 2.984£0.008 [1]. Therefore it was established that there are three types of
active neutrinos. For a historical overview of neutrinos, see for instance [18].

As mentioned earlier, fermion mass is the coupling between a left chiral state
and a right chiral state. For the fermions two types of mass terms are possi-

ble. One is called the Dirac mass term, mpirtr, where mp = yv/ V2, which

3Helicity of a particle is defined as the (normalized) spin projection along the momentum
direction of that particle: H = % This is same as the chirality operator when the mass of

the particle is zero or can be neglected. In such cases, a particle with H = —1(+1) is called
left-handed (right-handed).
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conserves the lepton number. For neutral fermions like neutrino, there is also
the possibility of coupling between the left-handed neutrino with right-handed
anti-neutrino, %mL@TﬁDL. This term is called Majorana mass term and violates
any charge (like lepton number) by 2 units. Since electric charge is conserved,
this term is prohibited for the charged fermions. Thus, electrically neutral parti-
cles can have both, the Dirac as well as the Majorana mass term, while charged
particles can have only the Dirac mass term. In the Majorana case particles and

antiparticles are the same.

In the SM, neutrinos are massless. This is because the Dirac mass term
Urmpvy, is not possible in the SM due to the absence of right-handed neutrino
vr. Majorana mass term %TLCMLVL is also not allowed within the SM as it
breaks the gauge symmetry. It also breaks the lepton number which is an ac-
cidental symmetry of the SM. But the discovery of neutrino oscillations gave a
breakthrough establishing that neutrinos are massive. This implies that the SM
is incomplete. It is interesting to note that the evidence of neutrino mass coming
from neutrino oscillation provides the first direct testimony of physics beyond

the SM.

1.5 Neutrino oscillations

Neutrino oscillation is a quantum mechanical interference phenomenon in which
one flavor of neutrino is converted to another. This phenomenon is possible
if neutrinos are massive. For massive neutrinos, neutrino flavor states (v;) are

superpositions of neutrino mass eigenstates (propagation eigenstates) (v;),

3
v = ZUZZ- vi, l=e 1 (1.3)
i=1

where v; are the states with definite flavors and v; are the states with definite
masses. Here U is neutrino mixing matrix, also known as the Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) matrix, which relates the mass-eigenstates with the

flavor-eigenstates. In the standard parametrization, neutrino mixing matrix U
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is given as [!]
—1id
C12 C13 512 C13 513 €
= — i5 )
U = Upmns = —C23 812 — S23 S13C12 €' Co3 C12 — S23 S13 S12 € 523 C13 P,
i5 6

S93 S12 — C23 S13 C12 €' —893Cl2 — C23 813 512 €' C23 C13

(1.4)

where ¢;; = cosb);;, s;; = sin0;;, 0;; are mixing angles and ¢ denotes the Dirac
CP phase. Here P = {¢'®1 ™2 1} is the Majorana phase matrix.

Upnns is a 3 x 3 unitary matrix with 3 angles and 3 observable phases, if the
neutrinos are Majorana particles. If the neutrinos are Dirac particles, then there
are 3 mixing angles and only one observable phase?.

Due to their masses and flavor mixing, during their flight neutrinos can oscil-
late from one flavor state to another. The probability of oscillation of one flavor

of neutrino (v,) to another (v3) in vacuum, is given as

L
P = v) = Oap— 42Re(U;-U,BanjU;i)sinQ(Am?jE)
i>j
. s L
+2>° ]m(UaiUBanjUﬁi)sm(Am?jﬁ). (1.5)

i>j

Here L is the distance between the source and the detector, E is the energy of

the neutrino °.

As can be seen from Eq. 1.5, neutrino oscillation probability is sensitive to
mass squared differences and the mixing angles, but not to the absolute masses.
So we can infer only about the mass squared differences and mixing angles from

the neutrino oscillation experiments. Neutrino oscillations have been observed

4For an N x N unitary matrix there are 2/N? real parameters. Unitarity conditions reduce
them to N? independent parameters, out of which there are w moduli (angles) and

w phases. So for N = 3, there are 3 independent mixing angles and 6 phases. Now,

2N — 1 phases can be absorbed by redefining the fields. Finally, we have w moduli

(angles) and w —(2N-1) = W phases. So out of 6 phases, 5 are not observable
(physical), but only one phase, known as the Dirac phase, §, is physical. In case of Majorana
neutrinos, there are two additional physical phases, if all the three neutrinos are massive. If
one of the neutrinos is massless, then there is only one additional phase.

®Note that when neutrinos propagate through matter then interactions with the ambient
electrons can change the masses and mixings. In such cases one needs to solve the propagation

equation, assuming appropriate density profile, to get the probabilities.
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in solar, atmospheric, accelerator and reactor experiments. Recent experimental
bounds on the mass squared differences and the mixing angles, from the global
analysis of neutrino oscillation data [19], are presented in Table 1.2. In the
table, best-fit values and 30 ranges of the neutrino oscillation parameters are
given. We can see from the table that Dirac phase ¢ is allowed in its full range
for 30. Majorana phases do not appear in the oscillation probability formula. At

present there are no bounds on these phases as well.

parameter best-fit 30 range
Am2, [107° eV7] 7.60 7.11 —8.18
sin? 01, 0.323 0.278 — 0.375
_ 2.48 (NH) 2.30 — 2.65 (NH)
2 3 2
[Ama | 1072 VI ag (1) 2.20 — 2.54 (IH)
ey 0.567 (NH) 0.393 — 0.643 (NH)
% 0.573 (TH) 0.403 — 0.640 (TH)
ey 0.0226 (NH) | 0.0190 — 0.0262 (NH)
13 0.0229 (IH) 0.0193 — 0.0265 (IH)
1417 (NH)
d 1487 (IH) 0—2m

Table 1.2: The best-fit values and 30 ranges of neutrino oscillation parameters
from global analysis of current data [19].

Sign of the solar mass squared difference is positive 4.e., Am3, > 0, as inferred
from the matter effect of solar neutrinos in the Sun [20]. As the sign of the
other mass squared difference Am2,, known as the atmospheric mass squared
difference, is not yet known from the experiments, there is the possibility of two

neutrino mass hierarchies as follows:

o Normal Hierarchy (NH) : my ~ my < mg

my, me=/mi+Am2,, mz= \/m% + Am?2, + Am?,..  (1.6)

o Inverted Hierarchy (IH) : m3 < my = mq

ms, my=\/mi+Am2, , my= \/m§ + Am2,, +Am2,.  (1.7)
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Fig. 1.2 shows the two possible mass hierarchies for neutrinos. The colors in
the mass-eigenstates denote the proportions of the neutrino flavor eigenstates.
Another possibility of neutrino mass spectrum is non-hierarchical mass spectrum

i.e., the quasi-degenerate (QD) spectrum: m; ~ my & m3 > \/Am?, .

2
L
2
A’rnsol
m
m3 2
/4
2 v,
ATn’atm . [
m-
2
Anm Yatm
X 2
4
2
AmZ,
. 9 A
Normal Hierarchy Inverted Hierarchy

Figure 1.2: Neutrino mass hierarchies.

1.6 Absolute neutrino masses

There are experiments which look for absolute neutrino masses, like tritium -
decay experiments. They put bounds on the effective electron neutrino mass
my, = \/>; U:im?. Two past tritium experiments have put the following upper
limits on the electron neutrino mass at 95% confidence level (C.L.): m,_ < 2.05
eV by the Troitsk nu-mass experiment [21] and m,, < 2.3 eV by the Mainz
experiment [22]. The next generation experiment KATRIN at the Karlsruhe
Institute of Technology, is expected to start taking data in 2016. The experiment
can achieve a sensitivity for the electron neutrino mass, m,,, of ~ 0.2 eV (at 90%
C.L.), with a discovery potential of ~ 0.3 eV at 3o level [23, 24]. If neutrinos
are Majorana particle then it is in principle possible to have neutrinoless double
beta decay (Ovf3) which violates lepton number. Ovf3f3 decay experiments put

bound on the effective neutrino mass defined as me, = 3_; U%m; which we discuss
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in 1.9.1. Bound on the sum of the neutrino masses from cosmology is Y m; <
0.17 eV [25]. Oscillation data together with the cosmological mass bound imply
that the neutrinos have very tiny (< 0.1 V) masses, much less compared to the
charged leptons. In a minimal model at least two of the three light neutrinos
must be massive to explain the two non-zero mass squared differences coming

from the neutrino oscillation data.

1.7 Generation of neutrino masses

Neutrino masses are many orders of magnitudes lower as compared to their
charged companions. It is a challenging problem in theoretical physics to generate
such small masses. Moreover, in the quark sector the mixing angles, governed
by the Cabibbo-Kobayashi-Maskawa (CKM) matrix, are small. On the other
hand the observed mixing patterns of the neutrinos consist of two large and
one small mixing angles. Any theory/model beyond the SM should explain
these features along with other established facts of the SM. Therefore neutrinos
provide an important avenue to look beyond the SM and lots of experimental
and theoretical efforts are geared towards unraveling the origin of neutrino mass
and mixing which may lead to a better understanding of the nature.

There are various mechanisms to generate light neutrino masses: seesaw
mechanism, radiative mass generations, etc. Seesaw mechanism is a generic
mechanism to generate non-zero mass of neutrino and it naturally explains the
smallness of this mass. This mechanism requires introduction of heavier parti-
cles. The smallness of neutrino masses can be ascribed to the heaviness of these
particles. After integrating out the heavy particles, we can get small neutrino
masses via the effective dimension-5 Weinberg operator, 5Ly Ly HH. Here & is
the effective coupling and M is the mass of the heavy particle which sets the scale
of new physics. Once the electroweak symmetry is broken spontaneously, neu-
trino masses are generated as m, = kv?>/M. The seesaw mechanism can be im-
plemented in more fundamental Grand Unified Theories (GUT) which enhances

the theoretical appeal of this scenario. For the GUT-seesaw with M ~ 10 GeV,
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correct neutrino mass is generated if K ~ O(1). Note that as M increases, m,, is
lowered and hence the nomenclature of seesaw mechanism comes.

There are three ways to generate the Weinberg operator at tree level, leading
to the ultra-violet (UV) completion of the theory. The minimal extension of the
SM to realize seesaw mechanism and give three non-zero light neutrino masses, is
to add one right-handed neutrino (vg) per generation, which transform trivially
i.e., they are singlets under the SM gauge group. This mechanism is called Type
I seesaw mechanism [20-30]. Dimension 5 operators can also be generated by
the Feynman diagrams mediated by a triplet scalar or a fermion triplet. These
mechanisms are known as Type-1I [31-31] and Type-III [35] seesaw mechanisms,
respectively.

Currently, testing of BSM physics has got an unprecedented momentum be-
cause of the LHC. As discussed in the context of GUT seesaw, to generate small
neutrino masses naturally the scale of the heavy particles is very high which is
not accessible to the present colliders. However neutrino mass also imply BSM
physics and hence it is only natural to ask if it is possible to get signature of
neutrino mass models, in particular seesaw models at the LHC. This has led to
the proliferation of the study of TeV scale neutrino mass models in which the
scale of the new physics is not very high and can be probed at the LHC. In this

thesis we investigate collider signatures of some of these models.

1.8 The Large Hadron Collider (LHC)

The LHC [36] is a collider, installed in a 17 mile long tunnel buried ~ 100 meter
underground. The LHC is located at the European Organization for Nuclear
Research (CERN) which sits at the border of France and Switzerland, near the
city of Geneva. The tunnel was originally built between 1984 and 1989 for the
CERN LEP machine [37].

Various steps are followed for proton-proton collisions to occur at the LHC.
In the first stage of the acceleration, the proton beam obtained from hydrogen

atoms is accelerated by Linac2 up to 50 MeV. Then the beam is injected into
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the Proton Synchrotron(PS) booster, which accelerates it up to 1.4 GeV. The
PS further accelerates the beam up to 25 GeV and then it is injected into the
SPS to gain an energy of 450 GeV. Finally, it is injected to the LHC, where the
final energy is achieved. Inside the LHC tunnel two proton beams travel in the
opposite directions in separate beam pipes. These beams are guided by strong
superconducting magnets and the beams collide at four different places, corre-
sponding to the four locations of LHC experiments: ATLAS [38] and LHCT [39],
CMS [10] and TOTEM [11], LHCDb [12] and MoEDAL [13], and ALICE [11].
ATLAS and CMS experiments have general-purpose detectors to investigate the
largest range of physics possible, while all other experiments have detectors spe-
cialized for focusing on specific phenomena.

The LHC was envisaged as a Higgs discovery machine. It has succeeded in
achieving this goal. The next step at the LHC will be finding a signature of BSM
physics and lot of effort is being seen worldwide to examine this possibility from

various angles.

1.9 Phenomenological implications of neutrino

Imasses

Masses of neutrinos can have other phenomenological implications like Ov(s,
LFV. The heavy particles introduced for generating neutrino masses, can also
affect the stability of the electroweak vacuum if seesaw mechanism is operative.
In this section we discuss some phenomenological implications of the massive

neutrinos.

1.9.1 0Ovpp decay

Lepton number conserving double beta decay, 2v3/3, is the process in which two
beta particles (electrons) are emitted simultaneously with two anti-neutrinos. In

general such a process can be described by the following decay equation and the
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Figure 1.3: (a) 2vff process (b) OvBS process (c¢) Spectra for the summed
energy of emitted two S-particles. The figure is adapted from Moe et al. [17]

Feynman diagram in Fig. 1.3(a):
(A, Z) = (A, Z +2)+2e + 27,. (1.8)

Here Z is the proton number and A is the nucleon (proton + neutron) num-
ber of the decaying nucleus. Experimental approaches to double beta decay can
broadly be classified into two categories: direct experiments and indirect experi-
ments. In the direct experiments two electrons are measured by detector in real
time, while in the indirect experiments focus on counting the excess of daughter
isotopes containing the parent isotopes that can undergo double beta decay. In-
direct experiments do not distinguish in two neutrino and zero neutrino modes
of the decay. Therefore, the main focus of the current double beta decay research

is on the direct experiments. There are two types of indirect experiments: Geo-
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chemical and Radiochemical. In geochemical experiments one searches for an
abnormal isotopic abundance of the daughter nuclei in an ore containing double
beta decay candidates, e.g. the double beta decay transition Te'*® — Xe!30,
The radiochemical experiments are similar to the geochemical ones but daughter
nuclei are unstable and can be identified by their decay, e.g. the double beta
decay transition U*® — Pu?3®. 2v33 process was first observed in 1987 in the
“direct” experiment (not geochemical or radiochemical) by Moe et al [1(] in a

Selenium nucleus decaying to a Krypton nucleus:
Se®? — Kr®2 4 2e~ + 21,.

2vfB[ decay can only occur if the single beta decay of the initial nucleus is
forbidden. This process is a second order weak process. These facts make the
process very rare to occur. After 1987 many other nuclei have been observed to
undergo 2v(55 decay.

Seesaw mechanism implies neutrinos to be Majorana particles and Majorana
nature of neutrinos can be established by observing Ov(3 decay process. The
Ov3f3 decay process is a lepton number violating (LNV) nuclear transition, which
can occur if neutrinos have mass and they are their own antiparticles. This
process is almost similar to the 2v33 decay, and can be described by the following

decay equation:
(A, Z) = (A, Z+2) + 2¢.

Feynman diagram for this process is shown in Fig. 1.3(b), in which only two
beta particles but no anti-neutrinos are emitted. The Ov3S process is rarest
compared to the 2v33 process due to the additional suppression because of the
tiny Majorana neutrino mass. Fig. 1.3(c) shows decay spectrum for both the
processes: 2v(33 and OvBB. As can be seen from the figure, 2053 process has
continuous spectrum as in the case for single 5 decay spectrum, while Ovf53
spectrum is monochromatic .

The formula for the half-life of the Ovg3 decay is

1

TOI/ :GOII|M0V|2|mee|27 (19)
1/2
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where G% is the phase space factor, M is the nuclear matrix element coming
from nuclear physics. me. is the effective Majorana mass of neutrinos which
comes from particle physics and for the standard case (only light neutrino con-
tribution) it is given as

Mee = Meff = Z UZm;, (1.10)

U.; being elements of the PMNS matrix, U.

The best lower bound for the half life of Ov3/3 process at present is T10/V2 >
3.0x10% (2.6 x10%) years coming from the GERDA+Heidelberg Moscow+IGEX
(KamLAND-Zen) experiments using Ge™® (Xe'3%). This constraint can be trans-
lated to a bound on the effective neutrino mass mes; < 0.18—0.22 (0.12—0.18) eV,
where the range is due to the uncertainty in the nuclear matrix element (NME)

calculation [17].

1.9.2 Lepton flavor violation

Another interesting phenomenon is lepton flavor violation. Individual quark and
lepton are assigned a quantum number known as flavor. Flavor is conserved
at tree level by neutral current interactions mediated by gluons, Z boson and
photon, but it is violated in charged current interactions mediated by W*. The
flavor changing neutral currents are highly suppressed and there are severe con-
straints from the experiments. In LF'V processes individual lepton flavor number,
like electron number, muon number, tau number are not conserved. For more
details on LFV, see, e.g. [18]. Neutrino oscillation experiments already proved
that neutrino flavors are not conserved (as neutrinos oscillate from one flavor to
another). This leads to searches for lepton flavor violation in the charged-lepton
processes like, e.g. u= — e 7y, u= — e e e’ etc. The experiments put strin-
gent bounds from non-observation of these processes. The current limits are:
BR(u — ey) < 5.7 x 1071 from MEG [19] and BR(z — 3e) < 1.0 x 1072
from SINDRUM [50] experiments. The reach of future experiments, such as
MEG-II [51], PRISM/PRIME [52] and Mu3e [53] will be BR(u — ey) < 107,
BR (i — ey) < 10716 and BR(u — 3e) < 1076, respectively.
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1.9.3 Vacuum stability

An important consequence of a TeV scale seesaw model is significant modification
towards the stability of the electroweak vacuum [51, 55]. Because of the quantum
corrections, the Higgs self-coupling, A, diverges for higher values of Higgs mass
and becomes negative for low values of Higgs mass near the Planck-scale (M, =
1.2 x 1012 GeV). Assuming the absence of any new physics between SM and the
Planck scale, Higgs mass was found to lie in the range 126 — 171 GeV for A (at
M,;) to be in the range [0, 7] [56, 57]. The upper bound is called the “triviality”
bound and essentially portrays the perturbativity of the theory. The lower bound
known as the “vacuum stability bound”, is obtained from the fact that a negative
A makes the potential unbounded from below and renders the vacuum unstable
(58, 59]. The presence of new Yukawa couplings in seesaw models changes the
[ function of Higgs self-coupling. In the conventional Type-I seesaw model,
generation of small neutrino mass needs the mass scale of the singlet to be of
the order of 10 GeV for y, ~ O(1). It was observed in [71] that the presence
of this extra coupling increases the lower bound of the Higgs mass coming from
the vacuum stability constraints, gradually reaching the perturbativity bound.
But, for canonical Type-I seesaw mechanism, the window of the new physics
effect (from 10 GeV to the Planck scale) towards the running of X is small.
Hence, the electroweak vacuum is less likely to get destabilized. For TeV scale
models (with not very small y,), as the running of Yukawa starts affecting the
running of A from TeV scale up to the Planck scale, vacuum is more likely to
get destabilized. Thus, it is possible to put bound on y, from the requirement

of stability of the electroweak vacuum.

The possibility of a synergistic study of collider phenomenology with other
phenomenological implications of seesaw, like OvG3, LFV and stability of the
electroweak vacuum, makes the issue of TeV scale mechanisms of neutrino mass
generation a very interesting field of research at present. All these together would

guide us towards the new fundamental theory beyond the SM.
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1.10 Objectives

The objectives of our work are as follows:
¢ To study neutrino mass models

o To investigate signatures of these models at hadron colliders and also to

examine the Higgs sectors.

¢ To examine other phenomenological implications of the neutrino mass, like

Ovp3f decay, LEV, etc.

1.11 Thesis overview

The thesis is organized as follows: In Chapter 2 we discuss the various mecha-
nisms to generate neutrino mass. In particular, we discuss the popular seesaw
mechanisms including Type-I, Type-II and Type-III seesaws. We also discuss ra-
diative neutrino mass models in which neutrino masses are generated at the loop
level. The model part of the mechanisms whose signatures are studied in this
thesis, are also discussed in details in Chapter 2. These models are: Babu-Nandi-
Tavartkiladze Model (BNTM), Minimal Left-Right Symmetric Model (MLRSM)
and Minimal Linear Seesaw Model (MLSM).

Chapter 3 contains the details of collider phenomenology of these models.
We will discuss the collider signatures, in particular multilepton signatures, of
these models in detail. In the study of the BNTM and the MLRSM, we have
considered multilepton signatures of the charged scalars, while in the case of the
MLSM the signals come from the decays of the heavy neutrinos.

Next, in Chapter 4, we discuss some phenomenological implication of neutrino
mass including correlation between LF'V and Ov3/ in the context of the MLRSM.

We summarize and give future prospects in Chapter 5.



Chapter 2

Mechanisms of neutrino mass gen-

eration

As discussed in the introduction, it is now established that neutrinos have tiny
masses, which are much smaller as compared to those of the charged leptons.
The SM can not accommodate masses of the neutrinos. Thus to have a non-zero
neutrino mass, one needs to go beyond the SM. This can be done either by just
extending the particle content keeping the gauge group same as that of the SM
or by extending the gauge group. To explain the tiny neutrino masses, various
extensions of the SM have been proposed in the literature. This includes models
in which neutrino mass is generated at the tree level, models with neutrino mass
generation at the loop level, and the third category of models in which one can
have neutrino mass at the tree level as well as loop level. This is pictorially
represented by the Venn diagram in Fig. 2.1. The first category represents the
popular seesaw mechanism, while the second represents the radiative neutrino
mass models. The models of the third category are not purely seesaw models,
nor are they purely radiative models, but instead they are in between. In the
third type of models, both mechanisms are always present, with the tree-level
mass being dominant in some regions of parameter space and the radiative mass
being dominant in the other regions.

The most popular among these are the seesaw models which are presented

in the next section. Then we discuss the origin of the dimension-5 Weinberg

19
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operator and the generation of this in the Type-I seesaw mechanism. We also
discuss neutrino masses in Type-II and III seesaw models. Subsequently, realiza-
tion of the seesaw mechanism in the context of the Left-Right symmetric models
is discussed. As mentioned in the previous chapter, seesaw implies introduction
of particles at a much higher energy scale. This scale is usually ~ 10* GeV to
account for the smallness of the neutrino mass. But in the context of LHC, TeV
scale seesaw models have become relevant. In the subsequent section we discuss

various TeV scale models for neutrino mass generation.

Seesaw
Seesaw Models + Radiative Models

Radiative
Models

Figure 2.1: Schematic diagram showing various mechanisms of neutrino mass
generation.

2.1 Generation of neutrino mass: seesaw mech-
anism

There are two possible mass terms for fermions. In the first possibility, known

as Dirac mass term, the left- and right-handed fields are independent:

Lpirac = —mphtp = —mp (Y + vrir), (2.1)

where ¢ = Y + Vg, Y r = PLrY and P g = FF% are the chirality projection

operators.
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The second possibility called Majorana mass term, is only possible for neutral
fermions. In this case, the charge conjugated field ¢, ¢ = (%) serves as the
right-handed partner. This violates lepton number conservation, which is an
accidental symmetry of the SM, by two units. Therefore the Majorana mass

terms can be written as

1 — _ — —
Lateiorana = —5mu (V501 + 900§) — S Ma(Wfvn + Und).  (22)

Note that, for the most general scenario we consider presence of two indepen-
dent fields ¥, and ®g. In the absence of ¥pg also, a Majorana mass term,
—%mL(@Eg@DL + ¢, can be written. Also note that the Majorana mass ma-
trices have to be symmetric! i.e., m! = my and M} = Mp. If we consider only
one generation then mp, m; and Mg are just numbers, but if more than one
generation are considered then these are no longer numbers but matrices. By

including all the possible mass terms, the most general Lagrangian for fermion

masses can be written as

‘cMass = ‘CMajorana,L + £Dirac + ‘CMajorana,R + h.c.
1 - _ 1 -
= —§¢gmL¢L — Yrmpp — §¢RMR¢1€ + h.c.

1 -~ 1 - 1 - 1 -
= —§¢gmLT/}L - §¢RmD@/}L - 5@/)%”1}) g - §@DRMng + h.c.

1 _
= —§n€MnL + h.c., (2.3)
where
(e
ny = o (24)
R

IThis can be proved, using antisymmetry of C' and anticommutation property of fermion
fields, as follows: Since the Lagrangian is a scalar, (vSmpyr)T = ¢Smpipr.  But
WSmpr)t = (—¢LC ' mppr)T = v¥m]r. Therefore, vSm]yr = ¢¥¥mypipr, which im-
plies mz = my. Hence, a Majorana mass matrix must be a symmetric matrix.
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and

-

myp, m

M = Pl (2.5)

mp M R
Here we consider a special case m; < mp < Mpg, which leads to the seesaw
mechanism. Then the mass-matrix M can be block-diagonalized by a unitary
matrix W [60], as

T
mr mp Miignt 0

Mpp =WT W = (2.6)
mp MR 0 Mheavy

where Mjjgns and Mpeq.y are not yet diagonal and given as
Miighe = m,, ~ mp —mLMg'mp, (2.7)

and

Mpeqvy ~ MRp. (2.8)

In Type-I seesaw mechanism, m; = 0 and hence the light neutrino mass is
Mlight =Mmy, ~ —m%MglmD. (29)

This is the seesaw mechanism in which a high Mz can give a low value for the

neutrino mass naturally.

2.2  Origin of seesaw mechanism

Seesaw mechanism is a generic mechanism to explain tiny observed values of neu-
trino masses. Renormalizability criterion does not allow the operators in the SM
Lagrangian to have larger than four mass dimension. The light neutrino masses
arise from the effective higher dimensional operator (d > 4) generated once the

heavy intermediate fields are integrated out. Origin of the seesaw mechanisms is
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from the dimension-5 Weinberg operators given as [(1]

40

L=—3

1 1C _.a a
—3 (l%j €T ZLZ-> (HTET H) + h.c. (2.10)
where aﬁ’) is O (1) effective coupling and 7%/2 (a = 1,2, 3) are the SU(2) gener-
ators. Here [y, is the SM lepton doublet, H is the scalar doublet and € being the

antisymmetric SU(2) tensor.

This type of operator is obtained by integrating out intermediate heavy fields
of mass scale M, which sets the energy scale of new physics. After electroweak
symmetry breaking neutral component of H field acquires VEV and consequently
such an operator leads to the mass term for the neutrinos. Representation of
the intermediate heavy fields can be obtained by SU(2) group multiplication,
2®2=1® 3. Hence, there are four possible ways to form a dimension-5 gauge
singlet term given in Eq. 2.10 at low energy through the tree-level exchange of a
heavy particle at the high energy: (i) each [ -H pair forms a fermion singlet, (ii)
each of the [;-l;, and H-H pair forms a scalar triplet, (iii) each {;-H pair forms
a fermion triplet, and (iv) each of the [;-l;, and H-H pair forms a scalar singlet.

Seesaw mechanism involving singlet fermion as in scenario (i), is known as Type-I

seesaw [20, 30]. Seesaw mechanism mediated through triplet scalar as in scenario
(ii), is known as Type-1II seesaw [31-34, 62] and by triplet fermion as in scenario
(iii), is known as Type-IIT seesaw [35, 63, (4]. Scenario (iv) gives gauge singlet

terms only of the form EGL, which cannot generate a neutrino mass. Type-I.-
IT and -IIT seesaws are the only three realizations of the dimension-5 effective

operator at tree level.

2.3 Type-I seesaw

In Type-I seesaw mechanism, the additional part of the Lagrangian including

the heavy neutrino field IV; to the SM Lagrangian is given by

— 1 —
Lo = — (V)i €ap HyN;Pploi — 5zwjij\ijRz\QC +h.c. (2.11)
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with H = eH*, and i and j being the generation indices, o and 3 are the SU (2)
indices. For m generation of light neutrinos and n generation of heavy neutrinos,
7 and j run from 1 to m and 1 to n respectively. The Yukawa coupling matrix,
Y,, is a complex-valued m X n matrix in general. After SSB one gets the Dirac
mass matrix as mp = % Y,. The Majorana mass matrix M is an n X n complex

symmetric matrix.

H;

Figure 2.2: Diagram generating neutrino masses in Type-I seesaw. The diagram
is drawn using Jaxodraw package [07].

With the Lagrangian 2.11, one can construct two possible dimension-5 oper-
ators in the context of [H — I°H* and [H* — I°H. Here we present only one of
them, as the other one can be obtained by just reversing the fermion lines. In
diagram 2.2, in L.h.s. there are two possible diagrams from the renormalizable
Lagrangian. To illustrate the connection between the effective and the full the-
ory, consider the low energy limit, s,¢ < M2, of these scattering diagrams, then

we get the tree level amplitude as

1 {675 €af (YVT (M*l) Y,,) ; + €45 €as (YVT (M*l) Yy)ji:| Pr. (2.12)

J

The right-hand side diagram of Fig. 2.2 corresponds to the dimension-5 op-

erator with effective coupling k,

£0O) = i/—iﬁ (EGH) (HTETZLZ) +h.c., (2.13)
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and the amplitude for this diagram is written as

7
5 fisi (€96 €ap + €35 €as) Pr. (2.14)

By matching amplitudes of both the sides, we get the effective coupling x
in terms of parameters of the full theory (SM + N;). Therefore, the effective
theory emerges from the extended SM, at low energy where the momenta of
the heavy particles are negligible compared to their mass. In terms of Feynman
diagrams, this correspond to replacing Majorana neutrino line by the effective

vertex, whose coupling is determined by the matching condition.

Tree level matching of both side amplitudes 7.e., Eqgs. 2.12 and 2.14, gives

iFwew(xﬁ@w*)z)ﬂ+ﬁwew(xi@w*)K)A}1
= ; Kji (675 €ap T €48 Ea(;) Pr. (2.15)

From Eq. 2.15, we identify
k=2Y MY, (2.16)

Note that # is symmetric. Here s = (p, + py)® and t = (p — ply)>. After SSB,
the Higgs field receives VEV, v, as

HT 0
H= N s : (2.17)
H 7

-5 (_4 ij2> V8 v (2.18)

The above expression is rearranged with —ve sign as fermion mass term comes
with a —ve sign in the Lagrangian. The 1/2 factor taken out to the front as it is

a Majorana mass term. Then the light neutrino mass, using Eqs. 2.18 and 2.16,



26 Chapter 2. Mechanisms of neutrino mass generation

is being identified as

1
my, == kv? = —mj M 'mp. (2.19)
Since M is very large, the mass eigenvalues are naturally suppressed. The Majo-
rana mass matrix m,, is symmetric and can in general be diagonalized by unitary

matrix (U, = Upyns), parameterized as in Eq. 1.4.

2.4 Type-II seesaw mechanism

In Type-II seesaw mechanism, SU(2) triplet scalar field is added to the SM

particle spectra. The extra part of the Lagrangian containing this field is given

by [66, 67]

L, = - (YAT)ji lgj €ay Ao P lai + i Hpegy A, Hy,

ext

— (ME)*Tr [AA*] + hee. (2.20)

where the triplet Higgs field, A in adjoint representation, is given by

1A+ AT+
A= ﬁAO N (2.21)
V2

r,s are the number of triplet Higgs fields which is at least two for successful
leptogenesis [68]. Apart from the above Lagrangian, the SM potential receives
additional terms due to the presence of the extra Higgs field. After symmetry
breaking, the neutral component of A" also receives VEV, vy = (u)* v/ (MR)?.

Then the light neutrino mass matrix in Type-II seesaw is given as
my, =myp =2 (Y{v3). (2.22)

For pin ~ Ma ~ 1012—10" GeV, va ~ v2/Ma which is of the form of seesaw
suppression. For O(1) Yukawa coupling, this would naturally give the correct

light neutrino mass term.
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2.5 Type-III seesaw mechanism

In Type-III seesaw model one adds SU(2) triplet fermions in place of singlet
fermions of Type-I seesaw. These fermions have gauge interaction in contrast
to the singlet fermions. The additional part of the Lagrangian contributing to

neutrino mass is given as

£III

ext

o 1 L
- (YZ)ji H'S; Pl — 5 (Mz)ji Tr [ZjPREZ} + h.c. (2.23)

where ¥ and ¥ are given by

1 y0 -+ ~ .
n=| V2 e 5 =eCY e, (2.24)
- -1y
V2

and C stands for the charge conjugation operator. The light neutrino mass matrix
is the same as in Type-I seesaw mechanism with Y, and M replaced by Yy and
My, respectively.

Type III seesaw mechanism can naturally be obtained in SU(5) GUT model
(35, 63, 64]. On the other hand, Type I and Type II seesaw mechanism nat-
urally arise in both Left-Right Symmetric Model (MLRSM) and SO(10) GUT
models. In the next section we elaborate on generation of neutrino masses in LR

symmetric model.

2.6 Neutrino masses in Left-Right Symmetric

Model

In the SM, both, left-handed neutrinos and the charged leptons transform as
doublets of the SU(2),, gauge group. Similarly, left-handed up and down quarks
transform as doublets. However, right-handed fields of quarks and leptons are
not treated on the same footing as the left-handed fields: they are singlet fields
with respect to the SU(2); gauge group. In the Left-Right symmetric models
both left-handed and right-handed fields are treated on the same footing - they
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transform as doublets under SU(2),, and SU(2) g gauge groups, respectively. The
full gauge group of the LRSM is Grrsy = SU(3).@SU(2),@SU(2)p@U(1)p—L.
In what follows we concentrate on the SU(2), ® SU(2)r @ U(1)p_r, sector. Note
that SU(3). is an intact symmetry and hence the breaking pattern does not
involve this. Left-right symmetry gauge group can be embedded in the SO(10)
GUT group.

Attractive features of the LRSM are as following:

o It naturally generates tiny masses of light neutrinos via the seesaw mech-

anism,

¢ Parity violation is not an ad-hoc assumption, but comes naturally from

spontaneous breaking of Left-Right symmetry,

o Hypercharge (V') is no more ad-hoc, but is given in terms of more physical

charges like baryon number (B) and lepton number (L).

The matter field content of the LRSM is as follows:

Lo=1"1 :@1-0, Le=|"]: a2-1, (@2
/ /
o o
QiL - d/ : (27 ]-7 1/3)7 QiR - d/ . (17 27 1/3) (226)
i/ i/ R

i = 1,2,3 runs over number of generations. The numbers (ny,ng, B — L) in
parenthesis characterize the SU(2), SU(2)g and U(1)p_p, charges, respectively.
nr.r denote dimensions of the SU(2), and SU(2)g representations. Note that
here we need three heavy neutrinos for Left-Right symmetry.

The SM scalar sector consists of a doublet of complex scalar fields. There
are four real scalar fields, three of them are responsible for giving masses to the
three gauge bosons W+, Z° through the Higgs mechanism. The remaining scalar
is associated with the neutral Higgs boson which has been discovered at the
LHC. However, if we go beyond the SM, we may need to deal with more complex

scalar systems, for instance SU(2) triplet which contains charged (singly and(or)
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doubly) scalar particles. These particles are naturally embedded in the Left-
Right symmetric models where a new characteristic energy scale exists and the
symmetry between left and right SU(2) gauge sectors is broken spontaneously
(69, 70]. Here we focus on the so-called minimal and manifest version of the
model (MLRSM), see e.g. [69-72].

In the MLRSM, to break the Left-Right symmetry, scalar triplets A; and
Apg are added?, which transform as (3,1,2) and (1, 3, 2), respectively and can be

written as
Sfr/IV2Z Ok

AL,R = .
0r  —OLr/V2

(2.27)

SM symmetry breaking can be achieved by introducing a Higgs bi-doublet,

0 i+
¢ = noe (2,2,0), (2.28)

¢ P
This is also responsible for the masses of the SM fermions and gauge bosons.
Neutral components of the triplets and the two neutral components of the bi-

doublet get VEVs and symmetries are broken at two stages. The symmetry

breaking pattern for the MLRSM is as follows:

(09| ¥=Tun+ 25"
SU2), @ U(l)y

<¢?>’<¢8>JQ=T3L+§
U(1)q

Therefore, in the MLRSM, U(1)q symmetry of the Lagrangian is reached by
spontaneous symmetry breaking in two steps. In the first step LR symmetry
breaks to the SM gauge group, while second step leads to the breaking of the
SM gauge group in to U(1)g gauge group.

20ne can also introduce scalar doublets xr, g instead of Ay, g, but that will not be minimal
to generate neutrino mass as extra fermion singlets are also needed to be introduced [73].
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The gauge symmetry SU(2)g x U(1)p_r, is broken down to the SM group
U(1)y by the vacuum expectation value (VEV) of the neutral component of the
SU(2)g triplet Ag: (0%) = 2% This generates the Majorana masses of the RH
neutrinos Ng, as well as the masses of the RH gauge bosons Wx and Zi. The
other Higgs triplet Az acquires a small VEV (§?) = s and contributes to the
generation of light neutrino masses. The standard electroweak symmetry is bro-
ken by the VEV of the Higgs bi-doublet field ¢: (¢) = diag(%, %), which gen-
erates masses for the charged fermions, as well as the SM W and Z bosons. The
mixing between the LH and RH gauge bosons is given by tan 26 ~ —2k; ks /v%.
Notice that in the case of no mixing (£ — 0) the mass eigenstates will exactly
be My, = My, and My, = My,.

The current experimental constraints on the mass of the RH gauge boson
My, =~ grvr/v2 2 3 TeV (assuming the equality of the SU(2), and SU(2)g
gauge couplings , i.e., g, = ggr) from direct LHC searches [71, 75], as well
as from quark flavor changing neutral current (FCNC) processes [76-79], imply
that vgp 2 10 TeV. Similarly, the constraints from the electroweak p-parameter [1]
restrict vy < 2 GeV. On the other hand, since the VEVs of the ® field break
the electroweak symmetry, we have x? + x5 = k?, where k ~ 246 GeV is the
electroweak VEV in the SM. Thus we expect to have the following hierarchy of
VEVs:

v, K K1, Ko <K VR . (2.29)

Without loss of generality, we can choose k1 and vg as real parameters, while ko

and vy, can be, in general, complex parameters.

The Yukawa Lagrangian in the lepton sector is given by

— Ly = hiphr®Yr; + hijr QUr; + fri] ,Cima Aty
+frijUR:CitaAgtr; + Hee, (2.30)

where C' = 17,y is the charge conjugation operator, d = 1,®*1y, 7 is the
second Pauli matrix and «, are the Dirac matrices. After electroweak symmetry

breaking, the above Yukawa Lagrangian leads to the following 6 x 6 neutrino
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mass matrix in the (v, V) basis,

m m
M, = L (2.31)

mg MR
where the 3 x 3 Dirac and Majorana mass matrices are given by

1 -
mp = ﬁ (/ﬁh + /igh) , mp=V2ufr, Mp=v20rfr. (2.32)

In the seesaw approximation, using FEq. 2.29, the 3 x 3 light neutrino mass matrix

becomes
-1, T K ~13T
R

where hp = (k1h 4 koh)/(V2k) and k = (|k1]? + |ra|?) V2.

In the scalar sector of the MLRSM, there are 20 real degrees of freedom: 8
from the bi-doublet and 6 each from the LH and RH triplets. After spontaneous
symmetry breaking, 6 of them are Goldstone bosons, which give masses to the
LH and RH gauge bosons in both charged and neutral sectors. Thus, there
remain 14 physical real scalar fields, one of which (H{) should be identified as
the SM-like Higgs boson with mass proportional to k, independent of the triplet
VEVs, for more details, see Appendix C. The remaining 13 scalar fields are as
follows: three neutral scalars HY, HY and HY, two pseudoscalars A} and A3, four
singly charged scalars Hi and Hi, and four doubly charged scalars HI* and

HF*. In the next chapter we will discuss the collider signatures of the charged

scalars of the MLRSM.

2.7 TeV scale models for neutrino mass gener-

ation

To have signatures of seesaw models at the LHC, the heavy neutrino (V) mass

needs to be ~ O (TeV). However, if one lowers the scale of seesaw to TeV, then
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to generate neutrino mass (m, ~ y2v?/M), the neutrino Yukawa couplings re-
quired are much smaller ~ 7, ~ 1075, Such small Yukawa couplings lead to
suppression of the production of the heavy neutrinos in natural TeV scale Type-I
seesaw models. Therefore, small y, implies that there are no other observable
consequences at low energy except neutrino oscillations. This leads to the ques-
tion whether it is possible to achieve both the requirements simultaneously, i.e.,
having TeV scale heavy neutrinos along with large Yukawa coupling leading to
large light-heavy mixing.

For such models, additional suppression mechanism for the neutrino masses
are required and some possibilities are as follows:

(1) Texture models: in some specific texture models, where texture means a
specific configuration of a mass matrix, heavy neutrino mass scale can be at TeV
scale and also light-heavy mixing can be sizable to produce at the LHC.

(2) The neutrino mass is generated at tree level in which additional sup-
pression comes from the small lepton number violating contribution e.g R-parity
violating SUSY, singlet seesaw models e.g. inverse seesaw, linear seesaw .

(3) Seesaw models with higher dimensional operator: The neutrino mass can
be generated from the operators having dimensions larger than 5.

(4) The neutrino mass is generated radiatively (loop correction). In this case
the additional suppression comes from loop calculation. e.g. Zee model[30], etc.

TeV scale physics can also be probed in the context of the left-right symmetric
model in which the gauge group is extended to SU(3). ® SU(2), ® SU(2)r ®
U(1)g—r. The MLRSM can lead to various observable consequences in colliders,
LFV and Ovpg, if the scale of parity restoration is in the TeV range. This
leads to heavy gauge bosons and heavy neutrinos of mass TeV. To generate
small neutrino masses, the Yukawa coupling needs to be small (107%), so that
the light-heavy mixing is small unless specific textures are evoked [31]. Note
that the canonical seesaw models require large light-heavy mixing to have any
observable consequences in the above processes. However, in LR models even if
this mixing small, the TeV scale RH sector can give significant contribution.

For a review on TeV scale models, see [32]. Below we discuss few such models
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that are relevant for the work carried out in this thesis. We have already discussed

the various features of the MLRSM in Section 2.6.

2.7.1 Singlet seesaw models

As already mentioned, in seesaw models motivated by GUT, the mass scale of
the heavy fields is near the GUT scale i.e ~ 102 — 10 GeV. One option to
generate TeV scale seesaw is to add extra singlets with mass ~ TeV, as is done in
inverse seesaw and linear seesaw models. Below its mass scale, the heavy fields
get integrated out and give rise to dimension five operator similar to Type-I
seesaw.

The Yukawa part of the most general Lagrangian involving extra singlet states

can be written as
_ ~ . _ 1— 11—
— L =NgY,d'l;, + SYs¢'l, + SMpN§ + 5 OHS® + 5 NpMyNj + hue., (2.34)

where I, = (v,,2)}, v = e, u, 7. Here [, and N have lepton number +1, while S
has lepton number -1. The terms with Yg, My and p are lepton number violating.
When all these parameters vanish, lepton number symmetry is restored and hence
the t'Hooft naturalness criterion [33] is satisfied.

The neutral fermion mass matrix from the above Lagrangian can be written

as
0 m}) ml

M,= |mp My M}], (2.35)
ms Mg p

in the (vp, N§, S¢) basis. Here mp = y,v/v2 and mg = y,v/V/?2.

From the general singlet seesaw mass matrix one can obtain variants of the
model by choosing some parameters to be zero which can be done with no loss
of generality: like inverse seesaw model, linear seesaw model etc.

Type-I seesaw is a special case of singlet seesaw models and can be realized,
if only Y, and My are non-zero. In Type-I seesaw also, heavy neutrino mass

can be at TeV scale, for some specific structure of Yukawa matrix as already
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mentioned.

2.7.1.1 Inverse seesaw model

In the inverse seesaw mechanism a small lepton number violating parameter p is
responsible for the smallness of the neutrino mass. If p vanishes, lepton number
conservation is restored. Hence a small value of u satisfies t’Hooft naturalness
criterion. The seesaw is called inverse seesaw, because in this case the smallness
of neutrino mass is due to a small lepton number violating parameter in the
numerator. In contrast, in conventional Type-I seesaw the smallness is explained
through very high mass scale in the denominator. The mass matrix for inverse

seesaw is given as
0 m, O
My,= |mp 0 M|, (2.36)
0 Mrp n

in the (v, N§, S¢) basis. After block-diagonalization, light neutrino mass is given
as

m, = mp(ME) " u(Mz) " m, (2.37)

We can make an order of magnitude estimate of the parameters in the inverse
seesaw model to get m, ~ 0.1 eV. Assuming typical value mp = 100 GeV and

Mp =1 TeV, one needs p ~ 1078 GeV.

2.7.1.2 Linear seesaw model

In the linear seesaw models [$4—80] one assumes mg to be small and non-zero
while the p and the My terms are set to zero. This can be done since they
contribute towards light neutrino mass in the sub-leading orders [87]. Since
lepton number violating mass terms are set to zero, the heavy neutrinos are

purely Dirac type. Then the mass matrix takes the form

0 m, ml
My,= |mp 0 M|, (2.38)

mgs MR 0
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in the (v, N§, S°) basis. After block-diagonalization, light neutrino mass is given
as

m, = mLpMgr 'mg +mEMg 'mp. (2.39)

In the linear seesaw the light neutrino mass is proportional to one power (linearly)
of mp and hence the nomenclature. In general, three singlets are needed to give
3 non-zero light neutrino masses. However, low energy phenomenology can be
explained with only two light neutrinos to be massive, which can be achieved
by adding just two singlets as in the minimal linear seesaw model (MLSM),
discussed next. We can make an order of magnitude estimate of the parameters
to get m, ~ 0.1 eV, assuming typical value mp ~ 100 GeV and Mpr ~ 1 TeV,
one needs yg ~ 107!, Hence, smallness of the neutrino mass can be attributed

to the tiny lepton number violating parameter yg.

2.7.1.3 Minimal Linear Seesaw Model (MLSM)

The minimal model which can successfully generate two light neutrinos with non-
zero mass is when only two extra heavy singlets are added to the SM Lagrangian.
This is called the Minimal Linear Seesaw Model (MLSM) [88, 89]. This is a vari-
ant of the singlet seesaw model but in this case the minimal scheme consists
of adding just two heavy singlets with opposite lepton number as opposed to
four heavy neutrinos in canonical minimal inverse seesaw models [90]. It was
shown in [38] that the Yukawa couplings matrices for this model can be fully
reconstructed in terms of the oscillation parameters apart from an overall nor-
malization factor. It was further shown in [39] that this normalization constant
can be constrained from consideration of the meta-stability of the electroweak

vacuum and lepton flavor violation bounds.

The full mass matrix has dimension 5 x 5 and can be written as ,

M, = , (2.40)
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.
where m/y, = (m},,m!) and

0 My
M = . (2.41)
Mg 0

For the minimal case Mp is just a number, not a matrix. M, can be diagonalized

by a 5 x 5 unitary matrix Uy as
Uy M, Uy = M%9, (2.42)

where M99 = diag(m, ,mq,ms3, My, My). Following a two-step diagonalization

procedure [60], Uy can be expressed as,
1-1)U, mh(M-1)yU U, vV
UO = ( ? ) D( ) " = - ’ (243)
—M_lmD U, (1—%6/) Ugr S Uy

where, Uy is the Upy/vs mixing matrix, and V, S are the light-heavy mixing
matrices. Interaction of heavy neutrinos with the SM fields are determined by
the mixing matrix V', whose elements will be denoted as V;y hereafter. We would
notice afterwards that the strong constraints on some elements of this matrix i.e.,
Ven and V,ny would restrict the production signal. The diagonalizing matrix is
now non-unitary which is characterized by the factor (1 —e€/2). The non-unitary
corrections € and € are given, e.g. in [60, 91]. U, is the unitary component of
Upnrns which is same as Upyys for € < 1. We use the standard parametrization
for Uppns as given in Eq. 1.4. The Majorana phase matrix P is expressed as
P = diag(e™, ¢, 1), there is only one Majorana phase because one of the mass
eigenvalues is zero. In Table 1.2, we have presented the 30 allowed ranges of
oscillation parameters. Note that the phases are completely unconstrained at

present.

Using the seesaw approximation one obtains the light neutrino mass matrix,

my, = my M~'m/p. (2.44)
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This being a rank 2 matrix the light neutrinos belonging to this model are hi-
erarchical. After diagonalizing m, by Upyns, we get the light neutrino mass

matrix in mass eigen-basis.

In the MLSM, Y, and Ys are 3 x 1 matrices (¢f. Eq. 2.34) and can be

considered as two independent vectors [38]

A~

Y, =y.a; Ys=uysb, (2.45)

where & and b denotes complex vectors with unit norm while Y, and y represent
the norms of the Yukawa matrices Y, and Yy, respectively. Using Eq. 2.44 and
2.45 one can reconstruct the Yukawa matrices Y, and Yy in terms of the oscillation
parameters barring an overall normalization factor. The parametrization of the

Yukawa matrices depend on the mass hierarchy and can be expressed as [38, 89],

_ Y (ATt i At

Ys = \y/i (VITpUl-eiyi=—pUf). (2.46)

where, j = 2,k = 3 for NH and j = 2,k = 1 for IH. U;’s denote the columns

of the unitary matrix U, that diagonalizes the light neutrino mass matrix m, in

Eq. 2.44. The parameter p is given as,

VIEr -
P Txr+r

NE), p=YItr=l gy (2.47)

CVI+r+l

Here r denotes the ratio of the solar and atmospheric mass squared differences,

2

— A2 2 - 2 _— 2 2 2 2 2 2
r = Am3,;/Am:,, , with AmZ, = m5 —m; and AmZ,, ~m; —m; (m35—m3)

atm» s
for NH (IH).

The overall coupling y, can be constrained from the metastability of the
electroweak vacuum and LFV [89]. We have discussed these bounds in detail in

Chapter 3.
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2.7.2 Seesaw models with higher dimensional operator

One of the ways to generate neutrino mass via new physics at TeV scale is

through higher dimensional operators [92—100]. These operators typically contain
the factor ~ %(ﬁ)d_5 in the expression of neutrino mass. This implies the

suppression factor M?* in the denominator, where d is the dimension of the
operator. Consequently, the cutoff scale of new physics can be lowered to TeV
without making the Yukawa couplings minuscule. Such operators can arise at
tree as well as loop level and requires extension of the SM field content by new
fermions and scalars belonging to higher representations of SU(2). Since the
scale of new physics in these models is at TeV, it is conceivable that these new

particles can be produced and studied at the LHC.

(1) (S2)
X X
\ /
\ /
\ /
\ /
\ /
\ /
\ /
Fr Fg
vy, VE

Figure 2.3: Generic tree-level diagram for generation of small neutrino mass
from heavy fermion exchange when lepton-number symmetry is broken by the
(Majorana) mass insertion. The simplest realizations are the Type-I and Type-
III seesaws, with Fr ~ (1,1,0) and Fg ~ (1,3,0), respectively, and with S; =
So = H ~ (1,2,1). Figure is adapted from Ref. [100]

Figs. 2.3 and 2.4 are generic diagrams representing Majorana and Dirac mass
insertion in the propagator, respectively [100]. Various possibilities of higher di-
mensional (d > 5) models for neutrino mass generation are tabulated in Table 2.1
and Table 2.2. In the tables, minimal models refer to the models in which neu-
trino mass is generated by only one higher dimensional operator at tree level.
Model (A) in Table 2.2 is the BNTM. The question marks in the tables indicate

that those models are introduced for the first time in Ref. [100]. However, to
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Model S1 Fr S O,] Ref.
(a) (1,2,1) | (1,1,0) — d=5 Type-I seesaw
(b) (1,2,1) | (1,3,0) - d=5 Type-1I1I seesaw
© |41 @50] - d=9 [99]

d) | (1,2,1)](1,3,0) | (1,4,1) | d=57,9 [101]

(e) | (1,4,1) | (1,5,0) | (1,6,1) | d=09,11,13 ?

Table 2.1: Natural seesaw models with a Majorana mass insertion. The first three
entries are minimal while last two entries are not; model (d)/(e) is essentially
model (b)/(c) with an additional field. Table is taken from Ref. [100].

the best of our knowledge, no detailed studies have been performed so far.

Fr Fr

vy, VZ

Figure 2.4: Generic tree-level diagram for generation of small neutrino mass for
Dirac type mass insertion. In the simplest realization, one of the scalars is the
SM doublet, S; = H ~ (1,2,1), and the quantum numbers for the new fields
are uniquely determined, with Fr g ~ (1,3, —2), and Sy ~ (1,4, —3). Figure is
adapted from Ref. [100]
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Model S1 Fr Sy 0,] Ref.

(A) (1,2,1) | (1,3,-2) | (1,4,-3) d="17 [93]

(B) (1,3,0) | (1,4,-1) | (1,5,-2) d=9 ?

() (1,4,1) | (1,5,—=2) | (1,4,-3) d=9 [97]

(D) (1,6,1) | (1,5,—-2) | (1,4,-3) d=11 ?

(E) (1,4,1) | (1,5,—-2) | (1,6,-3) d=11 ?

(F) (1,4,1) | (1,3,-2) | (1,4,-3) | d=17,9 ?

Table 2.2: Natural seesaw models with a Dirac mass insertion. The first five
entries are minimal while last one is not; model (F) is essentially model (A) with
an additional field. Model (A) is the BNTM. Table is taken from Ref. [100].

2.7.3 Babu-Nandi-Tavartkiladze Model (BNTM)

This model is an example of neutrino mass generation through higher dimensional
operators. In this type of mass generation, suppression come from the higher
power of the new physics mass scale.

In particular, BNTM was proposed in Ref. [93]. In this model neutrino mass
is generated at the tree level through dimension-7 operator and at the loop level
via dimension-5 operator. Charged lepton flavor violation in this model has been
considered in [96]. The model contains a pair of vector-like triplet fermions with

hypercharge of 2 units and a scalar with isospin 3/2.

2.7.3.1 The model

Prime aim of this model is to generate light neutrinos without making the Dirac

Yukawa couplings minuscule and at the same time having the scale of new physics
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at TeV. This requires introduction of exotic fermions and scalars, heavier than
the SM fields. The gauge group of the model under consideration is the same as
that of the SM: G = SU(3).® SU(2), ® U(1)y with an enlarged particle content

that includes the following fields: an isospin 3/2 scalar

d = < ettt dt PO > ’ (2.48)

Y=3

and a pair of vector-like fermion triplets?

Yrr = < S OShL 2% >y_2' (2.49)

Note that although the above fermionic representations have a non-zero hyper-
charge, the chiral anomaly gets canceled as they are vector-like by nature. The

scalar kinetic and potential terms involving the field ® read as

Lscatar = (D"*®)1(D,®) + (D*H) (D, H) + V(H, ®), (2.50)
where
Cmee Y
D,S = ((% —igT' W, —ig ZB“> S. (2.51)

In the above expression S can be either H or ®. The generators T,’s are the
Pauli matrices for H, whereas for ® these are the SU(2) generators in the isospin
3/2 representation, see Appendix A.1 for details. The interactions of the new
scalar field ® with the gauge bosons originate from the above term. The scalar

potential is given as

A A
V(H,®) = pLHH+pid'd+ %(HTHF + 52(@%1))2

+X(HTH)(®T®) + \(H 7, H)(OTT, D) 4+ {\s H*®* + h.c.}. (2.52)

The electroweak symmetry is broken spontaneously once the Higgs acquires

the vacuum expectation value (VEV), v. As the other scalar ® is also non-singlet

3Scalar quadruplet and vector-like fermion triplet but with different hypercharges are stud-
ied in the literature, see for instance, Ref. [101, ].
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under SU(2), ® U(1)y, the VEV of ®, i.e., v can also be responsible for this
breaking and affects the p parameter of the SM. Thus, ve gets constrained from
the p parameter which gets modified as p &~ (1 — 6v3 /v?). In order to satisfy the
30 range of this parameter p = 1.0004; 00065 [103], ve must be less than 2.01 GeV.

Minimization of potential in Eq. 2.52 leads to the induced VEV vg = —)\5]\}’—2,

30
where v = 4/ % is VEV of the SM Higgs. The mass of the neutral scalar ®°
comes out to be

3
M3, = p2 + Asv® + ZA“”Z' (2.53)

The mass of " component of the quadruplet field ® with absolute value of

electric charge ¢; can be expressed as*
2 2 Aq 2 2 2
Mq)i = Mq)o - (]Z?U = M<I>0 - qlAM . (254)

AM? denotes the difference of squared masses between any two successive com-
ponents in the scalar quadruplet.

Note that the mass degeneracy between the members of heavy scalar are lifted
by the A4 coupling once the symmetry is broken. Choice of this free coupling
within the perturbative limit can produce successive scalar states from a near
degenerate to a mass difference of as large as few tens of GeV. Depending on the

sign of A4, we get two hierarchies in masses of the ® field®:

Mgo > Mg+ > Me++ > Merr+ for positive sign of \y and AM — ve,

Mg+t > Mgrs > Mg > Mgo for negative sign of Ay and AM + ve, (2.55)

where the mass difference between two successive members is constrained as

1.4 GeV < |JAM| < 38 GeV. The lower bound comes from precision electroweak

4Note that we get the splitting parameter (AM?) as %02 instead of %UQ in Ref. [93].

®One can find that both choices of A4 (positive and negative) are compatible from the
boundedness of the scalar potential since this scalar coupling need not be positive definite for
the stability of the scalar potential. This can be perceived easily by neglecting the A5 term
from the potential. Note that A5 is required to be very small to generate correct order of light
neutrino masses (cf. Eq. 2.59).
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corrections [101] and the upper bound is for compliance with the p parameter
bound [105]. The physical scalar spectrum in this model consists of one triply-
charged scalar, one doubly and one singly charged scalars (all with their charge

conjugated counterparts) as well as three neutral scalars (two CP even and one

CP odd).

2.7.3.2 Generation of neutrino masses

In this model the neutrino mass (m,) comes from the renormalizable Lagrangian

Lo, = Yily CHS ) + Y/Spdliy + SpMsSy + hec., (2.56)

where Y;, Y/ are Yukawa coupling matrices and i is generation index. The
detailed structure of the Yukawa interactions are given in Appendix A.2. From
the Lagrangian (2.56) the neutral lepton mass matrix can be written in the

(v, 29, (£%)°) basis as

0 m m?’
My= [m"™ 0 Msx|- (2.57)
m' MZ 0
In terms of the Yukawa couplings, m = —Yv and m'" = Y'vs. Here m and m/T

are 3 x 1 matrices, while the (1,1) element of the matrix M is the 3 x 3 null
matrix.

Since we have introduced a vector-like fermion pair, the above mass matrix
is 5 x 5 and is of rank 4 with determinant zero. Therefore, out of five fields
one will have zero mass. Thus, the neutral fermion spectrum consists of two
nearly degenerate heavy neutrinos, one massless neutrino as well as two massive
light neutrinos. With these two light neutrinos the model satisfies the neutrino
oscillation data for hierarchical neutrinos. However, as also noted in Ref. [93]
one can extend this model by adding more pairs of fermions to get all the light
neutrinos to be massive. This will of course increase the number of unknown

parameters in the model.



44 Chapter 2. Mechanisms of neutrino mass generation

This model contains SU(2) triplet fermions as in the Type-III seesaw model.
However, here they have a hypercharge Y = 2, whereas the Type-III seesaw
model contains triplet fermion with ¥ = 0. These two models are different
in the way neutrino masses are being generated and lepton number is being
violated. In general, the presence of light Majorana neutrinos demands lepton
number violation by two units, 7.e., AL = 2. In conventional Type-III seesaw
mechanism, the triplet fermions which are being integrated out during the seesaw
process have Majorana mass term and the violation of lepton number is directly
reflected from the mass insertion in the propagator. But in this case the triplet
fermions have Y = 2 and have Dirac type mass term. However, lepton number
violation can come from the Y®[ term in the Lagrangian if we assign a lepton

number of +1 to the [ field and -1 to the vector-like ¥; and Xy fields®.

ve (GeV) Y y | my, (eV)
5x107% | 107' | 1073 0.05
51x107° | 107! | 107 0.05
43 x107° [ 1071 | 107* | 0.04
0.5 1072 | 107° 0.04

Table 2.3: Order of neutrino mass for v = 174 GeV, My, = 3500 GeV, Mgo = 400
GeV.

Note that with the above assignment of lepton number the matrix in Eq. 2.57
has the form of the linear seesaw mass matrix [34, 80, |. Naturally small
neutrino masses can be generated in this model assuming small lepton number

violation.

The above matrix can be diagonalized in the limit My > m, m’ to generate
the light neutrino mass matrix m, using the seesaw approximation. To the

leading order this can be expressed as,

1
my, = —m—m' —m' —m". (2.58)

61t is also possible to assign lepton number +1 to the ¥, and X fields, in which case lepton
number will be violated at the [ H*Y vertex.
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Then the expression for m, can be written as,

gy = BT ur MOV
v My, (MsM2)

Overall coupling strengths of the Yukawa matrices Y and Y’ are denoted as y and
Y, respectively. Note that the neutrino mass goes to zero in the limit the lepton
number violating coupling 3" goes to zero. Thus, a naturally small neutrino mass
can be generated assuming small lepton number violation. Along with the lepton
number violation it is also possible to have lepton flavor violation in this model.
This is reflected in the effective vertex (®¢¢), as shown in Appendix A .4.

In our analysis we consider vy and Mgo to be independent parameters with
As < 0. In Table 2.3 we present the typical values of ve used in our analysis
and the corresponding values of y and 3’ in order to generate correct order of

magnitude for the neutrino mass for the representative values of Mgo and Ms:.

2.7.3.3 Origin of neutrino mass

The tree level diagram from which the neutrino mass originates is given in
Fig. 2.5(left panel). After integrating out heavy fermion fields ¥, ¥ and scalar
field @, this diagram gives rise to a dimension-7 effective Lagrangian

L. = —ry (lgaHaflig,HbeHg>s e +he. (2.60)

aa ~gg

where / /
(YiY, +Y;Y)) A5
MEM%O ’

which after spontaneous symmetry breaking generates the neutrino mass given
in Eq. 2.59. The details of the calculation for obtaining Eq. 2.61 are given in
Appendix A.3.

It is interesting to note that the dominant contribution for neutrino mass is
obtained from the dimension-7 operator at the tree level. This is ensured by
the absence of singlet fermions, ¥ = 0 triplet fermions and triplet scalars in

the model. However, dimension-5 operator can arise at the 1-loop level through
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Figure 2.5: Tree level diagram (left panel) generating dimension-7 seesaw oper-
ator and 1-loop diagram (right panel) generating dimension-5 operator for neu-

trino masses.

diagram depicted in the right panel of Fig. 2.5. One can redefine the A5 coupling

to account for the loop contribution to the neutrino mass in the parameter range

for which it is significant.
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Figure 2.6: Contour plot of the ratio m!°?/m!r*¢ in the (Mg — My) plane.

Including the above diagram the total contribution to m, becomes m

tree

tree loop
m, ¢ + m,>°P, where m;

total __
" =

is given by Eq. 2.59. The loop contribution to the
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neutrino mass, m°?, can be computed as

/ ’ ]\42 M2
Gt ) (i ()i

(2.62)
where My is mass of the SM Higgs.

Note that only ®° and ®* will contribute to the loop diagrams in Fig. 2.5.
In deriving Eq. 2.62 we have assumed that these two states are degenerate with
mass Mg.

In Fig. 2.6 we make a contour plot of the ratio m'? /m!re¢ in the (Mg — M)
plane. From the plot it is clear that for smaller values of Mg and My, the
dimension-7 contribution dominates over that coming from the dimension-5 term.
This is the region relevant for our study and thus it suffices to take only the tree

level contribution.






Chapter 3

Probing neutrino mass models at

colliders

In the previous chapter, we have discussed various neutrino mass models which
can have the scale of new physics at TeV and also allow a sizable production of
particles with masses of TeV order.

In this chapter, we carry out a detailed study of collider signatures of three
models: (i) the Babu-Nandi-Tavartkiladze-model (BNTM), (ii) the minimal lin-
ear seesaw model (MLSM) and (iii) the minimal Left-Right symmetric model
(MLRSM). The basic features of the models are discussed in the previous chap-
ter.

The main theme of this chapter is to examine the imprint of the seesaw mech-
anism at colliders. In this context, we mainly focus on the multilepton signatures
at colliders which are hallmarks of the seesaw mechanism. The important signals
are those comprising of light leptons (e, i), as they can be found efficiently in the
detectors. Leptonic SM processes are rare at hadron colliders and events with
higher lepton multiplicity particularly so. Therefore, it is interesting to look for
BSM signals with higher lepton multiplicity. Note that one of the channels in
which the Higgs boson was discovered is the four-lepton channel H — ZZ* — 4/
[107=109]. If neutrinos are Majorana particles, then there exist the possibility
of same-sign-dilepton (SSDL) as was noticed in [L10] in the context of LR sym-

metric models. In the context of TeV scale seesaw models this signal has been

49
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studied, for instance, in Ref. [111-113]. SSDL are relatively background-free if

the selection criteria are properly chosen. Experimental searches for SSDL, in

particular constraining SUSY models are done in [ 11-117] and in the context
of the LRSM in [74, 75]. If we have Higgs of higher charges in any model e.g.
as in [93, | or R-parity violating supersymmetry [I19], then same-sign-tri-

lepton signal is also possible. Same-sign tri-lepton background from the SM is
very tiny, and, therefore, this signal is important to look for BSM physics at the
LHC. Same-sign tri-lepton, tri-lepton and four-lepton signals in the context of
supersymmetric models are considered in Ref. [I19-123]. Experimental searches
for multilepton signals, in particular for supersymmetric models, are done by the
CMS and the ATLAS collaborations [114, 124-129]. If the heavy neutrinos are
Dirac particles then, their decays lead to the opposite-sign dilepton signal, and if
the W —boson is allowed to decay leptonically then the signal is tri-lepton with

missing energy due to the missing neutrino.

Another channel in which new physics can contribute is the decay of the
Higgs boson to gamma gamma (2 photons). Since the photon has no mass, it
does not couple to the Higgs boson directly. However, decay of the SM Higgs
boson to diphoton can be modified by contributions of the BSM particles at the
loop level. Particles which couple to the neutral Higgs boson and the photon, can
contribute to the decay. Hence, only electrically charged particles can contribute
as they couple to the photon. H — 77 decay mode can be seen cleanly by the
experiments, and it was one of the main Higgs discovery channels at the LHC
[2, 3]. Initially H — v~ decay branching ratio was away from the SM prediction.
However, with more data there is a trend of converging towards the SM value.

Initial experimental observations of the Higgs to diphoton decay normalized to

the SM prediction, as pointed out by ATLAS [130] and CMS [131] were,

R,, = 1.6540.24(stat) 535 (syst) (ATLAS) , (3.1)

R,, = 0.78703% (CMS) . (3.2)
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Recent observations for ATLAS [132] and CMS [133] are
R, = 1174027 (ATLAS), (3.3)
R, = 114735 (CMS). (3.4)

Thus, the central values are now closer to the SM value.

In this chapter, we have considered the s-channel production of the BSM par-
ticles, in which quarks from the two colliding protons produce them via s-channel
propagator. In some of the cases, we have also considered Weak vector boson
fusion (VBF) production of the particles. Weak VBF processes have been sug-
gested quite some time ago in the context of Higgs searches [131-136]. They are
characterized by the presence of two jets with large transverse momentum (pr)
in the forward region in opposite hemispheres along with other observables, like
charged leptons. Interestingly LHC has a very rich “forward physics” program
and for the necessary investigation there are dedicated detectors like LHCE [137]
and(or) FP420 [138]. Due to uncertainties in the jet tagging, the efficiency is
relatively low and, thus, the significance of these channels is rather suppressed.
But nevertheless from the discovery perspective, many Beyond Standard Models
can also be tested using forward jets. Such related studies are also important for

dark matter searches through mono-jet plus missing energy [139—111].

The plan of the chapter is as follows. In the next section we discuss the
various packages used for simulating signal and background events. For selecting
multilepton events, we impose some selection criteria which suppress the SM
background. These selection criteria are also discussed in the next section. Then

we discuss the collider signatures of three specific models.

¢ In Section 3.2 we discuss the multilepton signature of Babu-Nandi-Tavartkiladze-
model (BNTM) at the LHC and estimate the backgrounds from the SM.
The result on the charged scalar contribution to H — 77 channel is also

presented. Then we summarize the study of the BNTM.
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¢ In Section 3.3 we discuss the MLSM. In this analysis, first we discuss the
LFV and the electroweak vacuum stability constraints. Then we study
multilepton collider signatures of heavy neutrinos in this model for some
benchmark points compatible with the constraints. In particular, we have
looked for tri-lepton signature for both the cases of heavy neutrino pro-
duction i.e. s-channel and VBF processes. Then we have calculated the

significance of these signatures and summarized the study of this model.

¢ In the next section we discuss the minimal Left-Right symmetric model
(MLRSM). After discussing the MLRSM briefly, we discuss the experimen-
tal and theoretical constraints on the masses of the new particles. Then
we have discussed the allowed spectra for the charged Higgs bosons in
the MLRSM that satisfy these constraints. In the next part, the collider
signatures of charged scalars, when there is at least one doubly charged
scalar is present, are discussed. In particular, tri-lepton and four-lepton
signatures are studied. We have used dilepton invariant mass and lepton-
lepton separation distributions for the same-sign dilepton (SSDL) and the
opposite-sign dilepton (OSDL) to distinguish the origin of SSDL. We have
also calculated the charged scalar contribution to the Higgs boson decay to
diphoton. In addition, we study the four-lepton signature from the VBF
production of a pair of doubly charged scalars at the LHC and future col-
liders. Then we summarize the study of the MLRSM.

3.1 Simulations and event selection

In this section, we give a general description of simulating events at colliders.
First, model files are generated from packages like FeynRules. Then we imple-
ment model files in CalcHEP [112] or MadGraph [143]. Our signal and back-
ground processes, constructed out of parton level calculation of hard-scattering
matrix elements, and relevant decay branching ratios are computed. To perform
the full analysis, the “Les Houches Accord” (LHA) event file [111] generated
through CalcHEP/MadGraph/ALPGEN is fed into PYTHIA [115]. PYTHIA
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includes initial/final state radiations (ISR/FSR) from QED and QCD, parton
showering, multiparton interactions and hadronization for a realistic estimate
from simulation. For our analysis, we have used parton distribution function
(PDF), CTEQG6L1 [146] from LHAPDF library [117]. We have chosen the de-
fault factorization (ur) and renormalization (ug) scales as set by PYTHIA unless

otherwise mentioned.

Cuts used for the analysis Values

Maximum pseudorapidity (|n|) of a lepton 2.5

Minimum pz of an isolated lepton 10 GeV

Detector efficiency for detecting electron (e) 0.7 (70%)

Detector efficiency for detecting muon (u* 0.9 (90%)

Lepton-lepton separation (ARy) >0.2

Lepton-photon separation (ARy,) >0.2

Minimum hard pr cuts on pp-ordered leptons (30,30,20,20,10,10) GeV

Missing transverse momentum > 30 GeV (for nt,SS3¢)
< 30 GeV (for FV4¢)

Lepton separated from reconstructed jet (ARy) | > 0.4

Hadronic Activity around leptons 2 PThtron p;;“dm” <0.2

Electron energy smearing and muon pTZresolution v

7 veto |mee — My| > 617 GeV

Table 3.1: The cuts used to estimate SM backgrounds and signal events. For
complete set of selection criteria, see the text.

The event selection criteria are described below [148—150]:
I. Lepton Identification:

e Electrons and muons are identified within the pseudorapidity || <

2.5.

e Each of the leptons is considered to have a minimum transverse mo-

mentum of 10 GeV, i.e. pr, > 10 GeV.

I1. Lepton Efficiency:

e Detector efficiency for detecting an isolated electron (muon) is taken

as 70% (90%).
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III. Lepton Isolation:

e Two leptons are separately identified once they have a minimum sep-
aration of ARy > 0.2, where ARy = /An? + A¢? is the distance in
pseudorapidity(n)-azimuth(¢) plane.

e Leptons are separated from photons if AR, > 0.2 with all the photons
having pr, > 10 GeV.

e A lepton is separately identified from all reconstructed jets with a

minimum separation of AR,; > 0.4.

e Isolation cuts around the hard lepton(s) should control hadronic activ-
ity. However, cleaner identification of lepton requires hadronic activity

% < 0.2 around the lepton within the cone of size 0.2.
£

IV. Hard Cuts:

e Hard pr Cuts: In a multilepton event, we demand that the first two
hardest leptons should have a minimum transverse momentum of 30
GeV, while that for 3rd and 4th hardest leptons are 20 GeV each. Any
additional lepton is identified with minimum transverse momentum of

10 GeV.

o Missing Transverse Momentum: We demand our multilepton events
with minimum 30 GeV of missing transverse momentum |Pr| (ex-
cept in the special cases of flavor violating four-lepton (F'V4/) in the
BNTM and the 4¢ signal of the MLRSM). Total missing transverse

obj

momentum IBT = — Zé\il ﬁTi is constructed from all reconstructed

isolated objects (IN,;) such as leptons and jets.

Along with the above-mentioned selection criteria we have also implemented

the followings in our analysis [148, 149] :

e The energy of electrons and pr of muons (i) are smeared according to the

calorimeter resolutions.
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x Electron Energy Smearing: We consider the smearing of the electron
energy E as follows:
o(B)/E =% 0a 0%,

where

| | a1 VGeV | ay | az (GeV)
< 1.5 0.030 0.005 0.200
> 1.5 0.055 0.005 0.600

x Muon pr Resolution: Muon pr resolution is defined as

b pr < 100 GeV
o(pr)/pr = (3.5)
b1 + bg log(pT/lOO), pPr Z 100 GeV.

where,

|n| b1 by
< 1.5 0.008 | 0.037
< 2.5and > 1.5 0.020 | 0.050

e The jets are constructed using PYCELL, cone algorithm within PYTHIA.
To find cluster, fixed detector grid of (100 x 72) assumed in (7, ¢) plane
with pseudo-rapidity |n| < 2.5. With minimum threshold for jet initiator
pr as 1.5 GeV, a cluster can be accepted as jet if minimum summed Er
is 20 GeV within cone size 0.7. To include energy resolution of detector,

energy of each cell is also smeared.

e 7 veto is implemented to reduce the SM background coming from the
processes like tt(Z/v*), W(Z/~*), (Z/v*)(Z/~v*). Opposite-sign but same-
flavored lepton pair invariant mass my, must be sufficiently away from Z
mass, such that |my — Myz| > 6Tz GeV, where I'y is the total decay width

of the Z boson. However, signals remain mostly unaffected by this cut.

We have tabulated above-mentioned selection criteria in a compact form in

Table 3.1. These cuts define the general framework for our numerical study. If
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in a particular context we use different criteria, then that will be mentioned at

the appropriate place.

3.2 Babu-Nandi-Tavartkiladze-model (BNTM)

This model provides an avenue to test the mechanism of neutrino mass generation
at the LHC. The presence of the isospin 3/2 scalar multiplet ®, especially the
triply- and doubly-charged scalars can give rise to rich phenomenology at the
LHC. Specifically, the cascade decays of these heavy charged scalars lead to
multilepton final states. In this section, we discuss in detail the production and

decay modes of these scalar fields and possible signals at the LHC.

The model has already been discussed in detail in the previous chapter. Here

we focus on the collider phenomenology of the model.

3.2.1 Production and decay of isospin 3/2 Scalar

/ o ’(ll)' ) P (I,:ii
Ve
r e
\ N N
<O (P) < OFF
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s s
++ ++
P > ) P > .
prEE e ¢ priE s w
_ —_ 5 — —_ —_ 5 —
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Figure 3.1: Representative diagrams for production and decay of doubly- and
triply-charged scalars at hadron collider leading to multilepton (> 3) final states.

The heavy scalars are produced in pair through electroweak gauge bosons at
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Large Hadron Collider through the following processes!:

pp Eﬁl q)iii(I)ZFﬂF¢’ (I)ii(pﬂF?’ (Diq)¥;

p W QT 9T, 0t o, (3.6)

The parton level (lowest-order) representative diagrams contributing to these
processes at the LHC are shown in the upper row of Fig. 3.1.

Fig. 3.2(a) shows the production cross sections of the charged scalars at the
LHC for a center of mass energy /s = 14 TeV as a function of the scalar mass
parameter Mgo. We consider the triply- and doubly-charged scalars which are
expected to give dominant contribution for the multilepton signals that we have
studied. We have calculated our hard-scattering matrix elements for parton level
processes by implementing the model in CalcHEP (version 3.2) [112].

®** can dominantly decay into two W-bosons

The doubly charged scalar
of the same charge. However, another dominant and, in fact, a remarkable
decay channel can be realized from dimension-7 seesaw operator generating the
neutrino mass. This effective vertex, discussed in Appendix A.4, is proportional

d** couples to lepton pair (¢;¢;)

to neutrino mass matrix elements (m,,;) and
of same charge leading to lepton number violation. Since this vertex depends on
the neutrino mass matrix elements, one expects relative differences in the signals
for normal and inverted neutrino mass hierarchies.

Interplay of these two decay processes controls the significance of the observed
lepton signal as we will demonstrate later. The triply-charged scalars ®*** can

d** associated with W-boson apart from other

decay into doubly charged scalars
3-body modes which are suppressed. However, narrow mass difference between
charged scalars as discussed in Section 2.7.3.1, typically produces off-shell ®**
which can decay further?. The lower row of Fig. 3.1 demonstrates these decay
modes of the triply-charged scalars. The final decay products (HW or WWW)

are determined by the corresponding decay channels of the ®**. Decay branching

INote that ®°®° production is absent due to the lack of coupling between gauge bosons
and pair of neutral scalars.

2At this point we note that a significant number of ®** are produced off-shell and thus
Mg++ cannot be reconstructed from the same-sign-dilepton invariant mass.
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ratios are calculated considering all the three charged leptons (e, p, 7) and thus
dominant decay modes are denoted by the symbol t. On the other hand, /¢
stands for the two light charged leptons (e and p) which only are considered in
estimating the multilepton signals at the LHC. All necessary Feynman rules used

in these calculations are listed in Appendix A.5.
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Figure 3.2: Figure (a): Production cross sections for the processes pp —
P~ &t P~ dFFEDPTT at the LHC with /s=14 TeV and AM = —2.8
GeV. Figure (b): Dependence of decay Branching Ratio (BR) of ®*** on vg for
IH and NH. Here 1 implies all three charged leptons (e, i, 7).

Figure 3.2(b) demonstrates the decay Branching Ratios (BRs) of the triply-
charged scalars in different modes for both neutrino mass hierarchies NH and IH.
This plot is generated considering neutral scalar mass Mgo = 400 GeV together
with mass difference between two successive scalars AM = (Mg+++ — Mgt+) =
—2.8 GeV3. This figure reflects how the interplay of the two decay channels of
®+* | for different choices of vy, affects the BRs of ®***. Note that the BRs of

(I):t:l::t (I):I::I:

closely follow that of excepting for an offsetting factor due to off-shell
phase-space production in the decay of the former. From this figure three clear

limits emerge:

o For small vg (< 1076 GeV), dF++ mostly decays into HW with BR nearly
equal to one for both NH and IH.

o On the other hand, in the larger ve region (2 107* GeV), ®*++ mostly de-

3Since members of ® are allowed to have a small mass splitting, mass hierarchies among
them, depending upon the sign of A4, would have little impact on production and phenomeno-
logical signatures. So our choice of AM is representative by nature.



3.2. Babu-Nandi-Tavartkiladze-model (BNTM) 59

cays into 3W since large values of vg suppress the lepton number violating

effective coupling.

¢ For intermediate values of vg, both channels can govern the decay. How-
ever, the exact values of the branching ratios depend on the neutrino mass

hierarchies.

The above observations dictate the choice of the benchmark points in our
study which are listed in Table 3.2. It can be noted that for lower values of Mg
and intermediate ranges of vy ~ O(107> — 107%) total decay width of charged
scalar can be sufficiently low to show displaced vertex at the detector. This can
lead to non-pointing multilepton signals, although we are not considering such

scenarios in our analysis.

Neutrino | Dominant ®*** | Choice of

hierarchy | decay modes ve (GeV)

nw 5x 1076

IH nw —-www 51 x107°
WWW 0.5

Hw 5x 1076

NH nw - www 4.3 x 107°
WWW 0.5

Table 3.2: Choice of parameter ve for Mgo = 400 GeV and AM = —2.8 GeV.
Here  denotes all the three charged leptons (e, u, 7).

3.2.1.1 Signatures of new physics

The pair productions and subsequent decays of the charged scalars followed by
W# decay lead to different leptonic final states. We have considered the following

signatures of new physics:
o Multilepton events — 3¢, 4¢, 5¢ and 6/ events,
o Same-sign-tri-lepton events (SS3/),

o LFV four-lepton events.
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Here ¢ implies only the first two generations of charged leptons (e, 1). Specially
important in this respect is the same-sign-tri-lepton signature which has very
small background coming from the SM.

This model also accommodates spectacular lepton flavor violating decays
of the charged scalars. These LFV signals can be originated from on-shell
and/or off-shell leptonic decays of ®**. Of particular importance are the LEV
four-lepton signal. In our study, we consider two kinds of signals ¢; ¢ ¢ ¢; or

i ti bt
(ECEOTOT (6 # €5 = e, ). The first one depends on diagonal terms of the light

L AR
neutrino mass matrix, m,. The other final state is governed by both diagonal
and off-diagonal elements of m,,. These LF'V signals are not accompanied by any

missing neutrino, and therefore, are expected to be free from SM background.

3.2.1.2 Background estimation

processes 30 (fb) | €100~ (fb) | €707 0T (fb) | 40 (fb) | SS3¢ (fb)
tt 18.973 9.522 9.451 — —
tH(Z/7) 1.103 0.549 0.554 0.069 [ 7.066 x 10~*
Hw= 0.639 0.424 0.215 - 3.836 x 103
W=(Z /) 10.832 6.664 4.164 — —~
(Z/v)(Z]y*) | 1175 0.594 0.581 0.047 —
tttt - ~ - ~ 1.327 x 1074
ttbb - - - - <107*

| TOTAL 32722 17.753 | 14.969 | 0.116 | 4.675x 103 |

Table 3.3: Dominant SM background contributions to the multilepton channels
at the LHC with v/S = 14 TeV after all the cuts discussed in Section 3.1. K-factor
for tt is taken to be 2.2. Blank portions represent insignificant contributions
compared to the leading processes in that channel. SM backgrounds for all other
channels are expected to be negligible. Cross sections are in femtobarn (fb).

Using all the cuts discussed in the previous section, we have estimated the
SM backgrounds for different significant processes tabulated in Table 3.3. We
have used ALPGEN-2.14 [151] to generate events for the following SM pro-
cesses: tH(Z/y*), HW™E, tttt, ttbb, W*(Z/v*) (with 0 jet) at parton level. The
ALPGEN output files are fed into PYTHIA to estimate the cross sections for

these processes. The SM backgrounds that emerge from the processes tt, and
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(Z/v*)(Z/~v*) are estimated using PYTHIA. For ¢t process we have considered

the K-factor to be 2.2 [152]. Similar kind of analysis are performed to estimate
the SM backgrounds for same-sign-tri-lepton in [119], for tri-lepton in [120, 121]
and for four-lepton in [121]. In passing we would like to mention that in our

analysis neutral pions (7°) are allowed to decay.?

3.2.1.3 Multilepton signatures

In this section, we present the results for 3¢, same-sign-3¢, 4¢, LF'V 4¢, 5¢, and
6/ events. Analysis is performed with a center of mass energy /s = 14 TeV
at the LHC with an integrated luminosity of 100 fb~!. The multilepton signal
consists of charged leptons (e and/or p) + X, accompanied by missing transverse
momentum, where X can be associated jets. We compute the signal events for
Mgo = 400 GeV, AM = —2.8 GeV, and different choices of vg, mentioned in
Table 3.2. For each set of benchmark points, we present the results for both
Inverted Hierarchy (Fig. 3.3) and Normal Hierarchy (Fig. 3.4).

Fig. 3.3(a) corresponds to vy = 5 x 107¢ GeV for which ® — HW branching
ratio is nearly 100%. Fig. 3.3(b) corresponds to ve = 5.1 x 107° GeV for which
& — HW and & — WWW branching ratios are ~ 50%, while Fig. 3.3(c)
corresponds to ve = 0.5 GeV for which ® — WWTW branching ratio is ~ 100%.
The x-axis represents the specific n-lepton events (n= 3,4,5, and 6) that have
been considered. The y-axis depicts the number of events with that particular
number of leptonic events. We show systematically the impact of different cuts
in our analysis in Fig. 3.3. Each colored bar for a specific n-lepton signal shows
the number of events after specific cuts.

In each plot the first column (blue) shows the number of events after lepton
identification cut. The second column (green) is including the lepton efficiency
cut. The red column at third position is after lepton isolation cut. Finally the
fourth column (cyan) is after imposing hard pr and missing transverse momen-

tum cuts. In the fourth column only in tri-lepton events, the dark (black over

4We have noted that the neutral pion decay on/off affects the background estimation sig-
nificantly due to the presence of the hadronic activity cut.
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Figure 3.3: The colored histograms for a specific n-lepton signal show the number
of events after implementing successive cuts in (a) HW, (b) HW — WWW and
(¢c) WWW dominant modes. The fourth column (cyan) represents the final
multilepton signal events. In case of tri-lepton event the dark (black over cyan)
shaded portion accounts for the same-sign-tri-lepton events. The final number
of the respective multilepton events are also shown in the plots. The number of
events are computed with Mgo = 400 GeV and AM = —2.8 GeV for Inverted
Hierarchy at the LHC-14 with an integrated luminosity of 100 fbo~!.

cyan) shaded bar represents the same-sign-tri-lepton events after implementing
all the above-mentioned cuts.

From the plots, we find that no six-lepton event survives after we impose the
cuts for all three cases of Fig. 3.3. There is no five-lepton event for the WWW
dominant mode, but for the W and HW — WIWW modes we get 41 and 7
events respectively. In general the number of events are more for the W mode
since the branching ratio is almost 100% for the chosen value of vg. The effective
leptonic BR of WW W dominant mode for ve = 0.5 GeV is very suppressed. Thus

the number of events are suppressed. In our analysis, we include the possible
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Figure 3.4: The colored histograms for a specific n-lepton signal show the number
of events after implementing successive cuts in (a) W, (b) HW — WWW and
(¢) WWW dominant modes. The fourth column (cyan) represents the final
multilepton signal events. In case of tri-lepton event the dark (black over cyan)
shaded portion accounts for the same-sign-tri-lepton events. The final number
of the respective multilepton events are also encoded in the plots. The number
of events are computed with Mgo = 400 GeV and AM = —2.8 GeV for Normal
Hierarchy at the LHC-14 with integrated luminosity 100 fbo~1.

spillover from higher multiplicity events. This is noticeable for the tri-lepton
events in the 1/ dominant mode (see Fig. 3.3(a)). We find 23 (27) SS3¢ events
in HW (MW — WWW) dominant modes. For WWW mode there are only 6
SS530 events, see Fig. 3.3(c).

In Fig. 3.4 we present the similar histograms corresponding to the multilepton
signals for NH. There are 27, 30, 6 same-sign-tri-lepton events in HWW, HW —
WWW , and WWW dominant modes respectively. The general trend discussed
in the context of Fig. 3.3 is reflected here. For both cases we find significant

same-sign-tri-lepton, tri-lepton and four-lepton events over the SM background,
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as noted from Table 3.3.

If we compare the total number of events for NH and IH for instance in the
four-lepton channel then we see that they are not widely different. However,
if one classifies these events in terms of lepton flavors then for NH and TH one
gets a relatively different number of events in each category, as can be noticed
from Table 3.4. The trend in the number of events can be explained to some
extent from neutrino mixing. The current values of mixing angles imply that the
heavy states have significant amount of both v, and v, for IH. Thus, one would
expect a somewhat similar number of events involving e and p. This is reflected
in Table 3.4. On the other hand, for NH the heaviest state has a relatively lower
fraction of the v, component because of the smaller value of #;3. So the number
of electron events are less because the BRs are pushed in favor of more muonic
events. This pattern is observed in all other multilepton channels where ®¢¢
vertex is involved. However, remember that combined results are an interplay of

various factors, like e, p identification efficiencies and energy resolutions.

4l | eeee | eeep | eepps | eppps | ppppe | Total events
IH 14 47 69 29 16 175
NH 1 1 23 40 61 126

Table 3.4: Neutrino mass hierarchy dependency in four-lepton signal in HW
dominant region.

3.2.1.4 Lepton flavor violating signal

The multilepton events obtained in this model can be of mixed flavors and one
can study the charged lepton flavor violation at the LHC. The interaction which
is mainly responsible for this signal is the effective vertex, ®*+¢F (7, discussed in
Appendix A.4. This is proportional to the light neutrino mass matrix elements
my,;, with ¢, j = e, u. Of special importance in this respect are the four-lepton
signals. These are not accompanied by any neutrino in the final state and hence
the flavor of all the final state leptons can be ascertained. Note that these type

of signals originate from the inclusive pair productions of doubly-charged scalars.

Based on the lepton flavors these signatures can be categorized into two classes:
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i) pp = 670700 + X, and ii) pp — Kfﬁ;c@cﬁ;c + X, with ¢; #(; = e, p.
The former final state emerges when each of the ®** decays into same flavors
of charged leptons, but the latter arises if one of the ®** decays into different
flavors. Our parton level signals consist of four-leptons + X with no missing
transverse momentum. Hence, we demand very small |P7| (< 30 GeV) in event
selection. We present the results for the LF'V four-lepton signals in Table 3.5.
For our study, we consider LFV signal in the HW and HW — WWW dominant
regions. In the WWW dominant region since the decay of W’s leads to large
missing energy coming from neutrinos, the lepton flavor violating nature of the

final state cannot be determined. Hence, this region does not contribute to our

signal.

From Table 3.5 we see that the numbers of events for NH and IH are different.
This difference is more pronounced for the events of the first class which are

the eeup type of events. In this case, the numbers of events are much less for

NH because (m,)V7 <

n (m,)IH. For the second class, there are two type of

events — eeeu and eppp. However, because of the higher detection efficiency
of the muons the latter type of events give the dominant contribution. These

are governed by the elements (m,)., and (m,),,. For our choice of parameters,

(mu )’ =~ (1)

for NH. In the HIW — WWW dominant region, the same trend can be observed

NH>

and (m,),,;

(m,,)HT. Thus, we get more number of events

though the number of events is significantly smaller since WW W channel does

not contribute to this signal.

Dominant Hierarchy # of events # of events Total
decay region (oG + X)) | (6hee e + X)
Hw IH 22 4 26
Hw NH 0 9 9
Hw —www IH 4 0 4
Hw —www NH 0 3 3

Table 3.5: Lepton flavor violating four-lepton signals at different dominant decay
regions for normal and inverted hierarchies at the LHC. The signal events are
computed using parameters Mgo = 400 GeV, AM = —2.8 GeV, |}BT| < 30 GeV.
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3.2.2 New contributions to H — ~vy

The charged scalars in this model couple to both, the neutral Higgs boson as well
as the photon. Thus, they lead to added contributions to the Higgs to diphoton
(77v) process. The dominant contribution comes from the diagram shown in

Fig. 3.5. The relevant part of the Lagrangian reads as
‘CH’y’y = (y3q)+++q)___ -+ y2(b++q)__ -+ y1®+(1)_)H’l}, (37)

where Ys = 2)\3 — 3)\4/2, Yo = 2)\3 — )\4/2, Y1 = 2)\3 + )\4/2

AN
<I>/l/ |
2 & g

|
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Figure 3.5: New diagrams that contribute in Higgs to diphoton decay through
charged components of ®. Here ® represents singly, doubly and triply-charged
scalars.
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Figure 3.6: Iso-contour of R, in the My — A3 plane.

In Fig. 3.6 we plot the iso-contours of R,, in the Mg — A3 plane, where
R, is the ratio of the partial decay widths of Higgs to diphoton for the new
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model and that for the SM. To minimize the number of free parameters, we have
varied A3 in the range [—1, 1] and A4 is reconstructed from the following relation
AM? = 20?, with AM = —2.8 GeV (see discussion in Section 3.2.1). We note
that the Higgs to diphoton rate in this model can be larger (smaller) compared to
the SM for A3 < 0 (A3 > 0) for values of Mgo in the LHC-accessible range. Note
that the multilepton signals that we consider do not depend on the parameter
A3. Since in the model under consideration the vector-like fermions are heavy

their contribution to the diphoton decay rate is suppressed.

3.2.3 Summary: BNTM

Let us summarize our study of the BNTM. We consider a model which can gen-
erate neutrino masses through an effective dimension-7 operator. This requires
the presence of an isospin 3/2 scalar and a pair of Y = 2 vector-like SU(2) triplet
fermions. The neutral fermion mass matrix is of the linear seesaw form and one
can get light neutrinos of mass in the right ballpark even if the new particles
are at O(TeV) scale. We choose the scalar quadruplet to be of mass lower than
TeV such that the charged scalars belonging to this can be pair produced at the
LHC. Subsequent decays of these scalars to leptons or W-bosons and further
decays of W-boson produce multilepton final states. We study the tri-lepton,
same-sign tri-lepton, four-lepton, five-lepton and six-lepton signals in this model
at the LHC at /s = 14 TeV with integrated luminosity [ Ldt = 100 fb~'. A
noteworthy feature in this model is the presence of the effective vertex ®*+¢T(F
which facilitates the same-sign-tri-lepton events for which the SM background
is not significant and hence they can herald new physics beyond SM. Further
more since this vertex depends on the neutrino mass matrix elements, it induces
a dependence on the neutrino mass hierarchy in the observed signal. We do a
realistic simulation using CalcHEP and PYTHIA incorporating appropriate cuts.
We also estimate the SM background using ALPGEN and PYTHIA. We choose
the parameters of the model to cover the different dominant decay modes of the
charged scalars. Among the events studied, the 6 lepton events do not survive

the cuts for most of the benchmark points. For the other multilepton events,
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significant excess over the SM background can be observed. Another hallmark
of this model is the possibility of obtaining flavor violating four-lepton signal.
We investigate this option in the context of the LHC and find significant number
of events. We estimate the additional contribution to the H — 7 rate in this
model and delineate the parameter space in which this rate can deviate from the

SM value.

3.3 Minimal Linear Seesaw Model (MLSM)

We now discuss collider phenomenology of the heavy neutrinos in the MLSM.
The heavy neutrinos in this model are of Dirac type and the SSDL signal is
suppressed®. In the context of this model we consider two possible production
channels for the heavy neutrinos resulting in two different classes of signals.
The first one of this is the s-channel process to produce heavy Dirac neutrinos
associated with a lepton and finally giving the tri-lepton and missing energy
signal. The second one is the production of heavy neutrinos through vector
boson fusion (VBF) in which two electroweak vector bosons coming from two
partons ‘fuse’ to produce the signal under consideration (tri-leptons) along with
two highly forward jets. It becomes important in the context of hadron colliders
since the tagging of forward jets allows us to reduce the background considerably.
Also the lack of color exchange between these jets makes the central region free
from the color activities and this is exploited by vetoing central jets; see [153] and
references therein in the context of the Higgs search. This helps in minimizing
the backgrounds further. For these reasons VBF remains an important channel
to look for new physics [151-156] at hadron colliders.

In this chapter, we discuss vacuum meta-stability and LFV constraints in
MLSM. For NH the most stringent constraint comes from LFV, whereas for
[H case vacuum meta-stability constraint is more restrictive. This is because
of cancellations occurring for IH for LFV processes [389]. The dependence of

the bound on y, from meta-stability and LF'V on the heavy neutrino mass has

®Due to the same reason heavy neutrino contribution towards Ov3f is suppressed [39)].
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Parameter AZ AZ . . .
/M [10*5’%\/2] ‘ [10*5®ev2] ‘ sin 612 ‘ sin® 023 sin2 613 ‘ 5
3 o range (NH) 7.12 — 8.20 2.31 —2.74 0.27 — 0.37 0.36 — 0.68 0.017 — 0.033 0—2m
(IH) 2.21 — 2.64 0.37 — 0.67

Used value 7.15 2.73 0.27 0.36 0.033 0.0
(NH: Case - I)

Used value 7.13 2.73 0.27 0.68 0.033 0.0
(NH: Case - II)
Used value (IH) 7.25 2.40 0.34 0.57 0.021 0.0

Table 3.6: Allowed 30 ranges of oscillation parameters and benchmark values
of these parameters used in our analysis to get the signal allowed by LFV and
vacuum metastability. Case-I corresponds to the peak in Fig. 3.7(Left panel),
while Case-1I corresponds to a lower value of y, /My , for which V,,y is maximum.
The value of Majorana phase « is set at 37/2 (37/4) for NH (IH) scenario.

been shown in [$9]. The metastability bound on y, varies approximately in
the range 0.4 - 0.5 for My varying in the range 100 - 1000 GeV. This bound
is independent of the oscillation parameters. However, significant variation on
the bound on y, from LFV constraint is possible within the allowed range of
oscillation parameters, mostly due to unconstrained phases, § and «. Details of
the dependence can be followed from Fig. 3.7. For a particular My, the strength
of the signal at LHC would depend on the value of y,. To maximize the signal
we therefore choose the value of y, at the peak for NH case. However, for IH
case the peak value is much above the vacuum metastability bound and therefore
we choose maximum allowed value of y, satisfying the metastability bound. The
corresponding parameter values are depicted in Table 3.6 for NH (case I) and IH.
Note that, the above-mentioned cancellations within the terms, ensure the peak
position corresponds to o + 6 = 37/2 (37/4) for NH (IH), which is also evident
in Fig. 3.7. We have chosen ¢ = 0 in our analysis. For some other values of 9,
the phase « has to be chosen so that one is at the peak. In Fig. 3.7 we also show
the variation of this bound with respect to the o3 mixing angle in lower octant
(LO, 093 < 7/4) and higher octant (HO, 63 > 7/4). The y, value 0.4 (0.075)
corresponds to IH (NH: Case-I) scenario for My = 100 GeV, which we will use
in our analysis. These will be translated into the bounds on the mixing matrix
elements, V;y, depending on the heavy neutrino mass M. Since y, is extremely
small (O(1071°)), Y5 (¢f. Eq. 2.46) does not play any role in determining V.

The elements of the matrix V (i.e. Vi) can be expressed in terms of Upy/ng
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matrix, p and y, as follows:

B —i Y, v % . *
Ven, = NoIT [\/ 1+ p (Upuns)ia +iv1—p (UPMNS)U}

A [ei(a+5)(_2 + \/F) Ti S12 — 2@’313} + O ((\/F, 813)2) )

= 4y
—1 Y v X . *
Vi, = NI (VI+ p(Upans)sa + ivVT = p(Upains)s)
Yo U

12

T L2+ V) (€ eny can o+ isan) + 26 T 08 1y 505 5104
N

+0 ((Vr,513)%) (3.8)

The above expressions are for NH scenario and similar expressions can be com-
puted for IH also. The element V.y, (V,n,) differs from V.n, (V,n,) by a phase
factor. Note that in Table 3.6, we also consider a second set of oscillation pa-
rameters for NH (NH: Case II) corresponding to a lower value of y, of 0.056 with
03 in the higher octant. This value is chosen such that V,y is maximum and

muon signal may be larger, since muon has higher efficiency for detection.
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Figure 3.7: Bound on y,/My as a function of Majorana phase «, varying the
oscillation parameters in the allowed 3o range. Red-solid (Blue-dashed) curve
corresponds to atmospheric angle (s3) residing in LO (HO) region. (Left plot)
The plot is for NH scenario, where highest allowed value of y, /My lies in LO
region. (Right plot) The same plot for IH scenario.

For phenomenological study, we have chosen three sets of benchmark points.
To maximize the signal we choose the value of 1, at the peak for NH case.
However, for IH case the peak value is much above the vacuum metastability

bound and, therefore, we choose maximum allowed value of y, satisfying the
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metastability bound. Case-II for NH corresponds to a lower value of v, /My |,
for which V5 is maximum. The corresponding parameter values are depicted in

Table 3.6 for NH (case I), NH (case II) and IH.

Heavy neutrinos can interact with the SM particles, via light-heavy mixing.
To get some perspective on the degree of suppression in cross section coming
from these (LF'V and metastability) constraints we note down the corresponding
Viy values for My = 100 GeV : Voy = 1.95 x 1073, V,y = 2.93 x 1072 and
V,n = 8.83 x 1072 for NH (Case-I) scenario, whereas, Voy = 1.43 x 1073, V,y =
4.14 x 1072 and V,y = 5.48 x 1072 for NH (Case-II) respectively. For TH these
values are Voy = 0.48, V,n = 4.15 x 10~ and V,n = 0.109. Note that since our
model is fully reconstructible and the only unknown parameter is 3, which can
be constrained from LFV and meta-stability bounds, we have definite predictions
for the parameters Vjy and these values are different for NH and IH scenarios.
Bounds on V)y can also come from Electroweak Precision Data (EWPD) [157].
Our bounds for NH are consistent with these bounds. For TH we get a larger
value for V,.n. However, it is to be noted that the EWPD bounds are obtained
assuming mixing with a single charged lepton and can be evaded in the presence

of cancellations or mixing with the other charged leptons [112].
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Figure 3.8: (Left plot) Leading order s-channel diagram for heavy neutrino pro-
duction at hadron colliders, and (Right plot) representative diagram for one of
the decay mode of the heavy neutrino. These two figures lead to tri-lepton + Fr
signal considered in the analysis.
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3.3.1 Phenomenology at the LHC

The dominant production channel of the heavy neutrinos at LHC is the s-channel
process through virtual W-boson exchange. At the leading order the parton
level process (q¢/ — W* — (*N) is depicted in Fig. 3.8(left plot). The heavy
neutrinos can also be produced through the VBF process where production of N
is associated with two forward jets. Fig. 3.9 contains the representative parton

level Feynman diagrams for VBF processes®.

q

Figure 3.9: Representative parton level diagrams contributing to N¢jj produc-
tion through vector boson fusion at hadron colliders. Mirror diagrams are not
shown here and also the last diagram is one of the four diagrams with W+ emit-
ting from each of the quark legs.

Estimated total production cross sections of these heavy Dirac neutrinos at
the 14 TeV LHC in IH scenario are shown in Fig. 3.10 for both s-channel(solid-
line) as well as VBF (dashed-line). For NH scenario, the s-channel production

crossections are shown in the same figure for two different cases (cf. Table 3.6),

6Note that there are some diagrams which are not truly VBF type, i.e. two gauge boson
are not fused via t-channel (e.g. bottom right diagram in Fig. 3.9), but they can lead to the
same final states. These diagrams are necessary for the requirements of gauge invariance and
included both for BG [158, 159] and signal calculations.
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Case-I ( Red dot-dashed line) and Case-II ( Black double dotted line). Basic
cuts such as pr, > 20 GeV and |n,| < 2.5 are applied and y, values mentioned
in the previous section are used. It is seen from the figure that although case
IT corresponds to a lower value of ¥, since V,x is larger, the production cross
section is slightly larger. Since the VBF cross section is much lower we do not
present the VBF cross section for the NH case. In these analyses, CTEQ6L1 [110]
parton distribution functions have been used with the factorization scale set at
the heavy neutrino mass My.

Heavy neutrinos N can decay into charged lepton or neutrino associated with

gauge (or Higgs) boson as
N — W*IF/Zy/Hy, where | =e, u,T. (3.9)

A representative diagram for decay of N (N — (TW¥) is shown in Fig. 3.8(right

plot).
4
10 "IH (S-channel) —
103 b IH (VBF) ----rmemee ]
NH: Case-I (S-channel) ------
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Figure 3.10: The total cross section is shown for production of heavy neutrino
associated with light lepton (pp — N/, where { = e, ) at the 14 TeV LHC
through the leading order s-channel process , while dotted lines represent VBF
production cross section.

In Fig. 3.11 we present the branching ratios for these decay channels as a
function of heavy neutrino mass My both in the case of normal hierarchy (left)

and inverted hierarchy (right). Total decay widths in each case are also demon-
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strated with the solid line in each figure. Identifying that the charged lepton
decay modes for heavy neutrino i.e. N — W*IT being the main channel for
search at the hadron collider, we discuss the corresponding decay modes in detail
for both scenarios. The figure clearly shows that for NH, Case-I”, heavy neu-
trinos mostly decay into tau lepton (7) and W —boson. On the other hand, for
IH, decay into the first generation lepton (e) possesses the maximum branching
ratio. For NH, the decay to u is low and decay to e is severely suppressed, while
for IH, the decay to 7 has a lower ratio and decay to p is negligible. The W* can
have hadronic decay modes (W* — jj) or leptonic decay modes (W* — [*v).

The tri-lepton signal pp — [FIF1*v comes from the later decay mode®.
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Figure 3.11: The decay branching ratios of the heavy neutrino (N) in different
channels as a function of its mass in the case of the normal hierarchy, Case-I,
(left) and inverted hierarchy (right). Total decay widths in each case are also
demonstrated with the solid line in the same figure.

Other than charged lepton decay mode, N can also decay to Z boson or
Higgs boson associated with neutrinos as listed in Eq. 3.9. The corresponding

branching ratios are also shown in Fig. 3.11. Note that the branching ratio for

"For Case-II, although BRs to different channels likely to change, we do not show the
corresponding plot as final production cross section for both the cases, after putting all the
selection criteria, is very low for NH and beyond the reach of LHC at 14 TeV even with a
luminosity of 3000 fb~.

8Evidently former decay mode leads to opposite-sign dileptons (OSDL), also suppressed
by |Vin|*, but slightly larger compared to tri-lepton signal. However, significant irreducible
backgrounds can come from tt, VV (with V = W, Z), as well as Z + Jets after vetoing dilepton
invariant mass at Z-pole. Hence, we are not considering the OSDL as a signal. Estimate of
these backgrounds for OSDL can be found in [160]. Note that their more specific selection
criteria are not applicable for our present signal. Similarly, OSDL through VBF is suppressed
by |Vin|* and is beset with large background coming from WW, 77 and ZZ production at
VBF[155].
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Zv is suppressed for lower values of the masses of the heavy neutrinos essentially
because of W mass threshold. For the Hr decay mode, the Higgs mass threshold
suppresses the decay rate for lower values of My ~ 100 GeV. However, as My
increases these branching ratios increase to retain a ~ 25% level. Both these
channels can contribute to the tri-lepton signal via leptonic decays and we have
considered their contributions in our simulation. However, since we will apply Z-
veto (to minimize the SM background), the contribution coming from Zv decay
mode will be suppressed after final event selection.

As lepton Yukawa is small, the Hr mode is also not going to contribute to

our signal even for higher values of My.

3.3.2 Simulations and results

We have implemented the model in FeynRules [1(1] and generated the Feynman
rules compatible with MadGraphb [113]. After generating Les Houches Event
(LHE) [141] file from MadGraph, we have passed that to PYTHIA6 [115] for show-

ering and hadronization.

3.3.3 Selection criteria

To get enhancement in signal over background, in addition, we use the following

selection criteria [1 18, 119] for VBF signal:

o VBF cuts [153, 162]:

e Central jet veto is also applied, in which we consider any jet with
Ers > 20 GeV and compute the rapidity with respect to the average
of the two forward jets: ny = n3 — (11 + 12)/2. We veto the event if
Ino| < 2. Central jet veto is applied to suppress the QCD background
substantially.

e Charged leptons need to fall in between the rapidities of two forward
tagging jets i.e. 1jmin < M < Mjmaz-

e pr of jets: pr; ,;, > 20 GeV.
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e Invariant mass of jets: M ;, > 600 GeV.

e Pseudorapidity of jets: 7;,.7;, < 0and |n;, —n;,| > 4. Demanding both
the tagged jets in opposite hemisphere and a large rapidity separation

among them significantly reduces the BG for VBF.

3.3.4 Background

3.3.4.1 For s-channel signal

To calculate the SM background we consider all channels that can produce or
mimic the tri-lepton production with missing Pr. We closely follow Ref. [1 18, 163]
where similar background analysis was done with the event selection criteria
listed as above except the cuts related to the VBF. Events are generated us-
ing ALPGEN [151] for the processes coming from tt, tt(Z/~v*), ttW=*, W(Z/~*),
(Z/v*)(Z/~v*) at the parton level and passed into PYTHIA. As expected t¢ and
W*(Z/~*) contribute dominantly. These and other SM backgrounds are listed
in Table 3.7. For each process, we classify the tri-lepton signals into four different
flavor combinations and compute the cross section in each case along with the

total contribution.

Process Cross section (fb)
1744 eee eeft et UL

tt 18.973 1.1383  7.0831 8.2214 2.5297
WE(Z/7) 10832 | 0.0677 0.1311  5.9891  4.6440
(ZJ7)(Z/4) | 1175 | 0.0734 0.0525  0.6400  0.4090
tt(Z/v*) 1.103 0.0429  0.1329 0.4997 0.4275
tw= 0.639 0.0328  0.2655 0.2424 0.0983
TOTAL 32.722 1.3552 7.6655 15.593 8.1086

Table 3.7: Dominant Standard Model background cross sections contributing to
tri-lepton and missing transverse energy. These are calculated satisfying all the
cuts (except VBF cuts) for the 14 TeV LHC. For each process we also classify
the tri-lepton background into four different flavor combinations and present the
cross section in each case along with the total contribution.
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3.3.4.2 For VBF signal

Tri-lepton signal with missing Pr and two forward jets in VBF can be faked
by different SM backgrounds. Processes like ¢t would produce b-jets and mostly
effective in central region. Vetoing on jet activities in central region can eliminate
most of the non-VBF type SM processes. However, most important irreducible
background comes from W*Z and ZZ together with two extra forward jets once
the gauge bosons decay leptonically. These processes can construct dominant SM
background for the VBF production of 3¢ + Fr since they include the typical
VBF topology and hence can easily pass the central jet veto criteria. These
backgrounds are calculated’ using MadGraph5 and PYTHIA6. In the Table 3.8
the dominant background cross sections after satisfying all the cuts including
VBF cuts at 14 TeV LHC is tabulated. Like the case of s-channel backgrounds,
for each process we also classify the tri-lepton signals into four different flavor
combinations and compute the cross section in each case as well as the total

contribution.

Process Cross section (fb)

1244 eee eeft efLt o
W+Zjj 0.04068 0.00073  0.00105 0.02157 0.01734
W~Zjj 0.01923 0.00038  0.00055 0.00994 0.00836

ZZjj 0.00094 0.00002  0.00002 0.00066 0.00024

TOTAL 0.06085 0.00113 0.00162 0.03216 0.02594

Table 3.8: Dominant Standard Model background cross section contributing to
tri-lepton and missing transverse energy associated with two forward jets. These
are calculated satisfying all the cuts including VBF cuts for the 14 TeV LHC.
Cross sections of four different flavor combinations, as well as the total cross
section, are listed.

3.3.5 Signal

Earlier in Section. 3.3.1 we have presented the total heavy neutrino production
cross sections for different light neutrino hierarchy with basic selection criteria.

The crossection for NH scenario was found to be much lower than the IH scenario

9Next to leading order QCD corrections are available in [158, ].
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for s-channel. The branching ratios for decays of N to final states with x and e
are also very small for NH. Therefore, we will concentrate only on IH scenario
henceforth. For this we consider both s-channel and VBF process. Although the
VBF cross section for IH is lower or comparable to s-channel cross section for
NH for lower values of My, the background for VBF processes are much smaller.
Hence, we study this channel also for IH. In this section, we consider all leptonic
decay modes of heavy neutrinos for a benchmark mass of My at 100 GeV with

the cuts discussed in Section. 3.3.3.

3.3.5.1 Signal for s-channel

The signal coming from decay of heavy neutrinos

pp — LEN — (E(FWHE) = (5070 + Br,  where (=, p.

Table 3.9 lists the final tri-lepton signal cross section through s-channel heavy
neutrino production at 14 TeV LHC for the benchmark point My = 100 GeV
incorporating all event selection criteria except VBF cuts as described earlier.
The total contribution from the light leptons as well as the contributions from

the four different flavor combinations are presented.

Hierarchy Cross section (fb)
1744 eee eefl efLt L L
IH 27.07 10.297 16.314  0.459 0.0

Table 3.9: Cross section for IH case. Final tri-lepton signal cross section through
s-channel heavy neutrino production at the 14 TeV LHC for the benchmark point
My = 100 GeV including all event selection cuts except VBF cuts. We classify
the tri-lepton signals into four different flavor combinations and present the cross
section in each case along with the total light lepton contribution.

As we can see from the Table 3.9 cross section in terms of flavors has the
ordering: eep > eee > ey > ppp. We can understand this in the following way.
There are total 8 possibilities which can produce ¢¢¢ events. There is only one
way to produce ppp and eee final states. However, there are three possible ways

to get the eep channel depending on which one of ¢;’s in Fig. 3.8 is associated
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with e and p. Similarly for the epp final state also we get 3 possibilities. The

;s the eep channel goes as ~ VA +2V.yV,n; the

amplitude for eee channel ~ V.
eppr channel goes as ~ ViN + 2V.nV,n while the gy channel as ~ ViN. Since
Ven > Vv, the eee and eep cross sections are much larger whereas jiju cross
section is negligible. eep crossection is higher than the eee crossection because
of higher muon efficiency in the detector, whereas the small euy crossection is
due to a very tiny value of V),x.

One can also compute the ratios of events with different flavor compositions
in which some of the common systematic uncertainties can get canceled. For
example eepi/eee ~ € where € denotes the relative efficiency of detection of muon
over electron, eeju/ppp ~ €V /Viy: eee/epp ~ Vi [V, ete. Since for a fixed
Yy, which in turn implies specific values for phases, the variation of the light-
heavy mixing angles are not very much with oscillation parameters, these ratios
vary within a very narrow range'® and hence can be used to test the model. Of
course for different phase choices a different y, and hence different predictions
can be obtained. However, a smaller value in y, would result in a lower event

rate and hence it would be difficult to test at the LHC.

3.3.5.2 Signal for VBF

In this section, we present the results for the case where N is produced by VBF":
pp — (ENjj — (5((FWE)jj — 00T+ Fr+jj(forward jets), where { = e, pu.

In Table 3.10 we present the final tri-lepton signal cross sections through
VBF production of heavy neutrinos at the 14 TeV LHC for the benchmark point
My = 100 GeV, after including all cuts. Here we have only shown the case
of inverted hierarchy and signal is found to be quite small. Although VBF

backgrounds are small, the tiny production cross sections are insufficient for

0Note that, the allowed magnitude of mixings are as following: For a fixed value of y, (=
0.4), a(=37/4), 6 (= 0) and My (= 100) GeV, the magnitude of |Ven| and |V,n| vary in a
very small range for 3¢ variation of oscillation parameters; |Von| = 0.471 — 0.484, |V, n| =
1.236 x 107* — 1.272 x 10~%. However, |V, x| varies little higher; |V, y| = 0.092 — 0.147. Since
we are considering modes involving only e and u, the crossections are likely to vary by a small
amount for different set of oscillation parameters.
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giving any signal with integrated luminosity of 300 fb™'. Some indications from
VBF can appear only at the HL-LHC (3000 fb™'). However, 50 significance can
not be reached even for My = 100 GeV.

Hierarchy Cross section (fb)
1244 eee eefl efp j
IH 0.018068 7.09 x 1072 1.06 x 1072 4.06 x 10=*  0.00

Table 3.10: Final tri-lepton signal through VBF production of heavy neutrino
for the benchmark point My = 100 GeV at 14 TeV LHC for IH after all event

selection cuts.

3.3.6 Discovery potential
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Figure 3.12: (Left) The variation of significance S/+/S + B for the s-channel
production signal for benchmark point My = 100 GeV with the integrated lu-
minosity available for the low luminosity option at 14 TeV LHC. Black-dotted
(green-dashed) line parallel to the x-axis represents 5o (30) significance. (Right)
The lines for 30(red) and 50 (blue) significance in terms of heavy neutrino mass
and integrated luminosity. With 300 fb~! luminosity at LHC14 the heavy neu-
trino mass in this model can be probed up to ~ 210 (230) GeV with ~50 (30) sig-
nificance. For very high luminosity of 3000 fb™! this can reach up to ~ 270 (295)
GeV.

After numerical computation of all necessary signals and backgrounds, results are
better represented in terms of significance, defined as S//S + B, where S(B) =
Logpy, here £ being integrated luminosity available for the collider at certain
machine energy and og(p) is the final cross section after all event selection, for

given parameters like heavy neutrino mass and corresponding allowed couplings.
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Fig. 3.12 (Left) demonstrates the expected significance coming from s-channel
production of heavy Dirac neutrino of mass 100 GeV as a function of integrated
luminosity at 14 TeV LHC. In the figure black-dotted (green-dashed) line shows
50 (30) significance. From the figure it is clear that for the case of s-channel signal
in the IH scenario, 30 (50) significance can be achieved within the integrated
luminosity ~ 0.73 (2.03) fb™'. In the case of VBF channel, 30 significance can
be achieved with 2175 fb~! luminosity, while 50 significance is not achievable
within 3000 fb™! luminosity which is planned for the HL-LHC.

Fig. 3.12 (Right) shows the lines for 3o (red) and 50 (blue) significance in terms
of heavy neutrino mass and integrated luminosity. With 300 fb™! luminosity at
LHC14 the heavy neutrino mass in this model can be probed up to ~ 210 (230)
GeV with ~50 (30) significance. For very high luminosity of 3000 fb™' this
can reach up to ~ 270 (295) GeV. For VBF signal, since My = 100 GeV itself
requires a very large integrated luminosity; higher values of My are not possible

to explore.

3.3.7 Summary: MLSM

In this section, we have considered TeV scale minimal linear seesaw model which
generates correct order of light neutrino masses and has sizable light-heavy mix-
ing to produce heavy neutrinos at colliders like LHC. One of the important
features of this model is that it can be fully reconstructible from oscillation data
excepting an overall factor ¥, characterizing the Dirac Yukawa matrix. However,
this parameter gets constrained by LF'V and vacuum meta-stability bounds. The
neutral fermion mass spectrum of this model consists of one massless, two light
and two heavy neutrinos.

We have studied the collider phenomenology of TeV scale linear seesaw at
14 TeV LHC. The heavy neutrinos in this model can be dominantly produced
through the s-channel. In a leading order calculation, subsequent decay of these
leads to characteristic tri-lepton signal with missing pr. We also consider the
production of heavy neutrinos through the VBF process. The signal for this is
tri-leptons with additional two forward jets which can be tagged. Both these



82 Chapter 3. Probing neutrino mass models at colliders

signals as well as SM backgrounds have been estimated with realistic simulations

using MadGraph and PYTHIA.

We found that s-channel tri-lepton production process has potential to be
discovered at the LHC for IH scenario. However, due to severe constraint on the
light-heavy mixing coming form LFV in the case of NH scenario, both s-channel
and VBF can not be probed at the 14 TeV LHC with proposed luminosity. For a
benchmark point with a heavy neutrino mass My = 100 GeV, 3¢ significance can
be achieved with integrated luminosity of ~ 0.73 (2175) fb™" for s-channel(VBF)
signal in the IH scenario. 5o significance can be reached for s-channel signal with
an integrated luminosity of ~ 2 fb™', however, for VBF signal the required lu-
minosity is ~ 6042 fb~!, which is beyond the reach of projected luminosity at
the LHC. Discovery reach in the tri-lepton channel can be achieved upto the
heavy neutrino mass of ~ 210 (230) GeV with ~50 (30) significance at the low
luminosity (300 fb~!') option of 14 TeV LHC. In the high luminosity (3000 fb™')
search, reach is upto ~ 270 (295) GeV, whereas VBF channel can only reach
upto ~ 3o for My at 100 GeV. Our analysis uses values for the elements, V;y of
the light-heavy mixing matrix, which are consistent with the constraints coming
from vacuum metastability and LFV. Any freedom of choosing larger values (e.g.
~ O(1)) for these parameters can extend the discovery limit by a very significant
amount. With the constraints used in this work, for Vjy, a detectable tri-lepton
signal can only be obtained for the inverted hierarchical scenario with partic-
ular choices of phases leading to large y,. One can also compute the ratios of
events with different flavor compositions which are proportional to the elements
Vin. They vary only within a narrow range with the 30 variations of oscillation

parameters and thus the model has very definite predictions for these ratios.
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3.4 Collider Phenomenology of scalar fields within
the Minimal Left-Right Symmetric Model
(MLRSM)

The MLRSM is an example of gauge extension of the SM. The MLRSM enjoys the
richness of containing several types of beyond-the-SM particles [69, 70] including
heavy gauge bosons, heavy neutrinos, heavy charged and neutral scalars. In
this section, we will discuss collider phenomenology of the charged scalars in the
MLRSM.

After the Higgs boson discovery at the LHC[164, ], there is presently large
activity in searching for the scalar particles of any sort (neutral, charged) at the
LHC. In particular, knowledge of the existence of doubly charged scalar bosons
would be crucial for further directions in exploration of particle physics phenom-
ena, for instance, their presence would strongly disfavor the minimal version of
the supersymmetric Standard Model, MSSM [166—172]. There are two basic ways
in which charged particles can be searched for. The first is indirect: looking for
rare lepton flavor and number violating processes and precision measurements
(deviations from the SM expectations). The second opportunity is provided by
the accelerators where new particles can be produced directly at high energies,
as in the LHC. There are already many analyses undertaken by the CMS and
ATLAS collaborations regarding this kind of searches, and the present limits on
masses of the charged scalars, along with the limits on other MLRSM particles,
will be discussed in Section 3.4.1.

In this study we have considered Left-Right symmetric model based on the
gauge group SU(2), ® SU(2)r ® U(1)p_r [09] in its most restricted form, the
so-called Minimal Left-Right Symmetric Model (MLRSM)!, see section 2.6 for
details of the model part. We choose to explore the most popular version of

the model with Higgs representations — a bi-doublet ® and two (left and right)

1The main features of this model are equal SU(2) left and right gauge couplings, gr. = gr,
and a scalar potential which contains a bidoublet and two triplet scalar multiplets, considered
for the first time in [33], see also [71, 173].
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triplets Ay g [71, 173] We also assume that the vacuum expectation value of the
left-handed triplet Ay, vanishes, (A;) = 0 and the CP symmetry can be violated
by complex phases in the quark and lepton mixing matrices. Left and right gauge
couplings are chosen to be equal, g, = gg. For reasons discussed in [171] and
more extensively in [175], we consider diagonal neutrino mixings. It means that

Wy couples mainly to light neutrinos, while W5 couples to the heavy ones. Z; and

Zy turn out to couple to both of them [71, 176]. W}, — Wg mixing is allowed and
is very small, & < 0.05 [103], the most stringent bound being from astrophysics
through the supernova explosion analysis [177]. In [178], energy constraints on

such a model assuming xo = 0, 7.e., £ = 0 was considered, we do the same here.

Moreover, in MLRSM tan 2§ = —2’%@, which is really negligible for vg > 5 TeV,
R

as dictated by Eq. 3.10, where k1, k2 (vg) are the vacuum expectation values of

o (Ap).

It is worth to show how the situation looks like if we stick to the popular and
to a large extent conservative version of the model (MLRSM), giving candle-like
benchmark numbers for possible signals at the LHC. We should also be aware of
the fact, that there are relations between model parameters in the Higgs, gauge
and neutrino sectors [71, —180] and it needs further detailed studies. Also
note that for estimation and discussion of observables which are able to measure
final signals in the most efficient way, calculation of dominant tree level signals

is sufficient at the moment.

In this section, we discuss [103, , | a dedicated analysis of the MLRSM
[69, 70, 72] aiming at an exhaustive exploration of interesting BSM signals at
present and future hadron colliders. From the experimental bound on the heavy
gauge bosons and FCNC constraints, the parity breaking scale vy of the right
SU(2) group in MLRSM must be already around O(5) TeV [77, , , ,

]. However, as we discussed in the previous section (refer [163, 181] for more
details) in such models charged Higgs bosons can have masses at a much lower
level of a few hundred GeV and that scenario is still consistent with experimen-
tal data. In this case it is imperative to cover all possible scenarios and their

potential effects at the LHC should be analyzed carefully. Interestingly enough,
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recent CMS study [74] can be interpreted in favor of right-handed currents.

In this section, we highlight the impact of the relatively light charged scalars
in the phenomenology of the MLRSM. Then we note down the possible inter-
esting processes within MLRSM. We study the production and decay modes of
the charged scalars. We have provided some benchmark points where we have
performed our simulations to make a realistic estimation of the signal events over
the SM backgrounds. Our study is based on the reconstruction of the invariant
masses of the final state leptons and their mutual separations from where we have
shown how we can track the presence of doubly charged scalars. We also note
down the impact of the charged scalars to the Higgs to diphoton decay rates.
Subsequent part of this section is dedicated to study of multilepton signals via
weak vector boson fusion (VBF) production of doubly charged scalar particles.

Finally, we conclude the discussion on the collider phenomenology of the charged

scalars in the MLRSM.

Before we go into the details of collider signatures of charged scalar particles
in the MLRSM, let us discuss the constraints on particle masses from experi-
ments as well as from theoretical considerations. We show that the theoretical
considerations are also important, and we find that in the MLRSM some of the
scalar masses are constrained from below. In particular, the lowest limit for the
doubly charged scalar Hi* mass is not much beyond the present limit given in

Eq. 3.12 for many different model parameters.

3.4.1 Constraints in the MLRSM: experimental and the-

oretical

The searches at CMS and ATLAS have tightened up the limits on the masses of
heavy gauge bosons. Let us mention that before the LHC era the fits for a charged
gauge boson PDG reports My, > 715 GeV [103, 180]. The new LHC analysis
pushed the limits already much above 2 TeV [183-189]. All these searches provide
robust bounds on the extra gauge bosons, for instance, the present limit for a

charged heavy boson coming from the “golden” decay chain Wr — Iy Ny — l1l257
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is [188, ]

My,

2

> 2.8 TeV. (3.10)

This limit (at 95 % Confidence Level (C.L.)) is for a genuine Left-Right
symmetric model which we consider here (MLRSM) with g, = gr and three
degenerate heavy neutrinos and it is based on /s = 8 TeV data. Typically,
limits for Z, mass are already beyond 2 TeV.

The combined LEP lower limit on the singly charged Higgs boson mass is
about 90 GeV [190]. At the LHC, established limits for singly charged Higgs

boson masses are

Mpy: = 80160 GeV, (3.11)

if BR(t — Hb) < 5% [191] and for the mass range 180 GeV <Mpg+ < 600 GeV,
95% confidence level upper limits are set on the production cross section of a
charged Higgs boson in the range 0.017 — 0.9 pb, both with the assumption that
BR(H" — 1v) =1 [192].

For doubly charged Higgs bosons the analysis gives lower mass limits in a

range

Mpss > 445 GeV (409 GeV) for CMS (ATLAS), (3.12)

in the 100% branching fraction scenarios [193, 194].

The mass limit for heavy neutrinos is [195, 196]

My, > 780 GeV, (3.13)

but it must be kept in mind that bounds on My, and My, are not independent
from each other [138, ]. Neutrinoless double beta decay allows for heavy
neutrinos with relatively light masses, see e.g. [30, 33, 78, —201]. Detailed

studies which take into account potential signals with /s = 14 TeV at the LHC
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conclude that heavy gauge bosons and neutrinos can be found with up to 4 and 1
TeV, respectively, for typical LR scenarios [202, 203]. Such a relatively low (TeV)
scale of the heavy sector is theoretically possible, even if GUT gauge unification
is demanded, for a discussion, see e.g. [204, 205].

As we can see from Eq. 3.10 , there are stringent limits on the heavy gauge
boson masses, which imply that the scale in which the right SU(2) gauge sector
is broken is at vg > 5 TeV. For such heavy gauge bosons most of the effects
connected with them decouple in physical processes at collider physics. How-
ever, there is a potential avenue to go deeper and estimate more sensitive Higgs
boson contributions. Of course, the effects coming from the scalar sector depend
crucially also on their masses. Smaller the Higgs boson masses, larger effects are
expected. The question is then: how small their masses can be by keeping the

scale of vg large?

3.4.2 Constraints from FCNC, SM Higgs boson mass,

perturbativity

As we mentioned, all Higgs scalars are naturally of the order of vg, in addi-
tion, neutral Higgs boson scalars A? and HY contribute to FCNC effects (see
Appendix C) and must be large, above 10 TeV (see however [206] for alterna-
tive solutions). Let us see then if theoretically charged Higgs bosons can have
masses below 1 TeV. In the model which we consider in this study we assume
that the Higgs potential is given as in [71, ], we will also use the same nota-
tion, for more details see Appendix B . For details on the parametrization of the
Higgs scalar mass spectrum, see Appendix C. This model includes a number of
parameters: i1, fio, (13, P1, P2, P35 P4, A1, A2, A3, gy A1, Aa, A3, Ag. The exact Higgs
mass spectrum is calculated numerically. Minimization conditions are used to get
values of dimensionful mass parameters pq, e and pz which can be arbitrarily
large, all other parameters are considered as free, but limited to the perturbative

bound'?, |pi], |ay|, |Ai| < 10. Tt is assumed that the lightest neutral Higgs particle

12\We have taken this as 47. A more precise determination of perturbative limits requires
analysis of the Higgs potential with radiative corrections.
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is the boson discovered by ATLAS and CMS collaborations. We have taken its

mass to lie in the range

124.7 GeV < My < 126.2 GeV. (3.14)

An example set of generated mass spectra of Higgs bosons for vg = 8 TeV is
presented in Fig. 3.13 (left figure). Mass spectra have been obtained by varying
uniformly the Higgs potential parameters in a range (-10,10). We have also
taken into account the bounds on neutral Higgs bosons obtained from FCNC
constraints assuming mao,mgo > 15 TeV by fixing a3 = 7.1 (see Appendix
C). The spectra which did not fulfill relation 3.14 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 degenerate or nearly

degenerate.
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Figure 3.13: On left: an example of 20 Higgs mass spectra obtained by randomly
chosen Higgs potential parameters. The constraint on the lowest neutral Higgs
mass in Eq. 3.14 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,
vp = 8 TeV.

This study shows that although the Higgs particles naturally tend to have

masses of the order of the vy scale, it is still possible to choose the potential
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parameters such that some of the scalar particles can have masses much below 1
TeV (spectrum 15 in Fig. 3.13(Left)). To discuss the spectra more quantitatively,
the cumulative distribution function P of the lowest masses of singly and doubly
charged and next to lightest neutral scalar particles are plotted in the right part
of Fig. 3.13, again for the same conditions as before and vg = 8 TeV. These
results show that for vg = 8 TeV a fraction of the parameter space that gives
lightest scalar masses below 1 TeV is at the level of 4%. It means that it is
possible to generate the low mass spectra of Higgs boson masses in MLRSM
keeping the scale of vy large. However, what can not be seen on those plots is
that in MLRSM not all four charged Higgs bosons can simultaneously be light.
For instance, it is possible that HE, HI* and Hy* are light, for details, see
Appendix C. The remaining charged scalar H3 is of the order of the vg scale,
so its effects at LHC is negligible, to make it lighter would require to go beyond
MLRSM. However, for the sake of book keeping, we keep this particle in further
discussion. If its mass at some points is assumed to be small'® (so we go beyond
MLRSM), we denote it with a tilde, Hi. Tts coupling is kept all the time as in
MLRSM (why it can be so is discussed in Appendix C).

3.4.3 Scalar sector of the MLRSM and the lowest limit

for the doubly charged scalar Hi"* mass

As we have discussed, charged scalars with masses at the level of a few hundred
GeV can be realized in the MLRSM by allowing a percent-level tuning of the
scalar potential parameters, compatible with both the large parity breaking scale
vg and severe bounds on neutral scalar masses (Mpo 40) derived from flavor
changing neutral currents (FCNC). This is non-trivial as both vg and M H9,A0
are at the level of a few TeV and all scalars apart form H{ are naturally heavy,
their leading mass terms are being proportional to vg. Now, we look into further
details and show that in fact the lowest bounds can be obtained for some of the

scalar masses. The MLRSM scalar potential and its minimization followed by

3Note that, as we will see the cross section for production of Hi in associated with Hi=
is much smaller compared to that of Hi* H; production, even for My < 1TeV.
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the diagonalization have been investigated in [173] and explicit relations between
physical and unphysical scalar fields are given in [207]. For our purposes, we
repeat here only a subset of formulas which we need for further discussion, they
are valid as long as k; < vg, which is true as k; and vg are connected directly

with masses of light and heavy charged gauge bosons, and My, < My, [103, 163]

Még ~ 2KIA, (3.15)
Mgy = ;agv;, (3.16)
Mo =~ ;a3v]2%—2/{%(2)\2—)\3), (3.17)
Miy =~ vk (ps—201). (3.18)
Mi,lii ~ ;[012% (p3—2p1)—|—043/<aﬂ, (3.19)
Mé;i ~ 2p21)12%+;a3/£%. (3.20)

As we can see, SM-like Higgs boson H{) has a mass proportional to the vacuum
expectation value r1 (~ electroweak breaking scale, My, ~ k1 [71]). Here, among
the neutral scalars only A? and HY contribute to the FCNC interactions. To our
knowledge, their effects have been discussed for the first time in the context of
Left-Right models in [208], see also [77-79, , , | and Appendix C. In
general their masses need to be at least of the order of 10 TeV, though some
alternatives have also been considered in [206]. Also, the parity breaking scale
vg is already strongly constrained by a “golden” decay chain process Wr —
LNy — lylagj [188, 197], giving My, > 2.8 TeV. This limit (at 95 % C.L.) is
for a canonical Left-Right symmetric model which we consider here (MLRSM).
There are also other model independent limits on the masses of gauge bosons
~ 4 TeV and we stay conservative while choosing this value that implies vp is
already bigger than 8 TeV. For more details and other possible scenarios see [163]

and more recent by [211, 212].

Now, taking into account the above facts, for example with M mo.a0 = 10
TeV and vg > 8 TeV, the scalar potential parameter a3 can be determined, see

Eq. 3.16. This parameter also enters into the relations of the masses of doubly
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charged scalars, Eqs. 3.19 and 3.20. Thus the only remaining parameter on which

MHlii depends is dp = p3 — 2p;.

1400/

1200/

1000/
800|
600/
400/

My, =[GeV]

; ) CMS
200¢ : e exclusion

____________

Figure 3.14: Dependence of the H¥* mass on §p = p3 — 2p; for vg = 8 TeV and
various masses of flavor changing neutral Higgs scalars HY and AY. Points marked
on the vertical dotted line by square, circle and triangle show minimal M HEE

corresponding to M mo,a0 = 10, 15 and 20 TeV, respectively (see Table 3.11).
In the region left to the vertical dotted line, Mo (dashed line) is smaller than
55.4 GeV (dash-dotted horizontal line). The horizontal grey strip represents the
latest CMS exclusion limit on doubly charged Higgs boson mass. The mass
spectrum represented by the filled square is obviously ruled out by the LHC.
Hence, for vg = 8 TeV and M 9,40 = 10TeV the minimal allowed value of M HEE

is 445 GeV (empty square) and one gets the following lower bound §p = 3-1073.

In Fig. 3.14 mass of Hi* is given as a function of dp for vz = 8 TeV and
different choices of Mpo 40. Without loss of generality, it has been assumed that
Mo = My, which implies that 2\, = A3, Eq. 3.17. Here, dp starts from zero, as
we aim at the minimal values of M HEE For dp = 0, the only contribution to the
H* mass is connected with a second term in Eq. 3.19, however, the mass of HY
also depends directly on dp, see Eq. 3.18. Thus it cannot be negative. Moreover,
interpreting LEP II data related to ete™ — v + Fr, it is possible to find lower
bound on My, which is about 55.4 GeV [213]. This leads to the minimal value
for the mass of doubly charged scalar Hi*. It depends both on the minimal
allowed values of My and masses of the scalars HY, A7 that control FCNC. Let
us note that for vg ~ 10 TeV and small values of dp (e.g. dp < 5-107%), the

dependence on §p is rather weak and the mass of Hi= is dominated by the term
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Vazk1/V2 & 171 /ag GeV.

VR = 8 TeV (.2\4]/[/2 = 3.76 TGV)
Mo o [TeV] | ag min(M7") [GeV]

10 313 312 (w)
15 7.03 465 (o)
20 12.5 617 (a)

vg = 10 TV (Myy, = 4.7 TeV)
Mo o [TeV] | ay min(M;; ") [GeV]

10 2.0 252
15 4.5 373
20 8.0 495

v =12 TeV (My, = 5.64 TeV)
Mo o [TeV] | ag min(M;; ") [GeV]

10 1.39 212
15 3.13 312
20 5.56 413

Table 3.11: Minimal masses of a doubly charged Higgs boson Hi* as a function
of the parity breaking scale vg of the right sector of the model and the mass
of neutral Higgs bosons { A}, HY} which contribute to the FCNC effects. Corre-
sponding masses of HY are fixed by taking, in addition, py = dp/4, which yields
MHQii = MHlii. No LHC direct limits from Eq. 3.12 is applied. The symbols
square, circle and triangle correspond to the points marked on Fig. 3.14.

As one can see from Fig. 3.14, for Mpo 40 = 10TeV bounds from the LHC
yield the following limit: dp = 3-1073. On the other hand, for bigger M HO,A?
there are no restrictions on dp from the LHC yet but the model itself predicts
the minimal possible value of M i+ asses.

It is worthwhile to note that taking into account experimental limits one can

obtain the following bound on M HEE

2.41 TeV?

\/min(]\/[flg) - MIQJ?H%/U% ~ o

(3.21)

The dashed line in Fig. 3.14 is for M. At §p ~ 1074, it crosses the horizontal
line which corresponds to the lowest bound on the mass of HJ. Hence, the
region left to the vertical, dotted line is excluded due to the above-mentioned
LEP constraints and minimal mass of Hi* can be determined from the points

at which solid lines intersect vertical, dotted line. Some precise values of Hi™
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masses corresponding to such points are presented in the Table 3.11.

My, = [TeV]

DR

-14

log,00p

Figure 3.15: Dependence of the Hi"* mass (in TeV) on dp and as for vg = 8 TeV.
Solid lines divide the parameter space into colored regions in which mass of Hi*
is characterized according to the legend. Point marked by a x corresponds to
benchmark set of parameters in Eqs. 3.27-3.29. Shaded regions are excluded
due to FCNC (under horizontal, dashed line), LEP (left to vertical dashed line)
and CMS constraints (under curved dotted line). Squares, circle and triangle
correspond to points marked in Fig. 3.14.

Let us remark that there is, in principle, no restriction from the scalar poten-
tial parameters on M HEE S the parameter py does not play any role to determine
the masses of other remaining scalars, HY, A}, Hi and H3. Thus this parameter
is not constrained within the perturbative limit. Here, for example we have set
p2 = 0p/4 in Table 3.11. Moreover, note that min(MHlii) decreases with vg, see
Eq. 3.21.

It is clear that some of the M HEE in Table 3.11 are already excluded by the
LHC limits, Eq. 3.12. It means that the first constraints on scalar potential
parameters can be derived from those experimental bounds, as already seen in
Fig. 3.14 (point marked by empty square). To this end, it is worthwhile to
examine the influence of a3 on the masses of Hi*. Let us focus on vy = 8 TeV
case. When 6p is smaller than about 10~* then the mass of the doubly charged
scalar is dominated by the term /asr:/ v/2. On the other hand, if §p is bigger
than 1072 then its mass is mainly driven by URW. In Fig. 3.15, it is shown,

how those masses depend on dp and «s in the region of the parameter space
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where both contributions to masses are important. In this plot, we have shaded
the regions of the parameter space which are excluded either by FCNC (i.e.
Mpo 40 2 10TeV) or LHC. Note that there is also the excluded region related to
the lower bound on HY mass (left of the vertical dashed line). Tt is straightforward
to do similar analysis for the dependence of H3* mass on az and ps.

As an example, we present benchmark set of scalar masses which satisfy both
FCNC and LHC constraints with light and degenerate masses of doubly charged

scalars, assuming vg = 8 TeV (all masses are given in GeV):

Mys = 125, (3.22)
Myo = 16492, My = 11314, M = 253, (3.23)
My = 16496, My = 253, (3.24)
Mys = 439, My: = 16496, (3.25)
Mys = 567, Myss = 567. (3.26)

These masses are outcome of the following parameters of the scalar potential:

p1 = 1.0, po=5-107% p3—2p =2-1073, (3.27)
)\1 = 013, )\2 - O, )\3 = 1, (328)
as = 8.5. (3.29)

This scenario realizes mass spectrum with maximal number (three) of light
charged scalars [163]. Of course, other setups are also possible. For example,
increasing parity breaking scale to 20 TeV, setting az ~ 0.5, p; ~ ps = «3/4 and
tuning §p ~ 1073 give HY, AY, Hi and Hi"™" masses ~ vgy/dp/2 ~ 450 GeV, while
the remaining scalars (beside H{)) have masses larger than UR\/@ ~ 10 TeV.
The other option is to keep vg ~ 10TeV but also choose py ~ 1072 and set
§p ~ ag ~ 2. As a result, only Hy* is light, with mass ~ 500 GeV, while other

scalars are heavier than 10 TeV.

Let us note that all these spectra are also in agreement with low-energy

constraints, like the muon decay [174, , 179].
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3.4.4 Constraints on a3 and Jp: adding vacuum stability

condition

In the previous section we have worked with the scalar mass spectra which are
compatible with unitarity of the potential parameters, large parity breaking scale
vg and severe bounds on neutral scalar masses (Mpo, M 4o) derived from Flavor
Changing Neutral Current (FCNC) constraints. Here we further implement an-
other necessary condition: vacuum stability of the scalar potential. It appears
that even after taking into account all these constraints, the consistent scalar
mass spectra can accommodate doubly charged Higgs boson masses in a region
which can be explored by the LHC.

Analysis of the LHC data provides lower limits on doubly charged Higgs mass
[214] depending on their leptonic decay branching fractions. In the scenario where
BR(H™ — ete™) = BR(H™" — pTu™) ~ 0.5 that limit is Mpgc = My+= ~
450 GeV, see Fig. 3.16 for details.

Limits on MLRSM potential parameters have been discussed lately in [181].
Similar to the earlier case we focus on a3 and dp = p3—2p; parameters, which are
important for the scalar mass spectrum (all notations are as in [163, 181]). First,
to suppress FCNC effects generated by HY and A, we assume® Mpcone = 10 TeV.

Because Mo 40 = a3v% /2, this results in the following lower limit on as:

2ME
az > —ERC (3.30)
VR
Taking into account that M?.. = (0p v} + as £%)/2 one gets
1
1
03 > L (2MEye — bp v3). (331)

where k = 246 GeV is the electroweak symmetry breaking scale. Third constraint

14To our knowledge, their effects have been discussed for the first time in the context of
Left-Right models in [208], see also [77, 78, , , ] and recent [79]. In general, their
masses need to be at least of the order of 10 TeV, though some alternatives have been also
considered in [206].
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ATLAS bounds on H"* mass
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Figure 3.16: Exclusion limits on the masses of doubly charged scalars from
ATLAS analysis, depending on their leptonic branching ratios. The lepton flavor
violating modes are not shown here, as they are not concerned with the purpose
of our analysis. This plot is based on Fig. 5 in [211].

originates from the necessary condition for the boundedness of the potential [215]:

az < /8 (41 — dp) (3.32)

The value of A is fixed by the lightest neutral Higgs boson mass as M HO = 2\ k2.
As one can see these bounds suggested in Eqs. 3.30, 3.31 and 3.32 restrict a wide

range of parameter space (a3, dp) and rather allow a modest set of values.

Now, it is interesting and important to ask what is the maximum allowed
mass splitting AM = M HEE M HE that will be consistent with the bounds on
(aeg, 0p) derived above. Such queries cannot be unnoticed from phenomenolog-
ical perspective because only for AM > My, , doubly charged Higgs can have
following decay: Hit — HEW:E. Thus, this has a massive impact on decay
branching ratios of H**. It is straightforward to check that the biggest AM is

reached for dp saturating both inequalities in Eqs. 3.31 and 3.32 which imply

1
E(QMI%HC — 5pv3) = \/8\i (47 — dp). (3.33)

The physical solution to this equation and corresponding maximal value of AM
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is

2 M2 — /8T K2
5p — Mk . L Ja+ ),
R

AM = AM (1+...), (3.34)

4 )

where ‘...” stands for corrections of the order of O (Mo /v%, k*/v%). One can
check that AM depends on vg very weakly and is nearly equal to the asymptotic
value AMo, = lim, o0 AM = Mige — /My — V2TA 2 ~ 65.3GeV, for

Mipnc = 450GeV. As 0,,AM > 0, this implies that on-shell decay HE —

HEWE is kinematically forbidden regardless of the scale vg. Interestingly, we
came to the same conclusion as in [216], but based on different kind of arguments.
There is another consequence of the requirement that the scalar potential is
bounded from below. Namely, one can show that, using Eqgs. 3.30 and 3.32, in

the allowed parameter space there is an upper limit on H:** mass:

1 M
Myse < =, |8m0% — —FSC(14...) &~ 9.98 TeV, (3.35)
1 2 AIUR
where ‘..." stands for the corrections of the order of O(x*/v%). The maximal

value of M+ is reached for dp satisfying \/8Ai(4m — dp) = 2Mgene/vE and

az = 2MEcne/v%, which correspond to the intersection point of lines restricting
regions defined by Eqgs. 3.30 and 3.32. The situation is summarized in Fig. 3.17.
Naturally, the minimal value of H* mass in the discussed set up is Myuc. For
the sake of completeness, let us note that if there are no experimental limits on
M HE* and HY then the lowest possible mass of Hi = consistent with the vacuum
stability bound, Eq. 3.32 would be \/m ~ 330 GeV, which corresponds
to dp — 0 and ag — /327\;. On the other hand, the MLRSM does not provide

5

any relevant constraints on HiT mass'®. In passing, we would like to mention

that similar type of decay of Hy ™ is kinematically forbidden as W5 and H are

15The only constraint which could arise is MHQii < 2v/6mvRp ~ 40 TeV for vp = 8 TeV. It
comes from the assumption that scalar potential parameter py is in the perturbative regime
p2 < 4m.
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Figure 3.17: (left panel) Dependence of the Hi¥* mass (in TeV) on dp and a for
vg = 8TeV. The parameter space (dp, ag) is divided into colored regions where
mass of Hi* is characterized according to the attached legend on-side legend
strip. Shaded regions are excluded due to FCNC, LHC and LEP constraints -
see Egs. 3.30 and 3.31 and Refs. [181, 213] respectively. The parameter space
above the red-dotted line is disfavored due to the unboundedness of the scalar
potential - see Eq. 3.32. Blue, dashed lines represent sets of points (dp, a3) for
which mass splitting (M HEE M Hli) is 100, 80, 60, 40 and 20 GeV respectively.
(right panel) Detailed view of the allowed part of parameter space with refined
mass splitting lines.

much heavy, see the benchmarks in later section.

3.4.5 Multilepton signal from the charged scalars in MLRSM

In this study, we consider only the processes where charged Higgs particles can
be produced directly as shown in the Table 3.12, first column. As we can see
from the table, the cleanest signals are connected with doubly charged Higgs
particles, that is why we focus particularly on them in this study. For some

related discussions on doubly charged scalars, see e.g. [112, 182 217-223].

For processes III-X important are charged Higgs boson decay modes. For

doubly charged Higgs particles possible decay modes are
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Primary production | Secondary production Signal
I. H{H/ v (0~ ® MET
— {0~ NrpNpg depends on N decay modes
- {0 vLNp depends on N decay modes
I1. HQJFH; £+£_VLI/L (Y0~ o MET
- (0~ NrNp depends on Ny decay modes
— (T 0~v;Np depends on N decay modes
l. H{ H;~ - AN A/
- HH H Hy See |
— HYH HY HY See I & 11
- HYHy Hy Hy See 11
— W W W W depends on W’s decay modes
IV. Hy"H,~ — AN ANy
— Hy Hy Hy Hy See 11
— HiHy Hy HY See I & 11
- HH{H{ Hy See |
- VVfoVVj_ Wi depends on W’s decay modes
V. Hi*HT — (50 0Fyy,
VI. HiTHf - (F0* 0%y,
VII. HiZ;, HFW; - See I & Z;, W; decay modes
VIII. H3Z;, Hy W, — See II & Z;, W; decay modes
IX. Hivy - See |
X. Hiy — See 11

Table 3.12: Phenomenologically interesting MLRSM processes at the LHC with
primarily produced charged scalar particles and possible final signals. Here ~
denotes a photon. v are SM-like light neutrino states and Ny are heavy neutrino
states dominated by right-handed weak neutrinos. From now on we will denote
Ngr = N. Here ¢ represents light charged leptons e, u.

i) HifY — [F*

(i) i

(i) Hi*™ — HiWi

(iil) H3™ — I*1*, 556
. ++ +ri/+. (3.36)
(iv) Hy™ — Hy Wy

(v) Hzii — WQiWZi;

(vi) Hy™ — Hy Wi,

where [ = e, u, T.

Apart from the above decay modes, the other possibilities for the doubly
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charged scalars can be
vil) Hy* — HfHT,
(vii) 2 1417 (3.37)
(vili) H3* — Hi Hj;

when they are not degenerate with the singly charged ones. But for nearly or

an exact degenerate case, the charged scalars dominantly decay through leptonic

modes and here kinematics play a role too.

09 B
0.8 - B
HT+ N (e+ et + ”+ “+)
0.7 H-1++ ottt i
0.6 - B
L 05 AM = My, - My, = My, - My, i
04t My, = 800 GeV ]
03 B
0.2 i
01t 1
0 Il Il Il Il Il 1
0 500 1000 1500 2000 2500 3000 3500

AM (GeV)

Figure 3.18: Branching ratios for the decay modes (e*e™ + pu*u™) and 7H7" of
the doubly charged scalars as a function of AM, where AM = My, — My, =
My, — Mpy,. We have kept fixed My, = 800 GeV. Note that the BRs of both

the doubly charged scalars (H; ™ and HJ ™) are the same in scenarios where
MW2 > MHii and MH:t:t ~ MHj:.

Fig. 3.18 shows a scenario in which pure leptonic decay modes can be real-
ized. The crucial factor is the Yukawa coupling which depends (indirectly) on
heavy right-handed neutrino mass. If heavy neutrino masses are degenerate then
democratic scenario is understood where all leptonic channels are the same (i.e.
BR(H** — eFe®) ~ 33%).

Typically, as can be seen from Fig. 3.18, for right-handed neutrino masses to
be 1 TeV, 1 TeV and 800 GeV for Ny, N5, Ng respectively, the branching ratios

are the following

BR(H; 5 — e*e*) = 37.9%,
BR(Hyjy — ptp*) = 37.9%, (3.38)
BR(Hyjy — 7%) = 24.2%.
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If the first two generations neutrinos (N4, N5) have masses above ~ 4 TeV, 1
decay mode is practically irrelevant. From the discussion it is also clear, that one
of the decay modes can dominate if only one of the right-handed neutrino masses
is much bigger than remaining two heavy neutrino states. Limits in Eq. 3.12
assume 100% leptonic decays, in our case, taking into account Fig. 3.18, Eq. 3.38
and results given in [193, 194], mass limits are much weaker, at about 300 GeV,

see e.g. Fig. 31in [191].

For decays of singly charged H: scalars situation is analogical as for doubly
charged scalars (possible decay modes to neutral HY and AY scalars are negligible

for Mpo, Mo > MHli, as dictated by FCNC constraints).

Hi decays hadronically, namely, for 100 GeV < M ax < 200 GeV

BR(H) — ¢5) = 95%,

i , (3.39)
BR(H; — cd) = 5%,

and BR(H; — tb) ~ 100% for Mz > 200 GeV.

3.4.5.1 Primary production of heavy charged Higgs bosons at the
LHC

Below different processes involving solely charged scalar productions are clas-
sified. In analysis which follow vz = 8000 GeV to respect with a large excess
the present exclusion limits on Wi, and Z, masses. SM-Higgs like mass is set
to 125 GeV, masses of neutral scalar particles are set at a very high limit (~
10 TeV). In this way, as already discussed, scenarios are realized with relatively
light (hundreds of GeV) charged Higgs bosons while remaining non-standard par-
ticles within MLRSM are much heavier. All cross sections given in this section
are without any kinematic cuts, those will be considered with final signals and

distributions in Section 3.4.7.
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Figure 3.19: Production cross sections for pp — Hy Hi and pp — Hf H; pro-
cesses without imposing kinematic cuts.

3.4.5.2 pp— H{ H; and pp — Hy Hy

The cross section for singly charged scalar pair production as a function of their
mass is given in Fig. 3.19. This process is dominated by s-channel v, Z; and t-
channel quark exchange diagrams. Contributions coming from s-channel H{, Z,
and H} bosons are negligible for considered MLRSM parameters. For singly
charged scalar mass of 400 GeV, the cross sections are (as discussed in Section
2, HF Higgs boson is assumed to be light and we denote it here with a tilde, for
M nE > 1 TeV the considered cross section is negligible, o(pp — HE HF) ~ 0)

o(pp — HFHF) = 0.12 (0.52) fb, (3.40)

o(pp — HEHF) = 0.27 (1.12) fb, (3.41)
while for singly charged scalar mass equals to 600 GeV are

o(pp — HEHF) = 0.01 (0.09) fb, (3.42)
o(pp — HEHF) = 0.03 (0.18) fb, (3.43)

with /s = 8 (14) TeV.
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Increasing center of mass energy from /s = 8 TeV to /s = 14 TeV the cross
sections grow by factors ~ 4 + 7, depending on masses of charged Higgs bosons.
In general cross sections fall down below 0.1 fb for masses of charged scalars

above approximately 730 (420) GeV for /s = 14 (8) TeV.

3.4.5.3 pp— H{ H; and pp — HS "H, ™~

The dominant contribution to these processes is via neutral s-channel current,
i.e., via Z; and 7. Contributions coming from s-channel H{,Z, and HY are
negligible for considered MLRSM parameters.

To explore the phenomenological aspects of the doubly charged scalars in the
MLRSM model we consider two scenarios. Scenario I when the doubly charged
scalars are degenerate in mass, i.e., M HEE = M HEE- This scenario is motivated
by analysis of the Higgs potential . In Scenario Il masses are different, i.e.,

MHlii #+ MHQii.

10000 ‘ ‘
14 TeV (pp = Hi" HY ) e
1000 14 TeV (pp_>HE+ H; )
R 14 TeV (pp — Hi" Hy + H" Hy ) ——
100 |\ 8 TeV (pp — HI" Hy + H5* Hy ) ——
10 F MHcharged = MH? = MHE+
g
o . .
‘\m“m74r
o1} ey
0.01 ¢
0.001

200 400 600 800 1000 1200 1400

My, (GeV)

charged

Figure 3.20: Scenario I. Cross sections for pp — H{ TH; ~ and pp — H, "H, ~
processes without imposing kinematic cuts.

Scenario I, degenerate mass spectrum

In our analysis we set our benchmark point with both of the doubly charged

scalars at the same mass My++ = My++ = 400 GeV. In this case, the cross
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section at the LHC without imposing any cut at /s = 8 (14) TeV is
olpp— (Hf THy - + Hf THy 7)) — 4,74,70,7¢;7) = 1.44 (6.06) fb,  (3.44)

The contributions to the cross sections from two possible channels are noted for

Vs =8 (14) TeV as

olpp — Hi YH;y ™) = 1.09 (4.58) b, (3.45)

olpp — Hf VHy ™) = 0.45 (1.86) fb, (3.46)

where (; ; = e, ft.

For MH1++ = MH2++ =600 GeV it is

for /s = 8 (14) TeV. The contributions to the cross sections from individual
channels for /s = 8 (14) TeV are as following:

o(pp— H{"H; ™) = 0.11 (0.73) fb, (3.48)

o(pp— Hy THy ™) = 0.04 (0.28) fb. (3.49)

The cross sections for pair productions of doubly charged scalars at the LHC
with 14 and 8 TeV are given in Fig. 3.20. From the figure we can see that cross
sections fall very rapidly as the masses of the doubly charged scalars increase.
Also, the production cross section for HI* is much larger than that for Hi®

as shown in the figure. The cross section at /s = 14 (8) TeV for scalar masses

above 920(640) GeV is < 0.1 fb.

Scenario II, non-degenerate mass spectrum

Here we choose another set of benchmark points where the doubly charged scalars

are non-degenerate. The cross section for the same process with Mp++ = 400
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Figure 3.21: Scenario II. Contour plots for the pp — (H{*Hy ™~ + HytH; ")
cross section. /s = 14 TeV, no kinematic cuts imposed.

GeV and Myz+ = 500 GeV at Vs =14 TeV is
O'(pp — (Hii——’_Hl__ + H;—-I—H;—) — f1+€z+£]_€]_) = 4.95 fb. (350)
The contributions to the cross sections from individual channels are given as:

o(pp — H{"H; ™) = 1.09 (4.58) fb, (3.51)

o(pp — Hi THy; ™) = 0.13 (0.69) fb, (3.52)

for /s =8 (14) TeV.

Contour plots for the pp — (H{ Y Hy ~+ H3t H; ~) cross section as a function
of doubly charged scalar masses is shown in Fig. 3.21 (left). On the right plot of
Fig. 3.21 different projections are used where X and Y axes are for M HiT and
the cross section, respectively, whereas M Hi is projected as a contour. As can
be seen from these figures, cross sections at the level of 1 fb can be obtained for

doubly charged scalar masses up to approximately 600 GeV.

3.4.5.4 pp— HI*Hf and pp — HI Hf

The production of a doubly charged scalar in association with a singly charged

scalar goes through the charged s-channel interaction where ij} gauge bosons
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are exchanged. Diagrams with s-channel exchanged singly charged scalar Hy is
negligible (its coupling to W, is proportional to vz, which is zero). As Wit is very
heavy, the dominant contribution originates from the process via Wit.

For this state we consider a different set of benchmark points, we set vg = 8
TeV and the following charged scalar masses: Mp+x= 483 GeV, Myz+ = 527
GeV, MHli = 355 GeV, MHSE = 15066 GeV. The choice is for the following
Higgs potential parameters (for the mass formulas, see the Appendix): p; =
0.2397, po = 0.0005, p3 = 0.48,\; = 0.13, Ay = —0.87,\3 = —5.17, az = 7.09.
This example shows that a wide spectrum of charged scalar masses can be eas-
ily obtained, still keeping reasonable small potential parameters (important for
higher order perturbation analysis). To reduce 7 channel decays, the masses for
the heavy right-handed neutrinos are set at 4 TeV for the first two generations
and 800 GeV for the third generation, see Fig. 3.18. The cross section for the
process before any kinematic cuts with a center of mass energy /s = 8(14) TeV

at the LHC is
o (pp = (HF*HY + HY*HJ) — (0lv,) = 1.44 (6.05) fb. (3.53)
The contributions to the cross sections from individual channels are noted as:

o(pp — HiTHF) = 1.48 (6.24) fb, (3.54)

olpp — HF HF) ~ 0(0) fb, (3.55)

with /s =8 (14) TeV.

For the model consistency (i.e. chosen potential parameters), the second
singly charged scalar has been chosen with very high mass M HE = 15066 GeV.
Even if it has low mass (~ 400 GeV) then also the cross section for the processes
pp — HITHY is very low compared to pp — HETHY, as HF*HF W coupling
is proportional to sin¢ and HYTHF W, coupling is proportional to cos&. On
the other hand, HX=HF W, coupling is proportional to cos¢ and HI™HF W,
coupling is proportional to sin&. In both the cases, Wi mediated processes

are much less dominant than the W5 mediated processes. But as the charged
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gauge boson mixing angle ¢ is neglected, the HFX*HF Wt vertex is much more

suppressed compared to Hf* HFWF.
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Figure 3.22: Production cross sections for pp — H{*H; and pp — HyTH;
processes at /s = 14 TeV and no kinematic cuts are imposed. Mass of H is
allowed to be small and denoted with a tilde.

It appears that in MLRSM mixed processes, pp — H{ TH, and pp —
Hy " Hy, vanishes as v;, = 0. In Fig. 3.22 the total cross section for two consid-
ered processes are given. The mass of Hi is allowed to be small and because, as
discussed before, this is not natural in the MLRSM, its contribution is denoted
with a tilde. Anyway, its contribution (keeping a form of its couplings as dic-
tated by MLRSM) is negligible. Final comparison of cross sections of different
processes discussed in Sections 3.4.5.2, 3.4.5.3 and 3.4.5.4 is given in Fig. 3.23.
We can see that the largest cross sections are for a pair production of singly
with doubly charged scalars, and the cross sections for production of doubly
charged scalar pair is slightly lower, while the smallest cross section is for pair
production of singly charged scalars. Contributions from processes where Hi is
involved are negligible or at most much smaller than corresponding results where
Hi is involved. Keeping in mind the status of the SM background (analyses for
our purposes in Section 3.4.8) we look for multilepton signals for three or more
leptons. Thus, we focus in the following sections on the processes which involve

primary production of at least one doubly charged scalar.
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Figure 3.23: Summary of various MLRSM LHC production cross sections con-
sidered in the study is shown with charged scalars at /s = 14 TeV and without
kinematic cuts. We have taken degenerate mass My
M Hfr and M H;“

charged fOI‘ MHT‘*’ H;+7

3.4.6 Primary production of a heavy Higgs and gauge

bosons
3.4.6.1 pp— WfﬁzHli/Q, pp — Zl/ngi/Z and pp — fny;Q

In our scenarios the production cross sections for these processes are very small
and can be ignored. This is because the W5/Z, propagator diagrams are sup-
pressed as they are as heavy as few TeV. For the other light propagators the
scalar-gauge boson-gauge boson vertices are proportional to sin{ and/or vy,

which are zero here.

3.4.7 Simulations and results for final lepton signals

In this study we are interested in tri- and four-lepton signal events. To enhance
such signals, suitable kinematic cuts are applied in order to decrease the SM

backgrounds.
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3.4.7.1 Events selection criteria

The detailed simulation criteria mentioned in the initial part of the section, are

used in our study.

3.4.7.2 Signal events for doubly charged Higgs particles in MLRSM

Doubly charged scalars decay mainly to either a pair of same-sign charged leptons
or charged gauge bosons depending on the choice of parameters. 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.
This decay is lepton number violating and can also be possibly lepton flavor
violating. In our scenarios we assume no lepton flavor violation as the Yukawa
couplings are considered to be flavor diagonal. Thus, the four-lepton final state
contains two pairs of same-sign and same-flavored charged leptons 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 same-sign dileptons (SSDL) and
opposite-sign dileptons (OSDL). As the doubly charged scalars are the parents
of the dilepton pairs, the invariant masses of the SSDL are expected to give a
clean peak around the mass of the doubly charged scalar, which is not necessarily

a case for OSDL.

3.47.3 pp— H{TH;” and pp — Hy TH;
Scenario I, degenerate doubly charged mass spectrum

As calculated in Section II, Eq. 3.44, if MH1++ = MH2++ = 400 GeV, the cross
section at the LHC with a center of mass energy /s = 14 TeV is o(pp —
(Hf"Hy ™ + HytHy ) — 470,74,7¢;,7) = 6.06 fb, where (;; = e, u. After
implementing all the cuts, as described in Section 3.4.7.1, the four-lepton events

with no missing energy can be estimated. Each pair of SSDL originates from dif-

6The invariant mass for a lepton pair is defined as my,,, = \/(E1 + E»)? — (P, + P,)?,

where F; and ]3z are the energy and three-momentum of ¢;, respectively.
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ferent doubly charged scalars. We have plotted the reconstructed invariant mass
distributions for both SSDL and OSDL in Fig. 3.24 with anticipated integrated
luminosity L = 300 fb™'. As both the doubly charged scalars are degenerate the
invariant mass peaks occur at around 400 GeV. This clean reconstruction of the
invariant mass is indeed possible even in the hadronic environment and can be a

smoking gun feature indicating the presence of doubly charged scalars.
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Figure 3.24: Invariant mass for SSDL and OSDL for (pp — H{3 H;, — 4l) with
Mp++ = Mys+ = 400 GeV for Vs =14 TeV and L = 300 fb~'. As the doubly
charged scalars are degenerate in mass both the invariant mass peaks occur at
the same place and, thus, cannot be distinguished.

We have computed this process also with a center of mass energy 8 TeV. In
this case we find that the cross section, with /s = 8 TeV at the LHC, is 1.06
fb, about 6 times smaller than for \/s = 14 TeV. If we take present integrated
luminosity to be 25 fb=!, then the total number of the events even before all the
cuts, is statistically insignificant to analyze this particular process at the LHC
after implementing all the selection criteria. Thus to observe this four-lepton

signal for this scenario needs more data in future.

To select the doubly charged scalar signal properly and in an independent

way, there is another interesting variable which can be used for determination of
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signals as suggested in [222]

ARy, = \/(771 —12)? + (1 — $2)?, (3.56)

where 7; and ¢; denote pseudorapidity and azimuth of ¢;, respectively. ARy is
the separation between two light charged leptons (¢) in azimuth-pseudorapidity
plane. Its physical importance is that in the detector if ARy, 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 sep-
arated. We expect that the leptons originated from a single doubly charged scalar
will be less separated than the leptons coming from different charged scalars. In
the processes that we have considered the doubly charged scalars decay mainly
into pairs of same flavored same-sign leptons. Thus, in the case of opposite-sign
dilepton pairs, each of them are coming from different doubly charged scalars
and, therefore, must be well separated. We have plotted the AR, distribution
to address this feature. It is pretty clear from Fig. 3.25 that the distribution
peaks at smaller ARy, for same-sign lepton pairs while that for the oppositely
charged lepton pairs peaks at a larger value of ARy, as expected. This implies
that most of the leptons in the SSDL pairs are less separated than the leptons
which belong to the OSDL pairs.

Scenario II, non-degenerate doubly charged mass spectrum

Here we choose another set of benchmark points where the doubly charged scalars
are non-degenerate. In Section IT, Eq. 3.50, the cross section at /s = 14 TeV has
been calculated for the same process with M HEE = 400 GeV and M HEE = 500
GeV, 0 = 4.95 tb. As MHzii > MHlii, the production cross section for Hi* is
much larger than that for Hy*. Thus, the four-lepton events will be generated
mostly from the leptonic decays of the HEE pair than HEE decays. This statement
is very distinctively clear from the invariant mass distributions of the same-sign
dileptons, as shown in Fig. 3.26. Maximum number of same dilepton events

are with an invariant mass peak around Mpyz+ = 400 GeV and that around
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Figure 3.25: Lepton - lepton separations for the same-sign lepton pairs (A Ry« + )
and opposite-sign lepton pairs (AR =) for (pp — Hy5 Hiy — 4l) within the
degenerate scenario with M HEY = M Hit = 400 GeV for /s = 14 TeV and

L =300 fb L.

M HEE = 500 GeV is much smaller, as expected.
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Figure 3.26: Invariant mass for SSDL and OSDL signals in the (pp —
H 1+ 5 Hiy — 4l) process in the non-degenerate mass scenario with M HEE = 400

GeV and M+ = 500 GéV for /5 = 14 TeV and L = 300 fb™".

We also performed the ARy, distribution for the same benchmark point. The

results shown in Fig. 3.27 are as our expectation, as explained before.
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Figure 3.27: Lepton - lepton separations for same-sign lepton pairs (A Ry++) and
opposite-sign lepton pairs (AR,: =) in the (pp — H{J H;; — 4l) process for
non-degenerate mass scenario having M HEE = 400 GeV and M HEE = 500 GeV

with /s = 14 TeV and L = 300 fb™'.

3.4.7.4 pp— Hf*HF and pp — HF*HF

These processes lead to the tri-lepton events with missing pr, see Table 3.12.
For chosen MLRSM parameters, Eq. 3.53, the cross section for the process pp —
(HEEHF + HFYHF) — 000y, before cuts, with a center of mass energy /s = 14
TeV is ¢ = 6.05 fb. The tri-lepton events can be classified into two categories:
either £¢T¢~ or £=¢~¢*. The first and second types of signals are originated
from W;" and W, mediated processes, respectively. Thus, it is indeed possible
to estimate the charge asymmetry, defined as the ratio of the number of events
of £T¢T¢~ type to the number of events of £~¢~¢* type at the LHC. This is very
similar to the forward-backward asymmetry at Tevatron. This charge asymmetry
depends on the Parton Distribution Functions (PDF) and, thus, is a special
feature of the LHC. We have estimated this ratio (RT) with the above choices

of charged scalar masses with /s = 14 TeV and integrated luminosity 300 fb™'.
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We find 554 tri-lepton signal events after all the cuts and that leads to

# of events for (T4T¢~ 396
t= = — ~ 251 .
e # of events for /—¢—¢+ 158 g (3.57)

In SM the corresponding value calculated for the main processes given in the

next section in Table 3.13 is (RT)gy = 1etet = 1.186. This value is slightly

different from the calculated values in [224] where higher order corrections are
taken into account and the specific kinematic cuts are different. Nevertheless,
MLRSM value given in Eq. 3.57 differs substantially from its SM counterpart to
signify its presence.

As discussed in Section II, the Hy*HF W, vertex is much more suppressed
as compared to HETHFW;T. Thus, in this case most of the tri-lepton events
are originated from pp — HTH process. This is clearly visible from the in-
variant mass distributions. Here we have plotted the same and opposite-sign
dilepton invariant mass distributions, see Fig. 3.28. As discussed earlier, in the
opposite-sign lepton pairs two leptons have different origin, thus, their invari-
ant mass distribution is continuous while the same-sign dilepton invariant mass

distributions always peak around the mass of the doubly charged scalars.
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Figure 3.28: Invariant mass plots for SSDL and OSDL for the signals (£¢(T +
missing pr, at the LHC with /s = 14 TeV and integrated luminosity 300 fb~*.
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From Fig. 3.28, it is distinctly seen that the significant amount of same-sign
dilepton pairs peaks at M HEE = 483 GeV rather than M HEE = 527 GeV. This
implies that the dominant contribution to these tri-lepton events are generated
through pp — HITH{ process (cf. Fig. 3.22) and the further leptonic decays of
the charged scalars.

In Fig. 3.29, separations between leptons are plotted. As can be seen from
this figure the SSDL separations peak at a lower value of ARy, while OSDL
separations peak at a larger value of ARy. This is because same-sign lepton
pairs have the origin from the same mother, while opposite-sign lepton pairs

have both the leptons from different mothers.
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Figure 3.29: Lepton-lepton separation plot for same-sign leptons (AR,+,+) and
opposite-sign leptons (AR =) in the process (pp — (HF*H{ +Hy*HY) — 30).
Here /s = 14 TeV and integrated luminosity 300 fb~' at the LHC.

For /s = 8 TeV and the same benchmark point the production cross section
o(pp — (HITHT + HXTHY) — (00y,) = 1.44 fb is about four times smaller than
for \/s = 14 TeV, Eq. 3.53. With an integrated luminosity 25 fb™" at /s = 8
TeV and 300 fb~' at /s = 14 TeV, total number of events is about 50 times
smaller in the former case, so the difference is substantial.

Distributions presented so far show that it is possible to extract clear signals

for doubly charged scalars at the LHC. However, for signal identification crucial
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is how large the SM background effects are and the significance too.

3.4.8 Background estimation and significance of signals

Kinematic cuts are used which have been investigated and established for the
first time in [225]. The cuts are optimized in a way such that we can reduce the
SM background and enhance the signal events!”. Standard Model background
cross sections for tri- and four-lepton signals are given in Table 3.13. In this table

we have also separately computed the backgrounds for ¢*¢*¢~ and ¢~ ¢~ (T,

processes 30 (fb) | €1t~ (fb) | L7074 (fb) | 4¢ (fb)
tt 18.973 9.522 9.451 -
tt(Z/~) 1.103 0.549 0.552 0.0816
tHw= 0.639 0.422 0.214 —
W=(Z/~v%) 10.832 6.664 4.164 -
(Z/y)(Z]v*) | 1.175 0.594 0.581 0.0362

| TOTAL 32722 17751 | 14.962 | 0.1178 |

Table 3.13: Dominant Standard Model background contributions (in fb) for tri-
and four-lepton signals at the LHC with /s = 14 TeV after obeying suitable
selection criteria defined in the text. The tt cross section is presented here after
the inclusion of k-factor. While computing the SM contributions to 4/ final state,
no missing pr cut has been applied.

In principle, the tri-lepton contributions can come also from H; " H;~ and
Hy " Hj;~ involved processes if during simulations one of the four-leptons does not
satisfy the cuts. But in our case, this contribution is negligible due to the extra
missing energy cut applied as one of the gate pass for the tri-lepton events. Thus,
all the productions together are considered and all the intermediate particles are
allowed to decay. After passing through the cuts, tri-lepton and four-lepton
events are counted.

In Table 3.14 we present the total background and signal events for 25 and

"Tn our analysis, while computing the tri-lepton events (signal and background), the pr of
the third hardest lepton needs to be greater than 20 GeV, and also a missing pr cut (> 30
GeV) must be satisfied, see Section 3.4.7.1. Thus, the tri-lepton background for process like
tt where one of the lepton is coming from semi-leptonic decays of B’s is reduced. Here the
hadronic activity cut also reduces the hadronic activity around the selected leptons and plays
a crucial role in this case. All these cuts reduce the efficiency of misidentification of b-jets as
leptons. In our case, this is less than 0.05%.
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Luminosity Background | Signal | Background Signal 4/ events
30 events | 30 events | 4/ events | scenario I | scenario II
25 fb~! 797.5 46.2 2.9 (i) 30 24.8
(ii) 4.4
300 fb~* 9569.7 554 34.8 (i) 360 298
(ii) 53

Table 3.14: Number of background and signal events at 25 fb~* and 300 fb~*
as an anticipated integrated luminosity at next 14 TeV run of LHC. The tri-

lepton signal is computed for following charged scalar masses: M HEE= 483 GeV,
Mpz+ = 527 GeV, Mpy= = 355 GeV, Mp+ = 15066 GeV. Scenario I reflects

degeneracy of doubly charged scalar masses with (i) M it = M HEE = 400

GeV and (i) Myz+ = Myz+ = 600 GeV, while Scenario IT realises their non-
degenerate spectrum nameiy Mp++ = 400 and M2+ = 500 GeV. Here we have
used the same kinematical cuts as applied while estlmatlng the SM background
events. We have not implemented other extra cuts, like invariant mass (my) and
lepton separation (ARy) to estimate the signal and background events in this
table.

300 fb™! integrated luminosities. It is clear that four-lepton signals are well
beyond the SM background. The tri-lepton signal is also very prominent over the
background (what matters is the signal excess over the background fluctuations).
To see it properly, in Table 3.15 the significance of different signals is shown.

Assuming the significance at the level of 5 as a comfortable discovery limit, we
can see that LHC, in the next run will be sensitive to masses of doubly charged
Higgs bosons belonging to MLRSM up to approximately 600 GeV.

We have focused here on doubly charged Higgs bosons, aiming at their small
masses, but we can see that they are entangled by the scalar potential parameters,
and some singly charged and neutral scalars are relatively light.

Fig. 3.30 gives an estimation of cross sections for the pair production of
doubly charged Higgs bosons at LHC for the center of mass energies at present
(8 TeV), forthcoming run (13 —14 TeV) and in the further perspective (100 TeV).
For the simplicity, we assume that masses of Hi* and HF* are degenerate i.e.
§p = 4po. Limits on the doubly charged Higgs boson Hi* masses from recent
LHC data have been taken into account, and exclusion limits are explicitly given
in Fig. 3.30.

Here, the cross section for the process pp — (HF=H{ T @ HF*HFT) — 44 for
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Significance | 3¢ events 40 events
scenario [ | scenario II
S/vVB 5.66 (i) NA NA
(ii)) NA
S/\/(S+B)| 551 | (i)18.11 16.34
(ii) 5.65

Table 3.15: The significance of the signals given in Table 3.14 is computed using
two definitions of significance: (i) S/v/B, and (ii) S/\/(S + B), where S and B
are the total number of signal and background events for 300 fb™! integrated
luminosity, respectively. The parameters are the same as given in Table 3.14.
Here ‘NA’ implies that S/v/B can not be used as the definition of significance in
these cases as S < B is not justified.

different center of mass energies /s = 8, 14 and 100 TeV at the LHC with only
basic cut (lepton pr > 10 GeV) is shown in Fig. 3.30 for different set of doubly
charged scalar masses. We have also implemented the detailed event selection

criteria 8

, as given in [l 18, | to compute the SM background for this final
state coming from tt(Z/v*),(Z/~v*)(Z/~v*). Using the same set of cuts the signal
event cross section is estimated for doubly charged scalar masses [450-900] GeV.
We have pointed out four benchmark points for the following masses of doubly
charged scalars: 450, 600, 700 and 900 GeV. The corresponding significances
19 of the signal for integrated luminosity 300 fb~! are 13.8, 5.7, 3.3 and 1.0
respectively. Thus, at the LHC with /s = 14 TeV center of mass energy and 300
fb~! luminosity up to 600 GeV mass of the doubly charged scalars can be probed
with significance > 5. Finally, it is worthwhile to note that due to kinematics for

Vs = 100 TeV discussed cross section does not change significantly when mass

of doubly charged scalars increases.

8These event selection criteria are implemented in PYTHIA. They include lepton trans-
verse momentum (pr), pseudorapidity cuts, smearing of leptons, lepton-lepton (photon, jet)
separation, hadronic activity, missing pr and Z-veto.

Significance of the signal is conveniently measured by the ratio S/v/S + B, where S and
B are the total number of signal and background events respectively.
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Figure 3.30: Cross section o for the pair production of doubly charged scalars
H** decaying to four-leptons for /s = 8, 14 and 100 TeV at the LHC (solid
lines) without the detailed selection cuts (see the text for details). The dotted-
blue horizontal line is the estimation for the SM background for 4¢ final state
with /s = 14 TeV incorporating the detailed event selection criteria. Also the
cross section for the process pp — Hy"H; ~ /HS THy ~ — 4¢ with /s = 14 TeV
after implementing the same full selection cuts is depicted by the dashed-blue
line for doubly charged scalar mass range [450-900] GeV. The four patches on the
“Signal” line denote the significance of the signal. It is assumed that dp = 4po,
what results in Mpss = My, see Egs. (3.69)-(3.72).

3.4.9 MLRSM charged Higgs bosons contribution to H{ —

7Y

In LR symmetric model there are (singly-, doubly-) charged scalars and charged
gauge boson (W;5) which couple to photons and hence they can contribute to
HY — ~7y channel where H{ is the SM-like neutral Higgs taken to be 125 GeV.
Since W55 are heavy, their contributions are suppressed compared to charged
scalars, so we look for charged scalar contributions. They contribute to the

channel via a loop shown in Fig. 3.31.
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Figure 3.31: Charged scalar contribution to the H{ — 7 channel at the LHC.
In the loop there are three contributions coming from the charged scalars H{ =
H* HF* Hif. In MLRSM H is very heavy and its contribution is negligible.

Following [226-228] we can write the enhancement factor for this channel,
which is nothing but a ratio of partial decay width in the new model to that in

the SM

A
2 ME Ai(tw,) + NQ7 A )2(1)

R,=1+ > Q% (3.58)

S=HiF Hf
In the above equation Qg is electric charge of charged scalars in unit of e, Mg
is a mass of scalars. N, is color factor which is 1 for color singlet scalars and
T = 4mf/m?{8 (i = Wi, t,S). cg are the coupling of the Higgs boson with the
charged scalars and k; = \/k? + k3 where ki, ko are the vacuum expectation

values of the bi-doublet. The expressions for cg are as follows

20(1]432 + 8062]{71]{2 + Oé3<l€2 )_
041]62 + k’l (40421{32 + 043]{?1)_

CHom+p— = _[ + 2 , (3.60)
Oélk2 + kfl (40&2]{32 + 063]61)

CHOHS Y Hy ~ = _[ + ) : (3.61)

Here the parameters that are involved in the above Eqgs. 3.59-3.61, are contained

in the scalar potential and following the convention as suggested in [71].
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Figure 3.32: R, with the variation of charged scalar masses.

Ay, Ay and Ag are loop functions for fermions, vector bosons and scalars

respectively, given as

Aip(z) = 22°7 + @' = 1) f(=h)), (3.62)
Aj(z) = =222 + 307+ 320 = D) f (=), (3.63)
Ao(z) = =[xt — f(z™h)]. (3.64)

For the SM-like Higgs mass below threshold, i.e., mpo < 2Mypop (Miop 1S & Mass

of a particle in the loop) f(z) = arcsin®(\/x).

In Fig. 3.32 we present a contour plot to show the contributions from the
charged scalars to I2,,. We have assumed M it = M i to reduce the number

of free parameters.

Experimental observations of the Higgs to diphoton decay normalized to the
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SM prediction, as pointed out by ATLAS and CMS is given as in [130], [131]:

R,, = 1.65%0.24(stat) )1a(syst) (ATLAS), (3.65)
R,, = 0.78703% (CMS) . (3.66)
Recent observations for ATLAS [132] and CMS [133] are
R,, = 1.17+0.27 (ATLAS), (3.67)
R, = 1.14%33% (CMS) . (3.68)

As errors are still very large, it is too early to make any conclusive remarks
on these results, especially that tendency seems to be that the anomaly system-
atically approaches 1. However, MLRSM can accommodate wide range of R,

values by the charged Higgs boson effects, for related discussions, see e.g. in

[229].

3.4.10 MLRSM VBEF signal

In the previous part, we have focused on searches for the multilepton signals
associated with any number of jets, i.e., there was no jet veto. Here, the analysis
of possible VBF-type signals with four-leptons and two jets using suitable VBF

cuts are discussed.

We have used our version of the Left-Right symmetric model implemented
in FeynRules (v2.0.31) [161, 230]. The general signal and background analyses
for multilepton and tagged forward jets are performed using ALPGEN (v2.14)
[151], Madgraph (v2.2.2) [113] and PYTHIA (v6.421)[115].
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3.4.10.1 Possible processes which identify doubly charged Higgs through
VBF in the MLRSM
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Figure 3.33: Basic processes which lead to H** pair production. In the first
three diagrams H*7 is produced through fusion of two vector bosons V and V.
Each of them can be W=*, Z° or 4. The second product of the fusion, scalar
X, is H**, H* or H° depending on the configuration of colliding vector bosons.
Analogously, scalar X’ and vector boson V" can be identified once V' and V' are
specified. In the last diagram H** is produced through collision of two quarks g
and ¢’ in the Drell-Yan process. The second product of the decay, scalar X, can
be identified as H**, H* or H° once V is specified. The signals generated with
the diagram (d) are usual tri-lepton and four-lepton signals, which we considered
in the previous part.

There are many interesting channels in which doubly charged Higgs particles can
be produced in the MLRSM. In hadron collider, productions of doubly charged
Higgs particles crucially depend on their couplings with vector bosons. These
charged scalars (H**) are produced either through neutral and charged currents
or fusion processes. Representative classes of diagrams which contribute to H**
productions associated with two jets are given in Fig. 3.33.

If X = H** in Fig. 3.33 then doubly charged Higgs particles are pro-
duced in pairs. Assuming further that H** decays predominantly into leptons,

a signal of four-leptons associated with two forward jets in the final state is:
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pp — Hli/:QtHfF/:QFjj — (F(X(F(Tjj. In a Drell-Yan case also (diagram (d) in
Fig. 3.33), if X = H**, four-leptons plus two jets signal is possible, though its
contribution is suppressed once the VBF cuts are activated.

We should also mention that vector boson fusion diagrams interfere substan-
tially with Bremsstrahlung-like (or Drell-Yan) processes [231].

Here, we focus on the pair production of doubly charged scalars associated
with two forward jets. As mentioned already this signature can be promising
since LHC has dedicated search channels for tagged forward jets. VBF processes
with doubly charged Higgs bosons have been considered lately in [216] with the
main focus on tri-lepton signals with missing energy. In [210] there is also an
interesting discussion on scalar self-energy corrections to Wi and Apgy pa-
rameter. It has been argued that there exists severe constraints on the charged
scalar mass splitting. We need to consider complete calculations including renor-
malization. We recall a series of papers on the 1-loop corrections to the muon
decay in MLRSM, starting with qualitative results [179, | and finishing with
quantitative analysis [171]. The upshot of all these analyses, important for our
present discussion, is that there is a strong fine-tuning between contributions
to Apgw from different classes of non-standard particles: Higgs and additional
gauge bosons and heavy neutrinos (fermions). By their nature, cancellations
among bosonic and fermionic type of diagrams are present, and a change of mass
spectrum of Higgs bosons can be compensated by different choices of vg scale
(gauge bosons) and masses of heavy neutrinos. These analyses in context of the

LHC have been considered in details in [178].

3.4.10.2 Predictions for pp — Hf/;[—]f/fjj — (*(*(T(Tjj in the MLRSM

Before we discuss our simulated results, selection criteria should be defined, which
are crucial for extracting proper signals and reducing the SM background. For
selecting leptons we use the same criteria as defined in Section 3.1. The Parton
Distribution Function (PDF) for proton is defined by CTEQ6L1 [116]. After
satisfying the selection criteria, additional cuts are applied to identify the forward

jets. The detail of these VBF cuts are depicted in Table 3.16.
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Cuts Py, P1j, ’773‘1 — 77]'2| Myiga | Mi * Mo
VBF > 50 >4 500 <0

Table 3.16: Selection criteria for the forward jets. The two highest pr jets
prj,,Prj, are chosen as the VBF forward jets.

pp— H™HTjj

o (fb)

0.1

001 - 14Tev
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100 TeV v
0.001 ‘ ‘ ‘ |
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Figure 3.34: Dependence of cross sections (o) with the masses of doubly charged
scalars for the process pp — HtTH~~jj for different center of mass energies: 14

TeV (red-solid), 33 TeV (green-dashed), and 100 TeV (blue-dotted) respectively.

Taking care of the constraints on potential parameters discussed in Sec-
tion 3.4.4, in Fig. 3.34 results are presented for the doubly charged Higgs pro-
duction process with two jets as a function of their mass. While computing
the MLRSM mass spectrum, we have set vg = 8 TeV (which leads to My, =
3.76 TeV). The analyses are performed for LHC with 14 TeV collision energy con-
sidering high luminosity HL-LHC option [233] as well as for future scenarios such
as HE-LHC with a center of mass energy 33 TeV [233, 23] or 100 TeV FCC-hh
facility [235-238]. The cross section for this process has been computed with a

large pr, and VBF cuts as defined in Table 3.16

As an example of representative Higgs mass spectrum (bench mark) used
in calculations, assuming degenerate doubly charged Higgs masses M HEE =

My = 500 [1000] GeV where masses of remaining scalar particles compati-
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ble with results of section 3.4.4 can be chosen as (in GeV):

Mys = 125 [125],, Myo = 10431 [10431], (3.69)
Mys = 27011 [27011], My = 384 [947], (3.70)
Mao = 10437 [10437], Mg = 384 [947], (3.71)
Mys = 446 (974], M+ = 10433 [10433]. (3.72)

This spectrum is obtained with the following set of potential parameters

(vg = 8TeV):

A = 0.129[0.129], Ay =0 [0], (3.73)
As = 1[1] A =0][0], (3.74)
ar = 0[0], aa =010, az = 3.4 [3.4], (3.75)
pr = 5.7[5.7], p2 = 0.00115 [0.00701], (3.76)
ps = 11.405 [11.428). (3.77)

The cross sections for the following process at the parton level with minimal

imposed cuts are given as:

o(pp = Hijg HY 5 jj — 50507 5j) (3.78)
4.04 [0.12] x 1072 fb for /s =14 TeV,

=14 45.30[3.36] x 102 fb  for /5 =33 TeV,
282.80 [31.76] x 1072 fb for +/s = 100 TeV,

where ¢ = e, u. These minimal cuts are e.g. minimum pr cut for leptons and jets
such that they are identified as observable in the detector and do not contribute

to missing energy.
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The result in Eq. 3.78 is further processed using the VBF cuts

o(pp — Hyjp HYj5jj — G50 0T 55) (3.79)
0.54 [0.01] x 1072 b for +/5 = 14 TeV,

=14 6.21[0.40] x 1072 fb  for /s = 33 TeV,
37.01 [3.54] x 1072 fb for /s = 100 TeV.

For the sake of completeness let us display contributions from two interme-

diate channels with the default cuts in Madgraph (MG):

o(pp — Hi " H{ 7 jj) (3.80)
11.16 [0.39] x 1072 fb  for /s = 14 TeV,

= 9087 [7.05] x 1072 b for /5 =33 TeV,
599.70 [73.28] x 1072 fb for /s = 100 TeV,

and

o(pp — Hy " HJ7jj) (3.81)
8.35[0.19] x 102 fb  for /5= 14 TeV,

= 7120 [3.81] x 102 fb  for /5 = 33 TV,
401.40 [37.43] x 1072 fb for /5 = 100 TeV.

As one can see the cross sections in Eqs. 3.80 and 3.81 are larger than these
given in Eq. 3.78. The reason for this is while computing the cross section for
leptonic final state, i.e., Eq. 3.78, all the selection cuts are incorporated and that
reduces the cross section by a large amount.

Some technical details related to computing method are in order here. At
the MG level one can control gluon contributions using option QCD=0. The cross
section for pp — Hﬁin 5 77 with switched off gluons turns out to be about
5 times smaller than that for with gluons. Hence, QCD contributions to that
signal are really important. However, in both cases distributions of rapidity

(y) of jets are quite different. For gluons the rapidity distributions for jets are

peaked around y = 0 which implies that jets are emitted mostly perpendicular
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to the beam. For VBF rapidity distributions are peaked around |y| ~ 3 and
ly1 — ya| ~ B, i.e., there are two back-to-back jets emitted along the beam.
Hence, setting QCD=0 allows us to preselect processes which are consistent with
VBF cuts. Effectively it shortens computing time?’.

Let us comment on the H** decay scenario used in calculations. It is as-
sumed that H** dominantly decay into pairs of the same-sign and same-flavored
charged leptons (for all possibilities within MLRSM, see [163]). In other words,
it is assumed that Yukawa coupling matrix of doubly charged scalar HF* with
charged leptons is diagonal. Assuming no mixed leptonic decay modes (epu),
i.e., no lepton flavor violation, the coupling of doubly charged scalar Hi® with
charged leptons in MLRSM is proportional to the heavy neutrino mass of the
corresponding lepton generation. Thus, the ee, uu decay modes will be larger
as compared to the 77 case if the first and second generations of right-handed
neutrinos are more massive than the third generation one. This point has been
clarified and shown numerically in Fig. 2.5 in Ref. [163]. In the present analysis
the masses of the first two generations of right-handed neutrinos are taken to be
3TeV and mass of the third one is at the level of 800 GeV. As vg = 8 TeV, the
Yukawa couplings are within the perturbative limit. If the 77 decay mode would
be larger, predictions given here should be rescaled properly using corresponding
branching ratios (for instance, in the democratic three generation case, branching
ratio for the ee and puu channels would be decreased by about 15%, each).

The SM background at the LHC for the signal 4¢ 4 2 jets is accounted from
the process pp — ZZ(yy,Z7)jj — €70 0T0jj. We have noted that after
implementation of the selection cuts the dominant background comes from pp —
ZZjj — 0000~ jj process.

For /s = 14, 33, 100 TeV pp collisions, the SM background is given in Ta-
ble 3.17 both at the parton level and after hadronization and passing through
implemented cuts.

We can see that the background is suppressed very effectively. The results in

20Typical run times for generating 5 x 10* events of pp — Hli/ﬁHf/;F]] and pp —

HliEHl:F/;Fjj — (FE(T (T j§ with QCD=0 are, respectively, about 3h and 54 h on 8 core 3.4 GHz

CPU.
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Process: ZZjj | Cross section [fb] | Cross section [fb]
with /s at parton level after showering,
in TeV in Madgraph and hadronization
in PYTHIA
14 0.115 0.003
33 1.109 0.008
100 4.794 0.038

Table 3.17: Standard Model cross section in fb for ¢7¢~¢*¢~j; final state and
Vs = 14, 33, 100 TeV LHC. The cuts are suitably applied, see section 3.4.10.2, to

compute the SM background at parton level and after incorporating showering
and hadronization in PYTHIA.

Table 3.17 are obtained in the leading order, electroweak corrections can change

the results not more than 10% |

at the level of about one percent at most.

M+ = 500 GeV

My+ =700 GeV

| which can change the significance of signals
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Figure 3.35: Variations of significance of signal with integrated luminosities for
different energies of pp colliders and various doubly charged Higgs boson masses.

Finally, to judge the strength of the MLRSM signals we decided to show
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the dependence of the significance of the result as a function of the integrated
luminosity. As can be seen in Fig. 3.35 (left-top), a comfortable value of the
significance at the level of 5 can be reached for My++ = 500 GeV in pp collisions

with
o /s =100 TeV and with 100 fb~' integrated luminosity;
o /s =33 TeV and with 700 fb™! integrated luminosity.

No signal at this significance level (~ 5) can be reached with /s = 14 TeV
pp collisions, even if the integrated luminosity is around 3000 fb™*.

In Fig. 3.35 (right-top) we can see that doubly charged Higgs bosons with
masses up to My++ = 700 GeV with significance at the level of 5 can be probed
for both center of mass energy 33 and 100 TeV with integrated luminosities
around 3000 and 300 fb~! respectively. In Fig. 3.35 (left-bottom) it is evident
that 1 TeV doubly charged scalar can be probed with significance of 5 only with
100 TeV collider with luminosity at least 1000 fb~'. The Fig. 3.35 (right-bottom)
summarizes the situation for the FCC-hh collider option for three different set
of masses of doubly charged scalars: 500, 600, 700, 800, 900 and 1000 GeV.
This figure also shows that significance at the level of 7 can be reached for
Mpy++ = 1TeV and /s = 100 TeV with integrated luminosities around 3000
fb™'. We can see that the 100 TeV collider opens up very wide range of Higgs

boson masses which can be explored.

3.5 Summary: MLRSM

Here we have concentrated on studies connected with discovery potential of the
charged Higgs bosons within the canonical MLRSM which is already phenomeno-
logically rich enough and worth separate investigations. Though different low
energy data and the LHC exclusion plots already constrain masses of the heavy
gauge bosons Wy and Z, very much, the charged scalars can still be relatively
light. It has been shown which of the singly and doubly charged Higgs bosons can
be light, in agreement with FCNC limits on the neutral Higgs boson particles, as
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both the charged and the neutral scalar sectors are connected through the Higgs
potential parameters. We found that in the MLRSM not all four charged Higgs
bosons can simultaneously be light. For instance, it is possible that Hy, Hif*
and Hy* are light. The remaining charged scalar Hi is of the order of the vp
scale, so its effects at the LHC is negligible. To make it lighter would require one

to go beyond the MLRSM.

Though there are many free parameters in the Higgs sector, present exper-
imental limits on masses of doubly charged Higgs bosons already put first con-
straints on some of these parameters. In our analysis we obtained a lower limit
on the charged scalar mass M i+ consistent with LEP, LHC and FCNC bounds.
The other doubly charged scalar Hy* is theoretically not constrained from below
in the discussed model and it can be tuned to any desirable value, in agreement
with experimental data. The lowest limit on M HE* is important, as we know
that production cross section for Hi= is much bigger than that of H3 = [163].
Here, we have also pinned down the parameters that play important roles while
determining the individual masses of the charged scalars and their respective
splittings. Cross sections for the pair productions of doubly charged scalars fol-
lowed by their leptonic decays have been discussed together with the estimation
of the SM background at 14 TeV center of mass energy. and that will draw the
upper limit on the masses of the doubly charged scalars that can be possibly

probed at the LHC.

We have analysed four-lepton and tri-lepton signal from the s-channel pair
production of charged scalars, pp — H;;“Hl’/g and pp — HliéHfF/Q, respec-
tively. The charged scalars can be produced at the LHC with non-negligible
cross sections. However, their production cross sections decrease rapidly with
their masses, that is why we have undertaken here more detailed and systematic
studies including the production and decays of charged scalars. We have con-
centrated on the single and pair production of doubly charged scalars. We have
chosen the benchmark points in such a way that signals connected with doubly
charged scalars can dominate over non-standard signals coming from both heavy

gauge and neutral Higgs bosons. As a rule of thumb, for all considered processes
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with doubly charged scalars cross sections are about 1 fb for their masses in
the vicinity of 400 = 500 GeV, which is about the present lowest limit on their
masses. If planned integrated luminosity in the next LHC run at /s = 14 TeV is
about 10 times larger than present values, clear signals with four-leptons without
missing energy and tri-lepton signals can be detected. It will be an indication for
doubly charged scalar effects. These multilepton final states posses very small
SM background. We have shown that MLRSM model can give such signals for
doubly charged masses up to approximately 600 GeV. In our analysis, we have
used the dilepton invariant mass and lepton-lepton separation distributions. We
also estimate the amount of charge asymmetry in signal as well as background
events, and show that this might be a smoking gun feature for future discovery.
The same and opposite-sign charged lepton signals have been analyzed using
proper kinematic cuts and the clear impact of doubly charged scalars are noted

carefully.

In the Left-Right symmetric models charged gauge bosons are very heavy and
they do not contribute significantly to the Higgs to diphoton process. However,
the relatively light charged scalars can contribute easily. We have incorporated
the impact of the light charged scalars in this process and estimated the strength

of this contribution over the SM one.

The LHC still has a room for discovery of Left-Right gauge symmetry signals
through MLRSM doubly charged Higgs bosons with s-channel production as long

as long as their masses will are below 1 TeV range (m HEE < 600 GeV).

We have also looked for four-lepton signature from production and decays of
pair of doubly charged Higgs bosons through vector boson fusion within MLRSM
framework, pp — H 175]—] 1/2J3- To do so we have evaluated suitable bench mark
points for masses of Higgs bosons, which are in agreement with several constraints
coming from FCNC, mass of the SM like Higgs, vacuum stability, LEPII and
recent ATLAS searches on doubly charged scalars. There are strong relations
among masses of doubly, singly and neutral scalars which forbid us to choose their
individual values freely, leaving us with suitable benchmarks that we have used

in this study. We have further noted and shown that the splitting between the



3.5. Summary: MLRSM 133

doubly (Hf* ) and singly (H;") charged scalars is less than My, , irrespective of
the SU(2) g breaking scale. Thus, the on-shell decay Hi"* — H Wit is protected
and the decay branching ratio of the doubly charged scalar Hi* is affected.

After settling these issues regarding the spectrum we have computed the sig-
nal cross section for the process pp — H fﬁHfE jj — (F0E(TLT 5 using realistic
cuts. The necessary SM background for this final state is also evaluated. It has
been shown that 14TeV LHC even with high integrated luminosity will be not be
sensitive to the VBF-like signals Hf/fo/;F jj, even with relatively light doubly
charged Higgs bosons (say, ~ 500 GeV). We have shown much better perspec-
tive exists for the future FCC colliders with a center of mass energies 33 and (or)
100 TeV.

In passing we would like to mention that we have used the VBF cuts as
adopted in [216]. We have compared the ATLAS and CMS (tight & loose)
suggested cuts which are not very different from significance point of view. For
further improved predictions, in future the analysis including NLO corrections
should be undertaken. For instance it is known that electroweak corrections
to VBF signals are within 10% level [239] and might have a mild impact on
significance computed at leading order.

To summarize the chapter, we have done detailed analysis of various mul-
tilepton signatures and corresponding backgrounds from the SM. The analysis
has been done for three models: the BNTM, the MLRSM and the MLSM. In all
these models there is potential for signals to be discovered at the next run of the

LHC.






Chapter 4

Phenomenological implications of

neutrino mass models

The Left-Right symmetric theories lead to new effects or give additional con-
tributions to various new physics observables at both energy and intensity fron-
tiers, which can be tested in current and future experiments, if the scale of parity
restoration is in the few TeV range. In particular, a TeV-scale Minimal Left-Right
Symmetric Model (MLRSM) leads to the spectacular lepton number violating
process of same-sign dilepton plus two jets at the LHC [110), , , , —

|, as well as potentially large contributions to its low-energy analog, namely,
neutrinoless double beta decay [30, 21, , , , ~250]. In addition,
there are a plethora of lepton flavor violating (LFV) processes, such as p — e,
i — 3e, p — e conversion in nuclei, which can get sizable contributions from the
right-handed sector [31, , , , , , 250-254].

In this chapter, we focus on the scalar triplet contribution to the low-energy
LNV and LFV processes within a TeV-scale MLRSM framework. It is known that
for triplet masses much larger than the RH neutrino and gauge boson masses,
the triplet contributions to these processes are sub-dominant [198, , ].
However, since the direct experimental searches for these triplets at the LHC
still allow for the possibility of triplet masses 2 500 GeV [211] and the current
lower limits on the RH gauge boson masses are in the few TeV range [183—

|, it is worthwhile analyzing the possible scenarios where the triplet masses

135
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are comparable to or slightly higher than the RH neutrino or RH gauge boson
masses in the theory. In such cases, we find that the triplet contribution to Ov 33
and LFV processes can indeed be sizable, and in most cases, is already ruled out

by existing experimental constraints or can be probed in future experiments.

The framework for the MLRSM is discussed in Section 2.6. We have done
our analysis for two interesting limits:
(i) Type-I dominance, where the VEV of A; can be set to zero and the first
term on the r.h.s. of Eq. 2.33 vanishes, so that the light neutrino mass matrix is

governed by the usual type-I seesaw contribution [30]:

m, ~—mpMg'm], (4.1)
In this case, the light-heavy neutrino mixing Viy ~ mpMy' may or may not
give large contributions to the low-energy processes, depending on the textures
of mp and My to satisfy the neutrino oscillation data [21]. In our case this
mixing is small. Since our focus is on the triplet contribution, we will assume
for simplicity that mp is proportional to the identity matrix [200]. In this case,
Eq. 4.1 suggests that m, o< Mp' and the same PMNS mixing matrix U which
diagonalizes m,, also diagonalizes Mz'. This implies My is diagonalized by U*,
since U is assumed to be unitary. Moreover, the ratios of the RH neutrino
mass eigenvalues (M) are related to the corresponding mass eigenvalues in the
light neutrino sector (m;), which are experimentally constrained for a given mass
hierarchy. Thus, the only free parameter in the RH neutrino sector is the overall
mass scale, which we will fix by specifying the heaviest neutrino mass eigenvalue,
to be denoted hereafter by My. More explicitly, for normal hierarchy (NH) of
light neutrino masses, we have My = M, and therefore, My = (my/ms) My and
M; = (my/ms)My. Similarly, for inverted hierarchy (IH), we have My = M,
and therefore, My = (mg/mq) My and My = (mg/me) My [200].

(ii) Type II dominance, when the Dirac mass term mp is negligible, so that the
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light neutrino mass matrix is solely governed by the Higgs triplet contribution:
m, ~mr. (4.2)

In this case, the light-heavy neutrino mixing Vy is necessarily small and does not
play any role in the LNV and LFV observables. Moreover, if parity (or charge
conjugation) is taken to be the discrete L-R symmetry at the TeV-scale, this
implies fr = fr (or fr = f5) . Hence, Eq. 4.2 suggests that m, o Mg, i.e., the
same PMNS mixing matrix U diagonalizes both LH and RH neutrino sectors.
In this case, for NH, we have My = Mj, and therefore, M; = (my/m3)My
and My = (mg/m3)My, whereas for IH, we have My = M, and therefore,
My = (my/me) My and M3 = (mg/me) My [195].

In the following, we will be mostly interested in the masses of the doubly-
charged scalars, and for simplicity, we will assume them to be equal in the LH

and RH sectors. For convenience, we further define the parameter

1 1 1
= + , (4.3)

2 2 2
MA méfi m%i

and express our results for fixed values of the ratio of the heaviest neutrino mass

My to Ma: 7= My/Ma.

4.1 Lepton flavor violation

In the SM, the LFV decay rates are suppressed by the light neutrino masses,
and hence, are well below the current experimental limits [19, 50] and even the
distant-future sensitivities [51-53]. On the other hand, in the MLRSM, several
new contributions appear due to the additional RH current interactions, which
could lead to sizable LF'V rates for a TeV-scale vg. For example, the p — ey
process receives new contributions from both the scalar and gauge sectors, which

can be classified into three categories, namely, those involving purely LH currents

(LL), purely RH currents (RR) and mixed LH-RH currents (LR), as shown in
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Figure 4.1: Feynman diagrams for y — ey in the MLRSM.

Fig. 4.1. The corresponding branching ratio is given by [215]

BR(u — o) = "o (|G} + G (1.4)

where Qe = €2 /4 is the electromagnetic coupling constant, and the form factors

G| and G, are given by

3
M;
Gz = Z (V V*|€ |G’Y<az) S;zv'ezg —zaG’Y< )
i=1 "
2 2
ViV | 52 Gib) + ——5+1 ], 45
' [m%VR R T (45)
> , M.
G = > <S* SeiGY(a;) — V,iSeile ™G3 (a;) —
=1 m
2 My, 1 m%,VL
Vi Veibi l3m§++ +5 . |) (4.6)
L L
with a; = (mW ) bi = (mj\fv ) M; being the eigenvalues of the RH neutrino

mass matrix and V' is the RH neutrino mixing matrix which is related to the
PMNS mixing matrix in our case, and S is the light-heavy neutrino mixing matrix

which can be neglected for the choice of our parameters. Similarly, we can drop
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Figure 4.2: Feynman diagrams for ¢ — 3e in the MLRSM.

the terms depending on the Wy —Wg mixing parameter £ which is experimentally

constrained to be < 107 [1]. The loop functions G (a) are given as

2a® 4+ 5a®> — a 3a®
4(1 — a)? 2(1 —a)?
a’?—1la+4 3a?

Gi(a) = -  A—ap Ina. (4.8)

Gi(a) =

Ina, (4.7)

For the LFV process u — 3e, the Higgs triplets A, and Ag contribute to the
leading order, as shown in Fig. 4.2, thereby making the branching ratio of this

process potentially large [251, ]:

1 4 4
BR(u —+3¢) = g lyehi[* | oty ™ (4.9)
8 m5z+ m(;#

where hop = Z?:l ViV M; /mw,. Note that there is also an one-loop induced
contribution in the Type-I dominance [256], which is however suppressed by the
loop factors as well as by the light-heavy neutrino mixing, and hence, we can
safely ignore it, as compared to the tree-level contribution given by Eq. 4.9. In
Ref. [198], it has been pointed out that the current experimental constraint on
BR (i — 3e) < 1.0 x 1072 [50] requires that in Eq. 4.9, the triplet scalar masses
must be at least 10 times the heaviest RH neutrino mass scale in the theory,
i.e., the ratio r < 0.1, thereby making the Higgs triplet contribution to u — ey
and OvBf negligible. We show that while this is true in general, there can also
be cancellations due to the variations of the C'P phases in the PMNS mixing

matrix in which cases, this is not strictly required, i.e., the © — 3e rate can in
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Figure 4.3: The predicted branching ratios of u — ey (blue points) and pu — 3e
(red points) processes (when for a given light neutrino mass, current experimen-
tal bounds on the branching ratios of both are simultaneously satisfied) as a
function of the lightest neutrino mass for NH (left panels) and IH (right panels)
in Type-I (top panels) and Type-1II (bottom panels) dominance. The ratio of the
heaviest neutrino mass and the Higgs triplet mass has been set to r = 0.707. The
green shaded region is disfavored at 95% C.L. from Planck data. The blue solid
horizontal line is for MEG-II sensitivity, while PRISM/PRIME and Mu3e will
have sensitivities up to the blue dotted and red solid horizontal lines respectively.

principle be compatible with the experimental constraint even for larger values of
r. In these interesting scenarios, the Higgs triplet contribution to other LF'V and
Ov (5 processes can become sizable, and hence, must be included in the analysis.
This is illustrated below with three representative values of r (moderate, small
and large). We show that r values as large as O(1) are still allowed by current
experimental constraints, giving rise to interesting effects in low-energy LNV and

LEFV observables.
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4.1.1 Moderate value of r

We first consider the scenario with » = 0.707. For illustration, we set the RH
gauge boson mass my,, = 3.5 TeV, largest heavy neutrino mass My = 500 GeV
and the Higgs triplet masses Mgrt = Mgt = M oF = 1 TeV, which are consistent
with the direct experimental constraints from the LHC. Using these parameters
and Egs. 4.4 and 4.9, we compute the u — ey and p — 3e branching ratios,
respectively, as a function of the lightest neutrino mass. We take into account
the 30 variation of the oscillation parameters as given by a recent global fit [19],
as well as the variation of the Dirac CP phase ¢ between [0, 27| and Majorana
phases oy 2 between [0, 7]. We demand that our predicted LF'V branching ratios
should satisfy the current limits: BR(u — ey) < 5.7 x 107! from MEG [19] and
BR(z — 3e) < 1.0 x 1072 from SINDRUM [50] experiments. Our results are
shown in Fig. 4.3 by the blue (u — e7) and red (u — 3e) scattered points for NH
(left panels) and TH (right panels) in Type-I (top panels) and Type-II (bottom
panels) dominance. We find that for the type-I, NH case, the predicted LFV
branching ratios of u — ey and u — 3e are allowed by the present experimental
constraints, only if the lightest neutrino mass m; > 0.01 eV. For all other cases,
lower values of m;(mg3) are allowed. A part of this parameter space with quasi-
degenerate neutrinos is disfavored by the most stringent limit on the sum of
light neutrino masses ¥;m; < 0.17 eV at 95% C.L from Planck data [25], as
shown by the green shaded region in Fig. 4.3. From Fig. 4.3, we conclude that
for moderate values of My/Ma, the predicted LFV branching ratios for both
Type-I and Type-II dominance are within the reach of future experiments, such
as MEG-II [51], PRISM/PRIME [52] and Mu3e [53], as shown by the blue and

red horizontal lines in Fig. 4.3.

To better understand the dependence of the branching ratio on the lightest
neutrino mass, we consider only the best-fit values of the oscillation parame-
ters, as depicted in Fig. 4.4, where we show the individual contributions G7,
G} (¢f. Egs. 4.5 and 4.6) to the branching ratio of u — ev, as well as the

total contribution, for two different CP violating phases. For the line labeled
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Figure 4.4: Upper panels: Variation of G}, G} and the total branching ratio of
[ — ey process as a function of the light neutrino mass for § = 0 (left) and 7
(right). Lower panels: Variation of the branching ratio of ;1 — 3e as a function
of the lightest neutrino mass for 6 = 0 (left) and 7 (right). Here we have chosen
as =0, a3 =0, My/Ma = 0.707, Type-I dominance and NH case.

as (individual absolute)Q, we have summed over the absolute-square of the in-
dividual contributions inside G, G}, thereby neglecting the possibility of any
interference. However, the interference terms are important for the total contri-
bution to the branching ratio u — e7y. The phase variation induces suppression
in the branching ratio due to cancellation between different contributions. We
highlight this particular feature with suitable choices of the CP phases 6 = 0
and 7 in Fig. 4.4 (upper panels). From Figs. 4.4a and Fig. 4.4b, it is evident
that while the (individual absolute)? increases with the lightest neutrino mass,
the contributions G, G as well as the total BR(u — ey) decrease for quasi-
degenerate light neutrino masses. This happens due to the cancellation between
three comparable heavy neutrino contributions. Similar feature is visible for
i — 3e process, as depicted in Fig. 4.4c. From Fig. 4.4 (right panels), it is
evident that for the Dirac CP phase § = =, there is an additional suppression

in the branching ratios of u — ey and pu — 3e near m; ~ 0.01 €V due to exact
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Figure 4.5: The predicted branching ratios of ;1 — ey (blue points) and p — 3e
(red points) processes, when experimental bounds on the branching ratios of both
are simultaneously satisfied, as a function of the Majorana phase as for Type-I
and NH case.

cancellation between the different terms.

In Fig. 4.5 we show the constraints on the Majorana phase as that can be
obtained from LFV bounds for the Type-I, NH case for different values of the
ratio r. The oscillation parameters are varied as before and m; is varied in the
range 107% eV to 1 eV. The figures show that for » = 0.01414, corresponding to
Ma = 50 TeV, there are no constraints from LFV processes as for such a heavy
mass, the triplet is effectively decoupled. As the value of r increases the allowed
values of ay start getting restricted from LFV constraints and the preferred values
for avy are seen to cluster around 0 and 7. For r = 1.414 the LFV constraints are

stronger and the density of the points are lesser.
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4.1.2 Smaller value of r
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Figure 4.6: The predicted branching ratios of u — ey (blue points) and p — 3e
(red points) processes as a function of the lightest neutrino mass for NH (left
panels) and TH (right panels) in Type-I (top panels) and Type-II (bottom panels)
dominance. The ratio of the heaviest neutrino mass and the Higgs triplet mass
has been set to r = 0.1414. The green shaded region is disfavored at 95% C.L.
from Planck data. The blue solid horizontal line is for MEG-II sensitivity, while
PRISM/PRIME and Mu3e will have sensitivities up to the blue dotted and red
solid horizontal lines respectively.

Next we consider the case where My = 500 GeV and Mgt = Mg+ = 5 TeV,
leading to » = 0.1414. For such a heavy Higgs triplet, we expect its contribu-
tion to LFV processes to be relatively smaller, thereby allowing more MLRSM
parameter space for hierarchical neutrinos. This is indeed the case, as shown in
Fig. 4.6. A few comments are in order: (i) For the process u — e, the predicted
branching ratio is beyond the reach of MEG-II upgrade [51] excepting for Type-I

dominance and NH, where hierarchical m; ( < 0.01 eV) may just be within the
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reach. However, for the process 1 — 3e, the predicted branching ratios are within
the experimental reach of Mu3e [53]. (ii) For the scenarios shown in Figs. 4.6 (a),
(b) and (c), an additional suppression occurs due to phase cancellation in the
branching ratio of p1 — 3e for for Mmiightest ~ 1073 —1072 eV, thereby making part
of the allowed parameter space beyond the reach of the Mu3e sensitivity. How-
ever, the Type-II dominance IH cases is not affected by such phase-cancellation

(cf. Fig. 4.6 (d)) and hence, can be tested more easily in future.

b . . . b . . .
107 ?‘H“f?’?‘ 107r ,ii!!”tﬁw
10-14 |- MEG-1I ! 10-14 | MEG-1I = 'i; L

"1 -y

E 10_15 PRISM/ PRIME Mu3le "I é 10_15 PRISM / PRIME Mu3le "I

; 1071} r=1414 1 107"y r=1.414

' Planck o Planck
10-20} . BR(u—3e) Excluded {1 10720f + BR(u—3e) Excluded
10-22 Type-I+ NH . pooio 10-22 Type-1+1TH . pooey
1074 0.001 0.01 0.1 1 1074 0.001 0.01 0.1 1
my (eV) m;3 (eV)
(a) (b)

. . . . b . . —
10- ATHITTTH it
10-14 MEG —11 "I%"' 10-14 MEG —1II 'gaii'

o ] TP
i i
E 10_15 PRISM/ PRIME Mu3e "I é 10_15 PRISM / PRIME Mu3le ll
: 1071} 1.414 1° 107 %} 1.414
r=1. r=1.
Planck Planck
10-20} . BR(u—3ie) Excluded {1 10720} . BR(u—3e) Excluded
10-22 Type—Il + NH. griyoey) 10-22 Type I+ H. pryoey)
10°% 0.001 0.01 0.1 1 104 0.001 0.01 0.1 1
my (eV) mz (eV)
(c) (d)

Figure 4.7: The predicted branching ratios of u — ey (blue points) and pu — 3e
(red points) processes as a function of the lightest neutrino mass for NH (left
panels) and IH (right panels) in Type-I (top panels) and Type-II (bottom panels)
dominance. The ratio of the heaviest neutrino mass and the Higgs triplet mass
has been set to r = 1.414. The green shaded region is disfavored at 95% C.L.
from Planck data. The blue solid horizontal line is for MEG-II sensitivity, while
PRISM/PRIME and Mu3e will have sensitivities up to the blue dotted and red
solid horizontal lines respectively.
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Figure 4.8: The dominant LH and RH current contributions to the Ov53 process
in our model.

4.1.3 Larger value of r

In Fig. 4.7, we show the prediction for the other interesting regime, i.e., lighter
Higgs triplet and heavier RH neutrinos. We consider My = 500 GeV and Mgts =
ms++ = 500 GeV, so that r = 1.414. In this case, the predicted LF'V rates will
be much larger than the previous two cases, due to a large triplet contribution.
Hence, this scenario is heavily constrained from present experimental constraints.
It is evident from Fig. 4.7 that the predicted branching ratios are in agreement
with the experimental LFV rates, only for quasi-degenerate mass regime, which

is already disfavored by the cosmological constraints from Planck.
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4.2 Neutrinoless double beta decay

In a TeV-scale MLRSM, there are several new contributions to the LNV process
of Ovpp [30, 81, 198, 200, 201, 243-250, 257], due to the presence of RH currents

and Higgs triplets.
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Figure 4.9: The variation of the effective neutrino mass as a function of the
lightest neutrino mass for Type-I dominance with NH. The different panels cor-
respond to different values of . The green shaded area is disfavored at 95% C.L.
by Planck. The orange band corresponds to the range of |me.| = 0.18 — 0.22
eV, the region above which is excluded at 90% C.L. by the combined limit
from GERDA [258]. The black band corresponds to the future limit (|me.| =
0.098 — 0.12 eV) from Gerda-II.

As discussed in the previous section, the present bounds from y — ey and
i — 3e still allow the heavy neutrino to Higgs triplet masses as large as O(1).
So the Higgs triplet contribution to Ov33 can in principle be sizable and should
not be neglected. In our subsequent discussion of Ovg33, we therefore take into

account the Higgs triplet contribution from Ag. The contribution from the other
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Higgs triplet Ay is suppressed by the light neutrino mass. Also we assume the
mixing between the LH and RH sectors to be small, so that their contributions

to OvB[ can be neglected.

Thus, in our case, the half life of Ov5S only includes purely LH and RH

2) , (4.10)

where G/ is the phase space factor and MSZ’N are the relevant nuclear matrix

contributions:
1

Gye

2 Ov
+ ‘MNUR

- GBT(‘MS”UV

elements (NMEs) for light and heavy neutrino contributions, respectively. The
particle physics parameters 7, and ng correspond to the LH and RH amplitudes,
respectively (cf. Fig 4.8):

4 2 2
1 mw Ve Vs M;
— 72 U2 i = L § et § et , (411
L me % ei” R My (mWR> ( — M, + - mgy ) ( )

where m, and m, are the masses of electron and proton, respectively. The

corresponding effective neutrino mass is given by

4 2 2
my \ Ve M;
Mee = UZm; + (p? <L> <§ ) ) 4.12
%) mwp — M, - m?# ( )

where (p?) = (198)2 MeV?((185)% MeV?) for Myy,, = 3500 GeV (2000 GeV). Note

that the value of (p?) refer to Ge™ nuclei for which we have done our analysis.

In Fig. 4.9, we show the effective mass m.. versus the lightest neutrino mass
my for Type-I dominance with NH and for different values of the ratio r. In
obtaining the effective mass we have used only those values of parameters that
are consistent with the experimental limits of u — ey and u — 3e processes.

Thus these plots are inclusive of LFV constraints.
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Figure 4.10: The variation of the effective mass as a function of the lightest
neutrino mass for Type-I dominance and TH. The different panels correspond to
different values of . The green shaded area is disfavored at 95% C.L. by Planck.
The orange band corresponds to the range of |me.| = 0.18 — 0.22 eV, the region
above which is excluded at 90% C.L. by the combined limit from GERDA [255].
The black band corresponds to the future limit (|me.| = 0.098 — 0.12 V) from
Gerda-II.
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Figure 4.11: The variation of the effective mass as a function of the light neutrino
mass for Type-II dominance and NH. The orange band corresponds to the range
of |mee| = 0.18 —0.22 eV, the region above which is excluded at 90% C.L. by the
combined limit from GERDA [258]. The black band corresponds to the future
limit (Jmee| = 0.098 — 0.12 eV) from Gerda-II.

Fig. 4.9a is for r = 0.01414 (My = 500 GeV, Ma = 50 TeV). For such a
high value of My, it is almost decoupled and there are no constraints from the
LFV processes. Thus the m,, plot for Ov3f is the same as that obtained in [200]
without including the triplet contribution. Note that the width of the plot in
this case is due to the variation over the mixing angles and phases. Note that
for this case although there are no constraints from LFV, current Ov53 bounds
disfavor lower (fully hierarchical) and higher (QD) values of m;. The later are

also disfavored from Planck data.
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Figure 4.12: The variation of the effective mass as a function of the lightest
neutrino mass for Type-II dominance and IH. The different panels correspond to
different values of . The green shaded area is disfavored at 95% C.L. by Planck.
The orange band corresponds to the range of |me.| = 0.18 — 0.22 eV, the region
above which is excluded at 90% C.L. by the combined limit from GERDA [255].
The black band corresponds to the future limit (|me.| = 0.098 — 0.12 V) from
Gerda-II.

As we got to a higher value of r = 0.1414 (My = 500 GeV, M = 5000 GeV)
and a lower value of Mx in Fig. 4.9b the whole range of m; is seen to be allowed
from the current LFV constraints (see Fig. 4.6). However, there are constraints
on the Majorana phase as as has been shown in Fig. 4.5 of Section 4.1. This rules
out a part of the parameter space and very low values of m.. are not obtained.
The shape of the curve for m,, can be attributed to the constraints on the phases
from LFV bounds. We have checked that if LF'V constraints are not included
then the figure for m,. replicates the one for r = 0.01414.

For smaller Higgs triplet masses that lead to larger value of r, such as, r =

0.707 and 1.1414, the hierarchical mass range m; < 0.01 eV is ruled out and
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the experimentally allowed region is the quasi-degenerate region (see the first
panel corresponding to type-I NH in Fig. 4.3 and Fig. 4.7) The impact of the
LFV constraints on the prediction for Ov3/ is clearly visible from Fig. 4.9¢ and
Fig. 4.9d, where mostly for quasi-degenerate light neutrino masses, the effective
mass is in agreement with the LFV constraints. Note that the QD region is
already disfavoured by the Planck data and the value of the effective mass in
this region is also beyond the current experimental limit and hence is excluded.
For r=0.707 a small window for m; (~ 0.005 — 0.05 eV) still exists which is
consistent with all the current constraints. However this region is beyond the

reach of the future Ge experiments.

Similarly, in Figs. 4.10, 4.11 and 4.12, we show the effective mass versus light-
est neutrino mass for the case of Type-I dominance with IH, Type-II dominance
with NH and IH, respectively. For these cases again the r = 0.01414 gives m.,
as is obtained without the inclusion of the triplet effect. Also note that for these
plots the cancellation region with very low value of m.. is not obtained. From
the figures, it is evident that a large r = 1.414 is highly constrained, whereas a
moderate value of r is more favorable and some regions exist which can further
be tested in next generation Ovff experiments, such as GERDA-II [259], along
with the future LFV experiments. The exclusion of certain regions of parameter
space specially for higher values of the lowest mass is due to the constraint on

the phase as from LFV processes.

4.3 Diboson excess, LFV and 0v3(

A number of recent resonance searches with the /s = 8 TeV LHC data have
observed excess events around an invariant mass of 2 TeV, the most notable one
being a 3.40 local excess in the ATLAS search [260-262] for a heavy resonance
decaying into a pair of SM gauge bosons V'V (with V = W, Z), followed by the

hadronic decay of the diboson system.
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Figure 4.13: The branching ratio of u — ey and p — 3e vs light neutrino mass,
for the right-handed gauge boson mass My, = 2 TeV and %—Z = 0.707. The
different panels correspond to: (a) Type-I dominant NH (b) Type-I dominant TH
(¢) Type-II dominant NH (d) Type-II dominant IH.

The corresponding CMS search also reports a mild excess around the same
invariant mass [263, 264]. This diboson excess can be explained by a TeV-scale
MLRSM for the RH gauge boson mass my, = 2 TeV and the corresponding
71]. In this section, we study the implications of

)]). For the

gauge coupling gg = 0.5 [265—
the diboson excess on the predictions of LFV and 0v( (see also [25(

gauge couplings gr # g1, the LFV process u — ey, u — 3e will be as follows:

Saem
BR(1 — ey) = (|G ®+IGH), (4.13)
where the factors G} and G, are given by,
3 2 2b. m3
Gl ~ (22 Viuvi, [(mm) Gy (by) + S D (4.14)
gL i=1 mWR 3 md;""
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3 2 2 1 2
Gp ~ (@)2 ZVLM‘VL*EJD@' l(mWL > G (b:) mWL]). (4.15)

2
() —— 3 m52r+ 12 me

The effective mass of Ov33 will be of the following form:
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Figure 4.14: The effective mass m,. vs light neutrino mass, for the right-handed
gauge boson mass My, = 2 TeV and MN = 0.707. The different panels corre-
spond to: (a) Type-I dominant NH (b) Type I dominant IH (c¢) Type-II domi-
nant NH (d) Type-II dominant TH. The orange band corresponds to the range
of |me.| = 0.18 = 0.22 eV, the region above which is excluded at 90% C.L. by the
combined limit from GERDA [258]. The black band corresponds to the future
limit (|| = 0.098 — 0.12 eV) from Gerda-II.
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Figure 4.15: The allowed region in the My vs Ma plane that is experimentally
allowed by LFV processes, as well as Ov33. The green points are after satisfying
the LF'V constraints, while the red points also satisfy the current upper bound on
effective mass me. < 0.18 eV. It is evident, that for My, = 2 TeV and gr = 0.5,
the lighter Higgs triplet and heaviest neutrino masses, such as, 500 GeV is ruled
out by the experimental constraints.

In Figs. 4.13 and 4.14, we show the branching ratios of © — ey, u — 3e
processes and the effective mass m,, for the right-handed gauge boson mass
My, = 2 TeV. Comparing Fig. 4.13 with Fig. 4.3 of My, = 3.5 TeV, it is
evident that even moderate value of » = 0.707 is severely constrained. This is
also reflected in Fig. 4.14 from Ov(3f limits. Finally in Fig. 4.15, we show the
allowed region in the My vs Ma plane that is experimentally allowed by LEV
processes, as well as OvB3. It is evident, that for My, = 2 TeV and gg = 0.5,
the lighter Higgs triplet and heaviest neutrino masses, such as, 500 GeV is ruled
out by the experimental constraints. The blue shaded regions correspond to the
natural case with My and M <2 TeV. In the figures the green points are
after satisfying the LFV constraints, while the red points also satisfy the current

upper bound on effective mass m.. < 0.18 eV.
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4.4 Summary

To summarize this chapter, we have studied the correlated constraints from LE'V
and Ov(p for a TeV scale MLRSM including the contribution of the Higgs triplet
(Ag). Earlier this contribution was neglected assuming LFV constraints to be
satisfied only if the ratio of the heaviest right handed neutrino mass to the triplet
mass: %—Z = r < 0.1. We show that for lower values of Ma (allowed by the
current constraints), such that » < O(1), it is possible to get allowed parameter
regions consistent with the LFV limits. We perform our investigation in the
Type-I and Type-II seesaw dominance limits for both NH and TH. We fix the
mass of the heaviest sterile neutrino My = 500 GeV and vary the triplet mass
to get various values of the quantity r. For a moderate value of r = 0.707, lower
values of m; are disfavoured for only the type-I, NH case from LF'V constraints.
Constraints are also obtained on the phase as restricting it near 0 and 7. For
r = 1.414, LF'V data puts strong constraints on the light neutrino mass and only
quasi-degenerate region remains consistent with LF'V constraints. However, this
region is disfavored by Planck experiment as well as current experiments on Ov /3.
For a smaller r = 0.1414 the constraints from LFV are not very strong. We also
give the predictions for m.,. for all the cases including the constraints from LFV.
In general as r is enhanced, because of the LE'V constraints, less and less regions
are allowed for m,. in all the cases. For lower values of » = 0.1414,0.707, the
current limits of Ov 3 disfavors some regions for smaller values of the lowest mass
as well as the QD regions which are in any case disfavoured by the Planck data.
The LFV constraints on the Majorana phase as play a non-trivial role in ruling
out parts of parameter spaces. Finally, we also study the allowed parameter space
for My, = 2 TeV and gg = 0.5 which is motivated by the recent indication of a
diboson excess by the ATLAS experiment. This scenario is heavily constrained

even for a moderate value of » = 0.707.



Chapter 5

Conclusion and future prospects

Neutrinos are massless in the SM but oscillation experiments have established
that they have mass. The mechanism of neutrino mass generation remains a
profound puzzle in particle physics. One of the unique features for neutrinos
as compared to the other fermions is the possibility of having a Majorana mass
term, which violates lepton number by 2 units. Since the masses of neutrinos
are much smaller as compared to their charged counterparts questions arise as
to whether the mechanism of neutrino mass generation is different and can be
connected to the Majorana nature of the neutrinos. A natural way to generate
small neutrino masses is provided by the seesaw models which require neutrinos
to be Majorana particles. The outstanding performance of the world’s largest
collider, the LHC, has generated a lot of interest to search for signatures of
models that can generate neutrino masses, at colliders. For this the scale of new
physics should be ~ TeV.

In this thesis we have examined the possibility of probing neutrino mass
models at colliders. Thus our prime interest is the TeV scale models which also
allow for a sizable production of the BSM particles. We have studied three
scenarios (i) the Babu-Nandi-Tavartkiladze-model (BNTM), in which neutrino
mass is generated by a higher dimensional operator (d = 7) at tree level, and by
a dimension-5 operator at one loop level. The smallness of the neutrino masses
is partially attributed to the small lepton number violating coupling, along with

the suppression from higher dimensionality and the loop factor; (ii) the minimal
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linear seesaw model (MLSM), in which, smallness of neutrino mass is assured by
a tiny lepton number violating parameter; (iii) the minimal Left-Right symmetric
model (MLRSM), which is a model with an extended gauge sector. In case of the
MLRSM, even though the light-heavy mixing is small there can be interesting
consequences at the collider as well as for LFV and Ovf3j processes due to the

presence of right-handed currents at the TeV scale.

The LHC has discovered the Higgs boson and looks forward to discover/get
a hint of new physics in its future runs. The multilepton signatures are regarded
as an important window to look for BSM physics at the LHC. As the multiplicity
of charged leptons (¢ = e, i) increases, the SM backgrounds decrease. We have
analyzed the multilepton signatures in the above three models. In the BNTM
and the MLRSM, the multilepton signatures originate from the charged scalars,
while in the MLSM the decays of heavy neutrinos lead to the multilepton signals.
We have discussed the production and decays of the BSM particles i.e., the
charged scalars and the heavy neutrinos. In the MLSM and the MLRSM, we
have considered the standard s-channel and for some cases VBF productions of
the heavy neutrinos and the charged scalars. For our numerical study, various

packages like CalcHEP, ALPGEN, MadGraph, PYTHIA are used.

BNTM is an example model in which neutrino masses are generated by
higher dimensional operators. Neutrino masses are generated through an effec-
tive dimension-7 operator at the tree level and through a dimension-5 operator
at the one loop level. This model is an extension of the SM with an isospin 3/2
scalar and a pair of vector-like SU(2)y, triplet fermions with hypercharge 2. We
have studied the multilepton signatures originating from the charged scalars in
this model. We chose the scalar quadruplet to be of mass lower than TeV such
that the charged scalars belonging to this can be pair produced at the LHC.
Subsequent decays of these scalars to leptons or W-bosons and further decays
of W-boson produce multilepton final states. We have analysed the tri-lepton,
same-sign tri-lepton, four-lepton, five-lepton and six-lepton signals in this model
at the LHC at /s = 14 TeV with an integrated luminosity [ Ldt = 100 fb™'.

The important signatures of this model are the same-sign-tri-lepton, five-lepton
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and six-lepton signals which have almost nil background from the SM.

A noteworthy feature in this model is the presence of the effective vertex
O+ (T ¢F which facilitates the same-sign-tri-lepton events for which the SM back-
ground is not significant and hence they can herald new physics beyond the SM.
Moreover, since this vertex depends on the neutrino mass matrix elements, it
induces a dependence on the neutrino mass hierarchy in the observed signal.
The signatures are studied for both NH and IH. We choose the parameters of
the model to cover the different dominant decay modes of the charged scalars.
Among the events studied, the 6 lepton events do not survive the cuts for most of
the benchmark points. For the other multilepton events significant excess over
the SM background can be observed. Another hallmark of this model is the
possibility of obtaining flavor violating four-lepton signal. We have investigated
this option in the context of the LHC and found significant number of events.
We have also estimated the additional contribution due to the presence of the
new particles, to the H — =~ rate in this model. In conclusion we find that, this
model is phenomenologically rich, can generate small neutrino mass consistent

with data and can also be probed at the LHC through the multilepton signatures.

The MLSM is an extension of the SM by two heavy gauge singlets with op-
posite lepton numbers. The model consists of one massless, two light Majorana
and two heavy Dirac neutrinos. This model is fully reconstructible from the
oscillation data, except an overall coupling. This coupling is constrained by the
LFV and stability of the electroweak vacuum [39]. We have studied the collider
phenomenology of heavy neutrinos in the MLSM at the LHC with 14 TeV center
of mass energy. In particular the tri-lepton signals with missing energy, in both
the cases of heavy neutrino productions- s-channel and VBF, have been consid-
ered. This model can have significance at the LHC for particular combinations of
the Majorana phases, otherwise the model can not give significant signals of the
heavy neutrinos at the LHC. We found that the s-channel tri-lepton production
process have potential to be discovered at the LHC for IH scenario. However
due to severe constraint on the light-heavy mixing coming from LFV in the case

of NH scenario, both s-channel and VBF productions can not be probed at the
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14 TeV LHC with proposed luminosity. For a benchmark point with a heavy
neutrino mass My = 100 GeV, 30 significance can be achieved with integrated
luminosity of ~ 0.73 (2175) fb™' for s-channel (VBF) signal in the IH scenario.
50 significance can be reached for s-channel signal with a integrated luminosity of
~ 2 fb™!, however for VBF signal the required luminosity is ~ 6042 fb™", which
is beyond the reach of projected luminosity at the LHC. Discovery reach in the
tri-lepton channel can be achieved up to the heavy neutrino mass of ~ 210 (230)
GeV with ~50 (30) significance at the low luminosity (300 fb™") option of 14
TeV LHC. In the high luminosity (3000 fb~!) search, reach is up to ~ 270 (295)
GeV, whereas, VBF channel can only reach up to ~ 30 for My at 100 GeV.

The MLRSM is a gauge extension of the SM with the gauge group SU(2); ®
SU(2)r @ U(1)p—_r. The scalar sector consists of two Higgs triplets and a bi-
doublet. The MLRSM restores the parity symmetry beyond some higher scale,
the parity breaking scale, and explain the chiral asymmetry of the SM once the
parity symmetry is broken spontaneously. It leads naturally to seesaw mechanism
which has been a paradigm for understanding small neutrino mass. If the scale
of the Left-Right symmetry breaking is low (~ TeV), one would directly see its
signatures at colliders. Other processes like Ov53, LFV can also get contributions

from the particles having low mass scale.

We have noted down the bounds on the masses of the BSM particles in the
MLRSM. Different low energy and collider data have already pushed the masses
of the heavy gauge bosons in the MLRSM beyond 1 TeV, but the masses of the
charged scalars can be lower. Even after considering FCNC constraint which
requires some of the neutral scalars to be beyond 10 TeV, the SM Higgs mass
constraint and the constraints on the masses of the particles from the LHC, some
of the charged scalar can be light. From the constraints coming from FCNC and
mass of the SM-like Higgs, we found that three of the charged scalars Hi* Hi*
and Hi can be simultaneously light, but the fourth one, Hy, can not be light.
From theoretical considerations we also found a lowest limit on the masses of
the doubly charged scalar, M HEES while the other doubly charged scalar, HF*,

is not constrained from below. The lowest limit on M HEE is important, as the
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production of H;"* is much bigger than that of Hy™ [163].

We have concentrated on studies connected with discovery potential of the
charged Higgs bosons within canonical MLRSM which is already phenomenolog-
ically rich . They can be produced at the LHC with non-negligible cross sections.
However, their production cross sections decrease rapidly with their masses, that
is why we have undertaken here more detailed and systematic studies including
the production and decays of charged scalars. We have focused on the single
and pair production of doubly charged scalars. We have chosen the benchmark
points in such a way that signals connected with doubly charged scalars can
dominate over non-standard signals coming from both heavy gauge and neutral
Higgs bosons. We have analyzed the four-lepton and tri-lepton signals at the
LHC. If planned integrated luminosity in the next LHC run at /s = 14 TeV
is about 10 times larger than the present value (~ 30 fb™!), clear signals with
four-leptons without missing energy and tri-lepton signals can be detected. This
will be an indication of doubly charged scalars. These multi lepton final states
possess very small SM background. We have shown that the MLRSM can give
such signals for doubly charged masses up to approximately 600 GeV. In our
analysis we have used the dilepton invariant mass and lepton-lepton separation
distributions. We also estimate the amount of charge asymmetry in signal as well
as background events, and show that this might be a smoking gun feature for
future discovery. The same- and opposite-sign charged lepton signals have been
analyzed using proper kinematic cuts and the clear impact of doubly charged
scalars are noted carefully. In the MLRSM the charged gauge bosons are heavy
(7 3TeV), but the charged scalars can contribute to H — 7 branching ratio.

This contribution has been calculated.

We have also considered production and decays of pair of doubly charged
Higgs bosons through vector boson fusion within MLRSM framework. To do so
we have evaluated suitable bench mark points for masses of Higgs bosons, which
are in agreement with several constraints coming from FCNC, vacuum stability,
LEPII and recent ATLAS searches on doubly charged scalars. We have further
noted and shown that the splitting between the doubly (Hi* ) and singly (Hi)
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charged scalars is less than My, , irrespective of the SU(2) g breaking scale. Thus
the on-shell decay H:¥* — H{ W is protected and the decay branching ratio of
the doubly charged scalar Hi-* is affected.

We have computed the signal cross section for the process pp — H fﬁH fF/:QF 77 —
{0+ (T (7 4 using realistic cuts. The necessary SM background for this final state
is also evaluated. It has been shown that the 14 TeV LHC even with high in-
tegrated luminosity will not be sensitive to the VBF-like signals Hli/fo/:zF ii,
even with relatively light doubly charged Higgs bosons (~ 500 GeV). However,
we have shown that much better perspective exists for the future FCC colliders

with center of mass energies 33 and (or) 100 TeV.

Indeed, we are in a very exciting moment and the next LHC run should
be decisive if our scenario with relatively light charged Higgs bosons can be
realized. The 14 TeV LHC still has a room for discovery of Left-Right gauge
symmetry signals through s-channel production of the MLRSM doubly charged
Higgs bosons as long as their masses are below 1 TeV range (m HEE < 600 GeV).
In the case of VBF production of doubly charged scalars, 14 TeV LHC will not
be sensitive even for my++ ~ 500 GeV, however, 100 TeV FCC-hh collider can

give significant signals for ~ 1TeV.

Using examples of the MLRSM (and the BNTM) we have shown that we are
slowly approaching to the era at the LHC physics where details of the elusive

Higgs sectors can be analyzed.

We have also studied phenomenological consequences other than the collid-
ers, in the context of the MLRSM in Chapter 4. In the TeV scale MLRSM, there
can be additional contributions to LFV processes as well as Ov53, which can
arise from the diagrams involving a right-handed gauge boson Wy together with
the heavy Majorana neutrinos Ng, or Higgs triplet states Ag. In this chapter,
we discussed in detail the possible interplay between different contributions. We
have done our analysis for Type-I and Type-II dominant seesaw mechanism. For
lower masses of the Higgs triplets, which is in agreement with the present exper-
imental limits, its contribution can significantly enhance the branching ratio of

i — ey and p — 3e, thereby disfavoring such scenarios. The natural suppression
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in the branching ratios occur, when the light as well as the heavy neutrinos are
quasi-degenerate among themselves. The predicted branching ratio can be ex-
plored in next generation LFV and Ov(3 experiments for moderate to large ratio
of My /Ma. We have also studied the implication of the recent diboson excess by
ATLAS on LFV processes and Ovg3. With the right-handed gauge boson mass
My, = 2 TeV, as required to explain the diboson excess, even moderate values

of My /Mn are severely constrained by the present Ov35 and LFV limits.

To summarize, we have studied the collider signatures of three specific TeV
scale models in this thesis and for one of the models studied the impact for
LFV and neutrinoless double beta decay. The hallmark of all the models that
we have considered is the multilepton signatures. However, the mechanism of
neutrino mass generation as well as the particle content are different in the three
different models. The minimal model is the MLSM which can be constrained
from LFV and vacuum stability, however since heavy neutrinos are of Dirac
nature neutrinoless double beta due to the additional neutrinos are suppressed.
The signature that we have studied in this case is the tri-lepton signal with
mixed charged leptons. On the other hand in the BNTM, although the neutrino
mass matrix has the same form as that in the MLSM, the presence of the triply
charged Higgs scalar gives rise to the same-sign-tri-lepton signature due to the
lepton number violating vertex. We have assumed the additional fermion sector
in this model to be beyond the reach of the colliders. Such studies have been
performed in Ref. [I18]. LF'V in the context of this model has also been studied
in [96]. A correlated study of LE'V and collider signals in this model can also be
interesting. There are also models with higher dimensional operators with d > 7
with higher dimensional representations of additional scalars and fermions. There
are further scopes of similar studies in the context of some of these models. The
MLRSM offers very interesting phenomenology due to the right-handed sector
at TeV scale. Several interesting things can still be done in the context of these
models. This includes more detailed comparison studies including also lepton
spin correlations and their angular distributions with other non-standard models

where doubly charged scalars exist. Such studies have been performed in the
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context of the type-1I seesaw model in [272]). One can also do studies of dedicated
distributions for processes involving doubly charged Higgs bosons with both jets
and missing energy; In the MLRSM, VBF-like signals connected with H3* scalar
production (which is a part of the right-handed triplet) is comparable with the
Hi* scalar production, see Eqgs. (3.80) and (3.81). Thus the cross section for
signal events are larger compared to that for Type-II seesaw scenario with same
masses for triplet scalars. This may be an avenue to disentangle between MLRSM
and SM with additional triplet, e.g. Higgs Triplet Model [182, , ], though
detailed analyses are needed to make more precise statement.

As a general conclusion of the thesis, we have looked for signatures of neutrino
mass generation mechanisms at colliders and at other low energy experiments.
Only after analyzing carefully the experiment data from different sectors, one can
find out which of the models studied in this thesis, if any, is the right description

of nature.



Appendix A

Feynman rules in the BNTM

A.1 Quadruplet scalar kinetic term

The quadruplet scalar kinetic term in Eq. 2.50 reads as:

L= (D"®)!(D,®). (A1)

The Feynman rules for the interaction of the ® field with gauge bosons can

be obtained from the covariant derivative
. - = . /Y
D,® = (GH —igT' "W, —ig 2Bu> o. (A.2)

Since the ® belongs to the isospin-3/2 representation of SU(2), the generators

T, can be expressed as,

0 Vv3/2 0 0 0 —iv3/2 0 0
Vv3/2 0 1 0 . iv3/2 0 —i 0

Tl = 3 2 =
0 1 0 3/2 0 i 0  —iv3/2
0 0 V3/2 0 0 0 iv3/2 0
Ty = diag(3/2,1/2,—1/2,-3/2). (A.3)
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A.2 Yukawa interactions of fermion triplets
The Yukawa Lagrangian for the 3 field is given as:
Ly = Yi@[{bz La'bG““, + Yi’zTR“b@abcliLc,eccl + h.c., (A.4)

where a,b etc. are SU(2) indices.

The components of ¥, i are:

1
S =X = ﬁer,Ezz ="

The components of quadruplet scalar field ® are:

1
By = BT, By = —BF A5
111 n = (A.5)
1
Do = —=DF, Dy ="

V3

In the form of component fields the terms in Eq. A.4 can be written as:

1 S —= — .1
LCH'S), = ViLOH—EEf + U CHYS — 1 CH St — z;LCHOﬂz:L*(A.(a)

— ab / — 1 — 1 1 —— 1
Yp Pupelipge = YpTTOTTL 42 _Npt 0T — 2 _Npt—dTy,
R beliL ¢ R oL \/§ R \/5 il \/§ R \/g L
— =3 = 1
ST =0Ty, — X0y, + B =0T . (A7)

V3 V3

A.3 Neutrino mass through dimension-7 effec-

tive vertex

In this sub-section we discuss the tree level diagram which gives rise to the

dimension-7 effective operator, see Fig. A.1.

The tree level diagram can be evaluated in the small momentum transfer
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Figure A.1: The tree-level diagram for the generation of the dimension-7 effective
vertex is shown on the left-hand side. The right-hand figure shows the effective
vertex in the low energy approximation.

limit as,

4 1 1 . .
Mij = PL(Y;Y;)p_ M2p2 — M‘%O)\5€aa/€gg/PL + 14
11 o
— (Y3Y, ) — 1E . .
o, V) A, e S Pt (A.8)
’ [

The diagram on the right-side can be evaluated as,

Lo = &y (lgiaagH) (H"6°<l,) (H'H) + huc., (A.9)
= —Ky (lgaHa/lig,HbeHQ €ad'Egy T heCo (A.10)

which leads to
Mij = —Rij€.4 € /PL. (All)

aa ~gg

Tree level matching then gives,

(Y;Y; + YY)
R . A12
i Ms M2, (A.12)

Therefore, the neutrino mass after symmetry breaking is

(VY] + YY)
MEM%O

(A.13)

mVij = —
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A.4 Lepton flavor violating effective vertex

There is an interesting lepton number violating vertex which arises in this model

from the diagram in Fig. A.2.

Figure A.2: Effective vertex of ®*¢;¢; coupling.

In the limit of small momentum transfer, integrating out the heavy fields 3,

this diagram gives rise to an effective ®**1;7[; vertex, which after the H 0 field

gets VEV gives 27\%2@ The singly charged and neutral scalar (®*, ®°) can also
have similar effective vertex and can decay to a lepton and a neutrino or two

neutrinos.

A.5 Feynman rules

In this section we tabulate the Feynman rules required in the calculation, involv-
ing the additional particles in the model — namely the the isospin 3/2 scalar and
the vector-like triplet fermions. We also tabulate the Feynman rule correspond-
ing to the dimension-7 effective operator obtained by integrating out the triplet
fermions and the isospin 3/2 scalars. The arrows on the fermion lines indicate

the direction of the lepton number flow.

¢ Feynman rules relevant for production and detection of ¢

The interactions from the expansion of Eq. A.1 give rise to the following

vertices used in our calculations. The last one comes from the diagram



A.5. Feynman rules 169

discussed in Appendix A.4 and depends on the effective neutrino mass.

. /(D***
o 4
v A
’ / 1 7 . 3eCos20w ¢,
ANAAAANANK t=3e(p1 — p2)u INAANNANANK F = Ginany (P1— P2)u
N N
Y X
N N
P2 N P2 N
++
" /(I) /@++
/ p1 ,
A A
AH 7 .9 _ VAL 4 . 2e(Cos20w—1/2)
AVAVAVAVAVAVAY ¢ t—2e(pr— p2)u ANANANNANNK L (1 — p2)u
N N
X x
\ \:
P2 N P2 N
(I>++ 7+
% / W
A
Pt — g 3 o+
- - > — : \/;g(pl —1)2),,, — = 5> — : \/§g2’qu,
Wwet wt
e
++ L
[ — 5 < * 2V3ve
0t

Figure A.3: Feynman rules for the production and decays of charged scalars.

¢ The Feynman rules for the Yukawa interactions of ¥
The Yukawa Interactions of ¥ are calculated in Section A.2. The vertex
factors are extracted from Eq. A.4.

¢ The Feynman rules for effective vertex s

The effective vertex k is derived in Eqs. A.11, A.12.
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Figure A.4: Feynman rules for Yukawas in the Lagrangian.
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Figure A.5: Feynman rules for the effective vertices.



Appendix B

Potential in the MLRSM

B.1 Scalar potential of the MLRSM

In this section we write the most general Higgs potential of the MLRSM. It was

discussed elaborately in Ref. [275], and is given as,
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Chapter B. Potential in the MLRSM

‘CHiggs

—p2Tr[®10] — 12(Tr[®df) + Tr[dTd))

—u3(Tr[ALAL] + Tr[ARAL))

M Tr[®DT? 4 Ao (Tr[®DT)? + Tr[®TD]?) + \s(Tr[DDT T[0T D))
+ M (Tr[@DT(Tr[®dT] + Tr[dT D))

+p1(Tr[ALALP + Tr[ARAR])

+pa(Tr[ALALTrALAL] + Tr[ApAg] Tr[ARAR)
+p3(Tr[ALALTr[ARA])
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_l_

oy (Tr[@DT(Tr[AL AL + Tr[ARAL])
+ay(Tr[@0TTr[ARAL] + Tr[@d!|Tr[ALAT]))
i (Tr[@T ) Tr[ARAL] + Tr[®t @) Tr[ALAT]))
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+61(Tr[®ARDTAT] + Tr[df AL OAL))
+Bo(Tr[PARDTAL] + Tr[®TA L DAL
( )

+B3(Tr[PARDTAL] + Tr[@dT AL OAL]). (B.1)

The potential is invariant under the symmetry A; < Ag, ® < ®f. To avoid

the fine tuning problem the § terms (Eq. A2 in [275]) are made to vanish,

B; = 0 (i=1,2,3). This implies that v;, = 0. The oy parameter is assumed to be

real, therefore there is no explicit CP violation in the Higgs potential and the

spontaneous CP symmetry breaking also does not appear as vacuum expectation

values are real.



Appendix C

FCNC in the MLRSM

C.1 Reconciling FCNC effects and large vy with
relatively light charged Higgs mass spec-
trum within MLRSM

A scan of potential parameters based on the numerical diagonalization and min-
imization of the complete MLRSM Higgs potential within our own implemen-
tation of the FeynRules package [161] has been performed. This leads to the
Fig. 3.13. Here, just for illustration, we discuss it in a simplified form based on
approximations discussed in [207]. In MLRSM there is one neutral SM-like Higgs
boson having mass proportional to the vacuum expectation value (VEV) ky (~
electroweak breaking scale). The other Higgs bosons are much heavier. A natural
mass scale for them is driven by vg which decides about the SU(2)p @ U(1)p_1,
breaking scale. As discussed in the main text, we assume large vg (~ 8 TeV), to

be consistent with the experimental constraints.

The minimization and diagonalization of the MLRSM Higgs potential have
been investigated in [1 73] and explicit correlations among physical and unphysical
scalar fields are given in [207]. For the sake of completeness, here we have

depicted them along with their mass relations considering xo = 0:

173
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o masses
M,%Ig ~ 2K3N, (C.1)
M?{? ~ ;agv%, (C.2)
My =~ 2k My~ (o —201), (C.3)
M2y ;agvg—znf (200 — Ag), (C.4)
My = oo —2m1), (€5)
2 Ly Lo 2 1 s Lo
M =~ SR (p3s —2p1) + Pt M ~ 3% [UR + okt (C.6)
Mélii ~ ; {v% (p3 —2p1) + 043/1%] : M?{Zﬁ ~ 2pp0% + ;agm%.(Cﬂ)

o Unphysical fields in terms of the physical fields! (“G” stands for Goldstone

modes)

1 L~
@0~ —Q[Hg—i—zGﬂ, (C.8)
1 .
Py = 7[H?—ZA?], (C.9)
1 . 1 .
8 = —2<H§+ZGS), 52:E(H§+ZA3), (C.10)
§f = Hif, 05 ~GF, (C.11)
¢ =~ Hy, ¢y ~Gf, (C.12)
it = HEE, R = HEE (C.13)

As masses of quarks are non-degenerate, FCNC effects appear through the

Ap part of the following Lagrangian [71]

Lquarkaiggs(ua d) = - U |:PL (MZlLiagBE]k + UCKMMd

diag

[JCK Mt Ao)

+ Pr (M, Bo + UM Mg, UKMTAS) | U(C.14)

1n [163] we wrongly assigned HljEjE with right triplet and H2jEjE with left triplet in Eq. A.13.
We would like to thank Juan Carlos Vasquez for drawing our attention to this fact as he
considered also this process in [276].
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where Ay is a linear combination of neutral physical Higgs and Goldstone fields

connected with a bi-doublet ® [173], and taking into account Eq. C.9, we finally
have

Ay = V2(rig) = (H) —iA)). (C.15)

To suppress the effects connected with these fields [7%, , —210], their

masses need to be at least ~ 10 TeV. In our analysis we have kept them to be ~

15 TeV:

myo, myo > 15 TeV. (C.16)

It can be easily shown that for the masses of Higgs bosons, as in Eqs.C.2-
C.7, we can find parameters of the MLRSM Higgs potential within the per-
turbative limit, and simultaneously satisfy the light charged Higgs bosons and
Eq. C.16. This can be achieved even after keeping three charged Higgs bosons
HIE HF:, HE relatively light. For instance, with vp = 8 TeV and k; = 246
GeV we find the scalar spectrum (in GeV)

My = 125, (C.17)
Mpyo = 15062, My = 11313, Mpyo = 505, (C.18)
My = 15066, (C.19)
My = 505, (C.20)
Mys = 602, My = 15066, (C.21)
Myze = 685, Mzs = 463, (C.22)
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where

pr = 17 p2:07 P3:20087 (623)
A= 013, XA=0, A=1, (C.24)
a; = 7.09. (C.25)

We can see that the remaining fourth charged Higgs boson Hy in MLRSM
is naturally very heavy. To make it light, one needs to go beyond MLRSM and
incorporate new terms in the scalar potential which would affect MLRSM Higgs

boson masses?.

2Let us imagine that an additional intermediate energy scale is introduced connected with
VEV of an additional SU(2);, and SU(2)g singlet scalar field (such scalars give for instance
heavy neutrino Majorana mass terms but they decouple from other low energy phenomenolog-
ical effects). If this scalar couple to the MLRSM right handed triplet fields, it would modify
Eqgs.C.6-C.7 but because of its large VEV, mixing of MLRSM Higgs scalars with this state
would be negligible, so the effective couplings of MLRSM Higgs bosons, including HQi, would
stay the same.
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ABSTRACT: The charged Higgs boson sector of the Minimal Manifest Left-Right Symmetric
model (MLRSM) is investigated in the context of LHC discovery search for new physics
beyond Standard Model. We discuss and summarise the main processes within MLRSM
where heavy charged Higgs bosons can be produced at the LHC. We explore the scena-
rios where the amplified signals due to relatively light charged scalars dominate against
heavy neutral Zs and charged gauge W, as well as heavy neutral Higgs bosons signals
which are dumped due to large vacuum expectation value vy of the right-handed scalar
triplet. Consistency with FCNC effects implies masses of two neutral Higgs bosons AY, H}
to be at least of 10 TeV order, which in turn implies that in MLRSM only three of four
charged Higgs bosons, namely HljcgfE and ch7 can be simultaneously light. In particular,
production processes with one and two doubly charged Higgs bosons are considered. We
further incorporate the decays of those scalars leading to multi lepton signals at the LHC.
Branching ratios for heavy neutrino Ng, Ws and Z5 decay into charged Higgs bosons are
calculated. These effects are substantial enough and cannot be neglected. The tri- and
four-lepton final states for different benchmark points are analysed. Kinematic cuts are
chosen in order to strength the leptonic signals and decrease the Standard Model (SM)
background. The results are presented using di-lepton invariant mass and lepton-lepton
separation distributions for the same sign (SSDL) and opposite sign (OSDL) di-leptons
as well as the charge asymmetry are also discussed. We have found that for considered
MLRSM processes tri-lepton and four-lepton signals are most important for their detection
when compared to the SM background. Both of the signals can be detected at 14 TeV
collisions at the LHC with integrated luminosity at the level of 300 fb~! with doubly charged
Higgs bosons up to approximately 600 GeV. Finally, possible extra contribution of the
charged MLRSM scalar particles to the measured Higgs to di-photon (Hg — y7y) decay is
computed and pointed out.
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1 Introduction

The LHC machine is working incredibly well shifting up the discovery limits for all the
non-standard masses. For the same reason it is also true for the non-standard couplings
and their possible values are shrinking more and more. Good examples are parameters
connected with Left-Right (LR) symmetric models. These models enjoy richness of several
types of beyond-the-SM particles [1, 2]. No wonder that these models are interesting for
theoretical and phenomenological studies, for some recent works see [3-9] and explored also
by the LHC collaborations.

The searches at CMS and ATLAS have tightened up the limits on the masses of heavy
gauge bosons. Let us mention that before the LHC era the fits to low energy charged
and neutral currents were quite modest, e.g. for a charged gauge boson PDG reports
My, > 715GeV [10, 11]. The new LHC analysis pushed the limits already much above
2TeV [12-18]. All these searches provide robust bounds on the extra gauge bosons, for



instance, the present limit for a charged heavy boson coming from the “golden” decay chain
Wgr — llNl — lllgjj is [17, 18}
My, > 2.8 TeV. (1.1)

This limit (at 95% C.L.) is for a genuine left-right symmetric model which we consider
here (MLRSM) with g7, = gr and three degenerate generations of heavy neutrinos and it
is based on /s = 8 TeV data. Typically, also limits for Z5 mass are already beyond 2 TeV.

The combined LEP lower limit on the singly charged Higgs boson mass is about
90 GeV [19]. At the LHC, established limits for singly charged Higgs boson masses are

Myps =80 =+ 160 GeV, (1.2)

if BR(t — H"b) < 5% [20] and for higher masses than 160 GeV, see the limits in [21].
For doubly charged Higgs bosons the analysis gives lower mass limits in a range

Mpy+s > 445GeV (409 GeV) for CMS (ATLAS), (1.3)

in the 100% branching fraction scenarios [22, 23].
The mass limit for heavy neutrinos is [24, 25]

My, > 780 GeV, (1.4)

but it must be kept in mind that bounds on My, and Myy, are not independent from each
other [17, 18]. Neutrinoless double beta decay allows for heavy neutrinos with relatively
light masses, see e.g. [26-32]. Detailed studies which take into account potential signals
with /s = 14 TeV at the LHC conclude that heavy gauge bosons and neutrinos can be
found with up to 4 and 1 TeV, respectively, for typical LR scenarios [3, 4]. Such a relatively
low (TeV) scale of the heavy sector is theoretically possible, even if GUT gauge unification
is demanded, for a discussion, see e.g. [33, 34].

In this paper we consider Left-Right symmetric model based on the SU(2), ® SU(2)r®
U(1)p—r gauge group [1] in its most restricted form, so-called Minimal Left-Right Symmet-
ric Model (MLRSM). We choose to explore the most popular version of the model with
Higgs representations — a bi-doublet ® and two (left and right) triplets Az r [35, 36].
We also assume that the vacuum expectation value of the left-handed triplet A, vanishes,
(Ar) = 0 and the CP symmetry can be violated by complex phases in the quark and lepton
mixing matrices. Left and right gauge couplings are chosen to be equal, g;, = gr. For rea-
sons discussed in [37] and more extensively in [38], we discuss see-saw diagonal light-heavy
neutrino mixings. It means that W; couples mainly to light neutrinos, while W5 couples to
the heavy ones. Z; and Z, turn out to couple to both of them [36, 39]. W, — Wg mixing is
allowed and is very small, £ < 0.05 [10], the most stringent data comes from astrophysics
through the supernova explosion analysis [40]. In our last paper we considered low energy
constraints on such a model assuming ko = 0, i.e., £ = 0 [7], we do the same here. More-
over, in MLRSM tan 2§ = —2'11%, which is really negligible for vg > 5TeV, as dictated by

eq. (1.1), where k1, ko(vR) are the vacuum expectation values of ®(Ag).



We think that it is worth to show how the situation looks like if we stick to the
popular and to a large extent conservative version of the model (MLRSM), giving candle-
like benchmark numbers for possible signals at the LHC. We should also be aware of the
fact, that there are relations between model parameters in the Higgs, gauge and neutrino
sectors [7, 11, 36, 41] and it needs further detailed studies. For estimation and discussion of
observables which are able to measure final signals in the most efficient way, calculation of
dominant tree level signals is sufficient at the moment. Production processes are calculated
and relevant diagrams are singled out using CalcHEP [42]. For general analysis, multi
lepton codes ALPGEN [43], PYTHIA [44], Madgraph [45] are used. Feynman rules are
generated with our version of the package using FeynRules [46, 47]. The backgrounds for
multi lepton signals (3 and 4 leptons) are estimated using ALPGEN-PYTHIA.

In this paper we have grabbed the impact of the relatively light charged scalars in the
phenomenology of Left-Right symmetric model. We first discuss how the decay branching
ratios of Wy, Zs, and Np are affected by the presence of these light charged scalars. Then
we note down the possible interesting processes within MLRSM. We study the production
and decay modes of the charged scalars. We have provided some benchmark points where
we have performed our simulations to make a realistic estimation of the signal events over
the SM backgrounds. Our study is based on the reconstruction of the invariant masses of
the final state leptons and their mutual separations from where we have shown how we can
track the presence of doubly charged scalars. We also note down the impact of the charged
scalars in the Higgs to di-photon decay rates. Then we conclude and give an outlook.

2 MLRSM processes with charged Higgs boson particles at the LHC

There are already severe limits on the heavy gauge boson masses, eq. (1.1), which infer
that scale in which the right SU(2) gauge sector is broken at vg > 5TeV (for approximate
relations between gauge boson masses and vg, see for example eq. (2.4) in [7]). This is
already an interesting situation as for such heavy gauge bosons most of the effects connected
with them decouple in physical processes at collider physics. Then there is a potential room
to go deeper and estimate more sensitive Higgs boson contributions. Of course, the effects
coming from the scalar sector depend crucially also on their masses. Smaller the Higgs
boson masses, larger effects are expected. The question is then: how small their masses
can be by keeping the right scale vp large? In the paper we assume light charged scalar
masses up to 600 GeV, this choice of masses will be justified when production cross sections
are considered.

The point is that all Higgs scalars are naturally of the order of vy, in addition, neutral
Higgs boson scalars A and HY contribute to FCNC effects (see the appendix) and must
be large, above 10 TeV (see however [48] for alternative solutions). Let us see then if
theoretically charged Higgs bosons can have masses below 1TeV. In the model which we
consider in this paper we assume that the Higgs potential is given as in [35, 36], we will also
use the same notation, for details on the parametrisation of the Higgs scalar mass spectrum,
see the appendix. This model includes a number of parameters: g1, po, i3, p1, P2, P3, P4,
a1, Qo, ag, a4, A\, A2, Az, A\y. The exact Higgs mass spectrum is calculated numerically.
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Figure 1. On left: an example of 20 Higgs mass spectra obtained by randomly chosen Higgs
potential parameters. The constrain on the lowest neutral Higgs mass eq. (2.1) 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, vg = 8 TeV.

Minimisation conditions are used to get values of dimensionful mass parameters p1, o and
13 which can be arbitrarily large, all other parameters are considered as free, but limited to
the perturbative bound,! |p;|,|c;|, |Ai| < 10. Tt is assumed that the lightest neutral Higgs
particle is the boson discovered by ATLAS and CMS collaborations. We have taken its
mass to lie in the range

124.7GeV < MH8 < 126.2 GeV. (2.1)

An example set of generated mass spectra of Higgs bosons for vg = 8 TeV is presented
in figure 1 (left figure). Mass spectra have been obtained by varying uniformly the Higgs
potential parameters in a range (—10,10). We have also taken into account the bounds
on neutral Higgs bosons obtained from FCNC constrains assuming m 4o, myo > 15TeV
by fixing ag = 7.1 (see appendix A). The spectra which did not fulfill relation (2.1) 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.

This study shows that although the Higgs particles naturally tend to have masses of
the order of the v scale, it is still possible to choose the potential parameters such that
some of the scalar particles can have masses much below 1TeV (spectrum 15). To discuss
spectra more quantitatively, 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
figure 1, again for the same conditions as before and vgp = 8 TeV. These results show that
for vp = 8 TeV a fraction of the parameter space that gives lightest scalar masses below
1TeV is at the level of 4%. It means that it is possible to generate the low mass spectra
of Higgs boson masses in MLRSM keeping large vg scale. However, what can not be seen

"Which is equal to 4, otherwise proper analysis of the Higgs potential with radiative corrections to
determine perturbative regions would be needed.



Primary production | Secondary production Signal
L. HfHy v Y~ ® MET
- (¢~ NgNg depends on Npi decay modes
— (0~ v Ng depends on Ni decay modes
1. Hy Hy vy ("0~ o MET
— (t¢~NrNg depends on N decay modes
— {T0~ v Np depends on Ny decay modes
UL H{YH;~ — AN Ay
- H H{H{ Hy See 1
—~ HEHEHTHY See I & 11
— HYHSH; Hy See 11
— Wi+Wi+Wj_ W, depends on W’s decay modes
IV. Hf THy; ~ — AN AN
— HYHfHy Hy See 11
— HEfHEHF HF See I & TI
- HIH{H{H{ See I
— Wi+Wi+W]-_ W depends on W’s decay modes
V. HfEHF — (20 (Fyy
VI. Hy*Hf - (EE(Fyy
VIL HliZi,HliWi — See I & Z;, W; decay modes
VIIL. HEZ;, Hy W, — See I1 & Z;, W; decay modes
IX. Hfy - See 1
X. Hfy - See II

Table 1. Phenomenologically interesting MLRSM processes at the LHC with primarily produced
charged scalar particles and possible final signals. Here v denotes a photon. v; = vq,19,13 are
SM-like light massive neutrino states and Ng = N4 56 are heavy neutrino massive states dominated
by right-handed weak neutrinos. From now on we will denote N = N. Here ¢ represents light
charged leptons e, p.

on those plots is that in MLRSM not all four charged Higgs bosons can simultaneously be
light. It is a case for Hli, Hf[i and Hzii, for details, see the appendix. The remaining
charged scalar H. Qi is of the order of the vg scale, so its effects at LHC is negligible, to make
it lighter would require to go beyond MLRSM. For a book keeping, we keep this particle
in further discussion. If its mass at some points is assumed to be small (so we go beyond
MLRSM), we denote it with a tilde, I:IQjE Its coupling is kept all the time as in MLRSM
(why it can be so is discussed shortly in the appendix).

In this paper we consider only the processes where charged Higgs particles can be
produced directly as shown in the table 1, first column.

The decay branching ratios for heavy neutrino states N and heavy gauge bosons
(Wy, Z3) in MLRSM which determine both secondary production and final signals in

the last column of this table are given in [7]. However, with assumed light charged
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Figure 2. Branching ratio for Wy decay with relatively light charged scalars. Here we put My, =
My, = 1TeV, My, = 800GeV. Symbol ¢g on this and next plots stands for a sum of all quark
flavours, ¢qg = Zm,:%d’s,b’c’t q:qir - Similarly, (v = 2?21 Liv;.
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Figure 3. Branching ratio for Zs decay with relatively light charged scalars. Here vv = E?Zl Vil
and vN = Z?:l l/z'NH_g.

Higgs particles, new decay modes are potentially open, and discussion must be repeated.
Results are given in figures 2, 3, and 4. As can be seen from figure 2, contribution
of charged scalars to the total decay width of Ws is at the percent level. Here more

important are heavy neutrino decay modes.? Different scenarios for LH neutrino mix-
ings [7] are discussed, i.e., see-saw mechanisms where |U,,;| ~ %(5@]-_3, i = 1,23,
j

j = 4,5,6 and scenarios where LH neutrino mixings are independent of neutrino masses:
Y icas6Un,j—3Uy j_3 = Uy aUy 4 < 0.003 = k2. [49]. In a case of many heavy neu-
trino states (as in MLRSM), taking into account constraints coming from neutrinoless
double-beta decay experiment, this limit becomes x2,,. /2 [50-52]. For W5 decays different
LH neutrino mixing scenarios affect only light neutrino vl channel for which BR is small,
anyway.

For the Z5 decays, figure 3, four channels with charged Higgs bosons, namely H f tH L
Hfer, H;*HZ**, and ﬁ;f[{, contribute to the decay rate in a percentage level. The

2Some processes in the table 1 depend strongly on the light-heavy (LH) neutrino mixing scenarios.
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Figure 4. Branching ratios for N, decay with relatively light charged scalars.

quark decay modes dominate, and the second important are the heavy neutrino decay
modes.

The most interesting situation is for the decays of heavy neutrinos. Here Hf decay
mode is the largest in see-saw scenarios. The reason is that in case of Yukawa coupling, say
H 1+ — N — e, the change in LH neutrino mixing is compensated by the proportionality of
the coupling to the heavy neutrino mass, which is not the case for the gauge N —e—W and
N — v — Z couplings. That is why eW and vZ decay modes are relevant only in scenarios
where LH neutrino mixings are independent of the heavy neutrino masses and are close
to the present experimental limits. Large charged Higgs boson decay mode of the heavy
neutrino can influence the “golden” pp — eN process [3, 4, 6, 7, 53, 54].

For typical see-saw cases when charged Higgs boson masses are very large, standard
model modes dominate: N — eW; and N — vy 2y if My < My, whereas N — eWs if
My > Myy,. In scenarios with large LH neutrino mixings the standard modes dominates
independently of the heavy neutrino and W5 masses.? Finally, let us note that in typical
Type I see-saw scenarios the TeV scale of heavy neutrino masses implies mp ~ 1076 GeV
to accomplish light neutrino masses at the eV level. In this situation nothing happens to
the left plots in figures 2, 3, and 4 apart from the fact that lv, [N and vZ channels will
disappear completely there.

In the case of heavy gauge boson decays, quarks dominate and jets will be produced
while for SM-like gauge bosons hadronic decay branching is around 70%. That is why
typical final signals for reactions I and II in table 1 are two or four jets plus missing energy.
There are only two cases without missing energy:

H1+(2)H17(2) — (T~ NN — £+£_W,:,E€$W;:ﬁ: N jjjjf—’_f_f:':ﬁ:, (2.2)
and
Hjg) Hyg) = L5 NN = £ WRlF WS — 50 50T (2.3)

However, as we can see from the table, the cleanest signals are connected with doubly
charged Higgs particles, that is why we focus on them in this paper. For some related

3Relevance of see-saw LH mixings at the LHC has been discussed lately in [54].
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Figure 5. Branching ratios for the decay modes (etet + pu*u™*) and 7777 of the doubly charged
scalars as a function of AM, where AM = My, — My, = My, — My,. We have kept fixed
My, = 800 GeV. Note that the BRs of both the doubly charged scalars (H; ™ and HJ ™) are the
same in scenarios where My, > Mpyg++ and My++ ~ Mpg+.

discussions on doubly charged scalars, see e.g. [55-63]. The processes egs. (2.2) and (2.3)
with four charged leptons plus jets will be considered elsewhere.

For processes III-X important are charged Higgs boson decay modes. For doubly
charged Higgs particles possible decay modes are

B HpT = I
i) Hi* — HYWi;
i) Hy* — 1F1E,
iv) Hy* — HyWs;
v)  HFE - WiEWE

vi) HF* — Hy Wi

(2.4)

where [ = e, u, T.
Apart from the above decay modes, the other possibilities for the doubly charged
scalars can be
(vii) HI* — HfHE,
4+ + (25)
(viii) Hy ™ — Hy Hy ;
when they are not degenerate with the singly charged ones. But for nearly or exact degener-
ate case, the charged scalars dominantly decay through leptonic modes and here kinematics
play a role too.

Figure 5 shows a scenario in which pure leptonic decay modes can be realised. The
crucial factor is the Yukawa coupling which depends (indirectly) on heavy right-handed
neutrino mass. If heavy neutrino masses are degenerate then democratic scenario is under-
stood where all leptonic channels are the same (i.e. BR(H** — ee®) ~ 33%).



Typically, as can be seen from figure 5, for right-handed neutrino masses to be 1 TeV,
1TeV and 800 GeV for Ny, N5, Ng respectively, the branching ratios are the following

BR(HEE — etet) =37.9%,

1/2
BR(Hj; — php™) = 37.9%, (2.6)
BR(H S = 757%) = 24.2%.

If the first two generations neutrinos (Ny, N5) have masses above ~ 4TeV, 7 decay
mode is practically irrelevant. From the discussion it is also clear, that one of the decay
modes can dominate if only one of the right-handed neutrino masses is much bigger than
remaining two heavy neutrino states. Limits in eq. (1.3) assume 100% leptonic decays, in
our case, taking into account figure 5, eq. (2.6) and results given in [22, 23|, mass limits
are much weaker, at about 300 GeV, see e.g. figure 3 in [23].

For decays of singly charged H fc scalars situation is analogical as for doubly charged
scalars (possible decay modes to neutral HY and A? scalars are negligible for M H0, M g0 >
M HE> 88 dictated by FCNC constraints).

E[zi decays hadronicaly, namely, for 100 GeV < M aF < 200 GeV

BR(Hy — ¢3) = 95%,

N i 2.7
BR(H, — ed) = 5%, 2.7)

and BR(H;™ — tb) ~ 100% for M+ > 200 GeV.

2.1 Primary production of heavy charged Higgs bosons at the LHC

Below different processes involving solely charged scalar productions are classified. In
analysis which follow vy = 8000 GeV to respect with a large excess the present exclusion
limits on Wzi, and Z5 masses. SM-Higgs like mass is set to 125 GeV, masses of neutral
scalar particles are set at very high limit (~ 10TeV). In this way, as already discussed,
scenarios are realised with relatively light (hundreds of GeV) charged Higgs bosons while
remaining non-standard particles within MLRSM are much heavier. All cross sections
given in this section are without any kinematic cuts, those will be considered with final
signals and distributions in section 3.

2.1.1 pp—)Hf'Hl_ and pp—)H;HQ_

The cross section for singly charged scalar pair production as a function of their mass
is given in figure 6. This process is dominated by s-channel v, 7; and t-channel quark
exchange diagrams. Contributions coming from s-channel Hg, Z5 and HY bosons are negli-
gible for considered MLRSM parameters. For singly charged scalar mass equals to 400 GeV,
the cross sections are (as discussed in section 2, H. 2i Higgs boson is assumed to be light and
we denote it here with a tilde, for M HE > 1TeV the considered cross section is negligible,

o(pp — Hy Hy ) =~ 0)
o(pp — HEHF) = 0.12(0.52) b, (2.8)
o(pp — HFHF) = 0.27(1.12) fb, (2.9)
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Figure 6. Production cross sections for pp — H 1+ H; and pp — ﬁj FI{ processes without imposing
kinematic cuts.

while for singly charged scalar mass equals to 600 GeV are

o(pp — HEHT) = 0.01(0.09) b, (2.10)
o(pp — HFHF) = 0.03(0.18) fb, (2.11)

with /s = 8(14) TeV.
Increasing center of mass energy from /s = 8TeV to /s = 14TeV the cross sec-
tions grow by factors ~ 4 + 7, depending on masses of charged Higgs bosons. In general

cross sections fall down below 0.1fb for masses of charged scalars above approximately
730 (420) GeV for /s = 14 (8) TeV.

2.1.2 pp— HiH'Hl__ and pp — H;+H2__

The dominant contribution to these processes is via neutral s-channel current, i.e., via Z;
and . Contributions coming from s-channel Hg , Zy and HY are negligible for considered
MLRSM parameters.

To explore the phenomenological aspects of the doubly charged scalars in the MLRSM
model we consider two scenarios. Scenario I when the doubly charged scalars are de-
generated in mass, i.e., M g = M HE* This scenario is motivated by analysis of the
Higgs potential (a detailed study of the Higgs potential and scalar mass spectrum will be
presented elsewhere). In Scenario II masses are different, i.e., M HE* = M HEE

Scenario I, degenerate mass spectrum. In our analysis we set our benchmark point
with both of the doubly charged scalars at the same mass M it = M Hit = 400 GeV. In
this case, the cross section at the LHC without imposing any cut at /s = 8 (14) TeV is

o(pp — (Hf THT ™ + HFTHy ™) — 6,74,50,70,7) = 1.44 (6.06) fb. (2.12)

— 10 —



10000

14TV (pp — HL Hy )
1000 14 TeV (pp — Hy* Hy ) - ]
14 TeV (pp —» Hi" HY + HE  Hy ) ——
100 F\ 8 TeV (pp — H* Hy + HE" Hy ) —— |]
10 ¢ MHcharged = MH? = MH;*
o)
o L
TThWy T
~ 7
0.1 F ey
0.01 ¢
0.001 ‘ . ! ! \

200 400 600 800 1000 1200 1400
My (GeV)

charged

Figure 7. Scenario 1. Cross sections for pp — H; Y H; ™ and pp — H, " H, ~ processes without
imposing kinematic cuts.

The contributions to the cross sections from two possible channels are noted for /s =
8(14) TeV as

o(pp — H{YH;7) = 1.09 (4.58) fb, (2.13)
o(pp — Hy TH; 7)) = 0.45(1.86) fb, (2.14)

where ¢; ; = e, 1.
For MH1++ = MH2++ = 600 GeV it is

o(pp— (H{ "Hy "+ Hy "Hy ™) = 4;74;7¢;74;7) = 0.14(0.95) fb, (2.15)

for \/s = 8(14) TeV. The contributions to the cross sections from individual channels for
Vs = 8(14) TeV are as following:

o(pp— H{ TH{7) = 0.11(0.73) fb, (2.16)
o(pp — HITH; ™) = 0.04(0.28) fb. (2.17)

The cross sections for pair productions of doubly charged scalars at the LHC with 14
and 8 TeV are given in figure 7. From the figure we can see that cross sections fall very
rapidly as the masses of the doubly charged scalars increase. Also the production cross
section for H fci is much larger than that for HQjEjE as shown in the figure. The cross section
at /s = 14 (8) TeV for scalar masses above 920 (640) GeV is < 0.1 fb.

Scenario II, non-degenerated mass spectrum. Here we choose another set of bench-
mark points where the doubly charged scalars are non-degenerated. The cross section for
the same process with MHlii = 400 GeV and MHQii =500 GeV at /s = 14 TeV is

olpp— (H{ "Hy "+ Hy "Hy ™) = 4,774,747 0;7) = 4.950b. (2.18)
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Figure 8. Scenario II. Contour plots for the pp — (H;"H; ~ + H T H; ) cross section. /s =
14 TeV, no kinematic cuts imposed.

The contributions to the cross sections from individual channels are given as:

o(pp — H TH; ™) = 1.09 (4.58) fb, (2.19)
o(pp — Hy TH; ~) = 0.13(0.69) fb, (2.20)

for \/s = 8(14) TeV.

Contour plots for the pp — (H;""H; ~ + H, TH, ~) cross section as a function of
doubly charged scalar masses is shown in figure 8 (left). On the right figure of figure 8
different projections are used where X and Y axes are for M it and the cross section,
respectively, whereas M HYt is projected as a contour. As can be seen from these figures,
cross sections at the level of 1fb can be obtained for doubly charged scalar masses up to
approximately 600 GeV.

2.1.3 pp — HITHF and pp — HFTHJ

The production of a doubly charged in association with a singly charged scalar goes through
the charged s-channel interaction where sz gauge bosons are exchanged. Diagrams with s-
channel exchanged singly charged scalar H;E is negligible (its coupling to W is proportional
to vz, which is zero). As VV2jE is very heavy, the dominant contribution originates from the
process via I/VljE

To give yet another benchmark, we set vg = 8 TeV and the following charged scalar
masses: MH:tj: = 483 GeV, MH:t:l: = 527GeV, MH:t = 355GeV, MH:t = 15066 GeV.
The choice is for the following nggs potential parameters (for the mass formulas see the
appendix): p; = 0.2397, po = 0.0005, p3 = 0.48, \; = 0.13, Ay = —0.87, \3 = —5.17,
a3 = 7.09. This example shows that a wide spectrum of charged scalar masses can be
easily obtained, still keeping reasonable small potential parameters (important for higher
order perturbation analysis). To reduce 7 channel decays, the masses for the heavy right
handed neutrinos are set at 4 TeV for the first two generations and 800 GeV for the third
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Figure 9. Production cross sections for pp — H1++Hf and pp — H2++I;T{ processes at /s =
14 TeV and no kinematic cuts are imposed. Mass of H2i is allowed to be small and denoted with a
tilde.

generation, see figure 5. The cross section for the process before any kinematic cuts with
centre of mass energy /s = 8 (14) TeV at the LHC is

o(pp — (H*HY + HF Y HT) = 0000)) = 1.44(6.05) fb . (2.21)
The contributions to the cross sections from individual channels are noted as:

o(pp — HETHT) = 1.48(6.24) b, (2.22)
a(pp = Hy " Hy ) ~ 0(0)fb, (2.23)

with /s = 8(14) TeV.

For the model consistency (i.e. chosen potential parameters), the second singly charged
scalar has been chosen with very high mass M Y = 15066 GeV. Even if it has low mass (~
400 GeV) then also the cross section for the processes pp — HQj[iHQjF is very low compared
to pp — HFEHY as HF* HF W coupling is proportional to sin ¢ and HY® H W5 coupling
is proportional to cos&. On the other hand, H* H W coupling is proportional to cos &
and H liiH TW5" coupling is proportional to siné. In both cases W2i mediated processes
are much less dominant than the WljE mediated processes. But as the charged gauge boson
mixing angle ¢ is neglected, the JETSEjEH;F W vertex is much more suppressed compare to
HE*HFWE.

It appears that in MLRSM mixed processes, pp — H1++H2_ and pp — H;JFHI_,
vanishes as vr, = 0. In figure 9 the total cross section for two considered processes are
given. The mass of H2jE is allowed to be small and because, as discussed before, this is not
natural in the MLRSM, its contribution is denoted with a tilde. Anyway, its contribution
(keeping a form of its couplings as dictated by MLRSM) is negligible. Final comparison of
cross sections of different processes discussed in sections 2.1.1, 2.1.2 and 2.1.3 is given in
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figure 10. We can see that the largest cross sections are for a pair production of singly with
doubly charged scalars, and the cross sections for production of doubly charged scalar pair
is slightly lower, while the smallest cross section is for pair production of singly charged
scalars. Contributions from processes where H2i is involved are negligible or at most much
smaller than corresponding results where H fc is involved. Keeping in mind the status of
the SM background (analysed for our purposes in section 3.3) we look for multi lepton
signals for three or more leptons. Thus we focus in the following sections on the processes
which involve primary production of at least one doubly charged scalar.

2.2 Primary production of a heavy Higgs and gauge bosons

+

2.2.1 pp— WI H, pp— Zl/QHf/Q and pp — vH),

17212
In our scenarios the production cross sections for these processes are very small and can
be ignored. This is because the W5/Z, propagator diagrams are suppressed as they are
as heavy as few TeV. For the other light propagators the scalar-gauge boson-gauge boson
vertices are proportional to sin{ and/or vy, which are zero here.

3 Simulations and results for final lepton signals

In this paper we are interested in tri- and four-lepton signal events. To enhance such
signals, suitable kinematic cuts are applied in order to decrease the SM backgrounds.

3.1 Events selection criteria

The detailed simulation criteria used in our study are following:

e The Parton Distribution Function (PDF): CTEQG6L1 [64].

— 14 —



o Initial selection (identification) criteria of a lepton: pseudorapidity |n| < 2.5 and pr
(transverse momentum pp = \/pz? + py?) of that lepton should be > 10 GeV.

e Detector efficiency for leptons:

¢ For electron (either e~ or e) detector efficiency is 0.7 (70%);
¢ For muon (either u~ or u™) detector efficiency is 0.9 (90%).

e Smearing of electron energy and muon pp are considered. All these criteria are
implemented in PYTHIA and for details see [65].

e Lepton-lepton separation: the separation between any two leptons should be
ARy >0.2.

e Lepton-photon separation: AR, > 0.2 with all the photons having pr., > 10 GeV.

e Lepton-jet separation: the separation of a lepton with all the jets should be AR;; >
0.4, otherwise that lepton is not counted as lepton. Jets are constructed from hadrons
using PYCELL within the PYTHIA.

e Hadronic activity cut: this cut is applied to take only pure kind of leptons that have
very less hadronic activity around them. Each lepton should have hadronic activity,

% < 0.2 within the cone of radius 0.2 around the lepton.
!

e Hard pr cuts: pry, > 30GeV, pry, > 30GeV, pr;, > 20GeV, pr;, > 20 GeV.

e Missing pr cut: this cut is not applied for four-lepton final states while for three-
lepton case due to the presence of neutrino, a missing pr cut (> 30 GeV) is applied.

e Z-veto* is also applied to suppress the SM background. This has larger impact while
reducing the background for four-lepton without missing energy.

3.2 Signal events for doubly charged Higgs particles in MLRSM

Doubly charged scalars decay mainly to either a pair of same sign charged leptons or
charged gauge bosons depending on the choice of parameters. 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.

This decay is lepton number violating and can also be possibly lepton flavour violat-
ing. In our scenarios we assume no lepton flavour violation as the Yukawa couplings are
considered to be flavour diagonal. Thus, the four lepton final state contains two pairs of
same sign and same flavoured charged leptons 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

4Same flavoured but opposite sign lepton pair invariant mass mg,,, must be sufficiently away from Z;
mass, such that, typically, |me, e, — Mz, | > 6z, ~ 15GeV [65].

5The invariant mass for a lepton pair is defined as Meyey = \/(El + E)?% — (F_’i + P;)z, where E; and P;
are the energy and three momentum of ¢;, respectively.
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Figure 11. Invariant mass for SSDL and OSDL for (pp — H'J H; ; — 4l) with Mpy+ = My++ =
400 GeV for /s = 14TeV and L = 300fb~!. As the doubly charged scalars are degenerate in mass
both the invariant mass peaks occur at the same place and thus cannot be distinguished.

same sign di-leptons (SSDL) and opposite sign di-leptons (OSDL). As the doubly charged
scalars are the parents of the di-lepton pairs, invariant mass of the SSDL is expected to
give a clean peak around the mass of the doubly charged scalar, which is not necessarily a
case for OSDL.

3.2.1 pp— HiH'Hl__ and pp — H;+H2__

Scenario I, degenerated doubly charged mass spectrum. As calculated in sec-
tion 2, eq. (2.12), if MH1++ = MH2++ = 400 GeV, the cross section at the LHC with centre
of mass energy /s = 14 TeVis o(pp — (H{ THy ~+HS THy 7)) — £,74;7¢;7¢;7) = 6.06 fb,
where ¢; ; = e, u. After implementing all the cuts, as described in section 3.1, the four lep-
ton events with no missing energy can be estimated. Each pair of SSDL originates from
different doubly charged scalars. We have plotted the reconstructed invariant mass dis-
tributions for both SSDL and OSDL in figure 11 with anticipated integrated luminosity
L =300fb~!. As both the doubly charged scalars are degenerate the invariant mass peaks
occur at around 400 GeV. This clean reconstruction of the invariant mass is indeed possible
even in the hadronic environment and can be a smoking gun feature indicating the presence
of doubly charged scalars.

We have computed this process also with centre of mass energy 8 TeV. In this case we
find that the cross section, with /s = 8 TeV at the LHC, is 1.06 fb, about 6 times smaller
than for /s = 14TeV. If we take present integrated luminosity to be 25fb~! then total
number of the events even before all the cuts, is statistically insignificant to analyse this
particular process at the LHC after implementing all the selection criteria. Thus to justify
this four lepton signal for this scenario needs more data in future.

To select the doubly charged scalar signal properly and in an independent way, there
is another interesting variable which can be used for determination of signals as sug-

— 16 —



180 T T T T T T

. SSDL ——
160 g OSDL - _
140 b ]
120 | |
100 | i ]

Frequency

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Figure 12. Lepton-lepton separations for the same sign lepton pairs (ARy+,+) and opposite sign
lepton pairs (ARys ) for (pp — H{3 Hy; — 4l) within the degenerate scenario with M+ =
M4+ = 400 GeV for Vs =14TeV and L = 300fb~1.

gested in [62]

ARpye, =/ (m —m)? + (61— ¢2)? (3.1)

where 7; and ¢; denote pseudorapidity and azimuth of ¢;, respectively. ARy amounts
the separation between two light charged leptons (¢) in azimuth-pseudorapidity plane. Its
physical importance is that in the detector if ARy 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. In our considered processes and decays the doubly charged
scalars decay mainly into pair of same flavoured same sign leptons. Thus in a case of
opposite sign di-lepton pair each of them are coming from different doubly charged scalars
must be well separated. We have plotted the ARy, distribution to address this feature. It
is pretty clear from figure 12 that the distribution peaks at smaller ARy, for same sign
lepton pair while that for the oppositely charged lepton pair peaks at larger value of ARy,
as expected. This implies that most of the leptons in the SSDL pairs are less separated
than the leptons which belong to the OSDL pair.

Scenario II, non degenerated doubly charged mass spectrum. Here we choose
another set of benchmark points where the doubly charged scalars are non-degenerate. In
section 2, eq. (2.18), the cross section at /s = 14 TeV has been calculated for the same
process with MHF[ = 400 GeV and MHQii =500GeV, 0 = 4.95fb. As MH;i > MHlii,
the production cross section for Hlii is much larger than that for HQii. Thus the four
lepton events will be generated mostly from the leptonic decays of the Hlii pair than H;i
decays. This statement is very distinctively clear from the invariant mass distributions
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Figure 13. Invariant mass for SSDL and OSDL signals in the (pp — H{*‘;H{; — 4l) process in
the non-degenerate mass scenario with MHlii = 400 GeV and MH2¢i =500 GeV for /s = 14 TeV

and L = 300fb~1.
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Figure 14. Lepton-lepton separations for same sign lepton pairs (ARy+,+) and opposite sign
lepton pairs (ARy++) in the (pp — Hff;Hi{ — 41) process for non-degenerate mass scenario
having MHlii =400 GeV and MH;i =500 GeV with /s = 14 TeV and L = 300fb~!.

of the same sign di-leptons, as shown in the figure 13. Maximum number of same di-
lepton events are with an invariant mass peak around M HEE = 400 GeV and that around
MHQii = 500 GeV is much smaller, as expected.

We also performed the A Ry, distribution for the same benchmark point. For the same

reason as explained before our expectation is reflected in figure 14.
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3.2.2 pp — HITHT and pp — HFTHJ

These processes lead to the tri-lepton events with missing pr, see table 1. For cho-
sen MLRSM parameters, eq. (2.21), the cross section for the process pp — (Hliinc +
HgiiH;F) — 0llyy before cuts with centre of mass energy /s = 14TeV is o = 6.05fb. The
tri-lepton events can be classified into two categories: either ¢T¢T¢~ or £=¢=¢T. The first
and second types of signals are originated from Wfr and W, mediated processes, respec-
tively. Thus, it is indeed possible to estimate the charge asymmetry, define as the ratio
of the number of events of ¢T¢¢~ type to the number of events of £=¢~¢* type at the
LHC. This is very similar to the forward-backward asymmetry at Tevatron. This charge
asymmetry depends on Parton Distribution Functions (PDF) and thus is a special feature
of LHC. We have estimated this ratio (RT) with the above choices of charged scalar masses
with y/s = 14 TeV and integrated luminosity 300 fb=!. We find 554 tri-lepton signal events
after all the cuts and that leads to

4+ # of events for £T¢T¢~ 396
= = — ~251. 2
- # of events for £=¢—¢+ 158 g (32)

In SM the corresponding value calculated for the main processes given in the next

section in table 2 is (RT)sm = Trees = 1.186. This value is slightly different from the

calculated values in [66] where higher order corrections are taken into account and the

specific kinematic cuts are different. Nevertheless, MLRSM value given in eq. (3.2) differs
substantially from its SM counterpart to signify its presence.

As discussed in section 2, the HQjEjEHSF W vertex is much more suppressed compare
to H liiH FWiT. Thus, in this case most of the tri-lepton events are originated from pp —
H fEiH 1 process. This is clearly visible from the invariant mass distributions. Here we have
plotted the same and opposite sign di-lepton invariant mass distributions, see figure 15. As
similar to the earlier discussions in the opposite sign lepton pairs two leptons have different
origin thus their invariant mass distribution is continuous while the same sign di-lepton
invariant mass distributions always peak around the mass of the doubly charged scalars.

Here, from figure 15, it is distinctly seen that the significant amount of same sign di-
lepton pair peaks at M HEE = 483 GeV rather than M HEE = 527 GeV. This implies that
the dominant contribution to this tri-lepton events are generated through pp — H fiH T
process (cf. figure 9) and the further leptonic decays of the charged scalars.

In the figure 16, separations between leptons are plotted. As can be seen from this
figure the SSDL separations peak at lower value of ARy, while OSDL separations peak at
larger value of ARyy. This is because same-sign leptons pair has the origin from the same
mother, while opposite sign leptons pair has both the leptons from different mothers.

For /s = 8 TeV and the same benchmark point the production cross section o(pp —
(Hf*HT + HYTHY) — 000vy) = 1.44 b is about four times smaller than for /s = 14 TeV,
eq. (2.21). With an integrated luminosity 25fb~! at \/s = 8 TeV and 300fb~! at /s =
14 TeV, total number of events is about 50 times smaller in the former case, so the difference
is substantial.
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Figure 15. Invariant mass plots for SSDL and OSDL for the signals ¢+¢*¢F + missing pr, at the
LHC with /s = 14 TeV and integrated luminosity 300 fb~!.
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Figure 16. Lepton-lepton separation plot for same sign leptons (A R+ ,+ ) and opposite sign leptons
(ARy+y+) in the process (pp — (HETHF + HFYHF) — 3(). Here /s = 14TeV and integrated
luminosity 300fb~! at the LHC.

Distributions presented so far show that it is possible to extract clear signals for doubly
charged scalars at the LHC. However, for signal identification crucial is how large the SM
background effects are and the significance too.

3.3 Background estimation and significance of signals

Kinematic cuts are used which have been investigated and established for the first time
in [65]. The cuts are optimised in a way such that we can reduce the SM background
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Processes | 3¢ (fb) | £X4T¢~ (fb) | =04 (fb) | 44 (fb)
tt 18.973 9.522 9.451 —
tH(Z/7") 1.103 0.549 0.552 0.0816
W+ 0.639 0.422 0.214 —
W*(Z/v*) | 10.832 6.664 4.164 —
(Z/v)(Z/v*) | 1.175 0.594 0.581 0.0362
| TOTAL [32722| 17751 | 14962 [ 01178 |

Table 2. Dominant Standard Model background contributions (in fb) for tri- and four-lepton
signals at the LHC with /s = 14 TeV after obeying suitable selection criteria defined in the text.
The tt cross section is presented here after the inclusion of k-factor. While computing the SM
contributions to 4/¢ final state, no missing py cut has been applied.

and enhance the signal events.® Standard Model background cross sections for tri- and
four-lepton signals are given in table 2. In this table we have also separately computed the
backgrounds for £T¢T¢~ and £=¢~ (T,

In principal the tri-lepton contributions can come also from H fr +Hf ~ and H2+ +H§ -
involved processes if during simulations one of the four-leptons does not satisfy the cuts.
But in our case this contribution is negligible due to the extra missing energy cut applied
as one of the gate pass for the tri-lepton events. Thus all the productions together are
considered and all the intermediate particles are allowed to decay. After passing through
the cuts, tri-lepton and four-lepton events are counted.

In table 3 we present the total background and signal events for 25 and 300 fb~! inte-
grated luminosities. It is clear that four-lepton signals are well beyond the SM background.
The tri-lepton signal is also very prominent over the background (what matters is the signal
excess over the background fluctuations). To see it properly, in table 4 the significance of
different signals is shown.

Assuming the significance at the level of 5 as a comfortable discovery limit, we can
see that LHC will be in the next run sensitive to masses of MLRSM doubly charged Higgs
bosons up to approximately 600 GeV.

4 MLRSM charged Higgs bosons contribution to HJ — vy

In LR symmetric models there are (singly-, doubly-) charged scalars and charged gauge
boson (W;E) which couple to photons and hence they can contribute to Hj — «v channel
where H{ is the SM-like neutral Higgs taken to be 125 GeV. Since W;E are heavy, their

5In our analysis while computing the tri-lepton events (signal and background), the pr of the third
hardest lepton needs to be greater than 20 GeV, and also a missing pr cut (> 30 GeV) must be satisfied,
see section 3.1. Thus the tri-lepton background for process like ¢t where one of the lepton is coming from
semi-leptonic decays of B’s is reduced. Here the hadronic activity cut also reduces the hadronic activity
around the selected leptons and plays a crucial role in this case. All these cuts reduces the efficiency of
misidentification of b-jets as leptons. In our case this is less than 0.05%.
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Luminosity Background Signal | Background Signal 4/ events
30 events 30 events 40 events scenario I | scenario II
25fh~1 797.5 46.2 2.9 (i) 30 24.8
(ii) 4.4
300 b1 9569.7 554 34.8 (i) 360 298
(ii) 53

Table 3. Number of background and signal events at 25fb~! and 300fb~! as an anticipated
integrated luminosity at next 14 TeV run of LHC. The tri-lepton signal is computed for following
charged scalar masses: MHii = 483 GeV, MHii = 527GeV, M + = = 355GeV, My x = = 15066 GeV.
Scenario I reflects degeneracy of doubly charged scalar masses with (i) M it = M, pgt = 400 GeV
and (i) M HEE = M HEE = 600 GeV, while Scenario II realises their non-degenerate spectrum,
namely MHlj:j: = 400 and MHzij: = 500 GeV. Here we have used the same kinematical cuts as
applied while estimating the SM background events. We have not implemented other extra cuts,
like invariant mass (mg) and lepton separation (ARy) to estimate the signal and background events
in this table.

Significance | 3¢ events 40 events
scenario I | scenario II
SNB 5.66 (i) NA NA
(ii)) NA
S//(S + B) 5.51 (i) 18.11 16.34
(ii) 5.65

Table 4. The significance of the signals given in table 3 is given using two definitions of significance:
(i) SA/B, and (ii) S/\/(S + B), where S and B are the total number of signal and background events
for 300fb~! integrated luminosity, respectively. The parameters are the same as given in table 3.
Here ‘NA’ implies that S/A/B can not be used as the definition of significance in these cases as
S <« B is not justified.

contributions are suppressed compared to charged scalars, so we look for charged scalar
contributions. They contribute to the channel via a loop shown in the figure 17.

Following [67-69] we can write the enhancement factor for this channel, which is noth-
ing but a ratio of partial decay width in the new model to that in the SM

CS AO(TS) ’
Yy " Hzi; - S M2 A1 (tw,) + NeQF Ay o ()

1,2

In the above equation (g is electric charge of charged scalars in unit of e, Mg is a mass
of scalars. N, is colour factor which is 1 for colour singlet scalars and 7; = 4m§ /m%,O
(i = Wh,t,S). cg are the coupling of the Higgs boson with the charged scalars and ki =
k% + k3 where ki, ko are the vacuum expectation values of the bi-doublet. The expressions
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Figure 17. Charged scalar contribution to the H) — v channel at the LHC. In the loop there
are three contributions coming from the charged scalars HY = Hi*, HF* HF. In MLRSM Hj is
very heavy and its contribution is negligible.

for cg are as follows

201 k2 + 8askiks + ag(k?)
CHgmHT = | 2k ’ 2
[a1k? + ki (daoks + agk)
CHQH{TH T T T k2 ’ 4
L +
[ank? + ki (dagks + azk;)
CHom - = — 2 . (4.4)

Here the parameters that are involved in the above egs. (4.2)—(4.4), are contained in the
scalar potential and following the convention as suggested in [36].

Ay /2, A1 and Ap are loop functions for fermions, vector bosons and scalars respectively,
given as

Ayjo(z) = 202 [:n_l + (z7t — 1)f(x_1)] , (4.5)
Ai(z) = —2?[227 2+ 327 + 322 — 1) f(= )],
Ag(z) = —2? [z = f(=™1)].

For the SM-like Higgs mass below threshold, i.e., m Hy < 2Mioop (Migop is @ mass of a
particle in the loop) f(z) = arcSin?(y/x).
In figure 18 we present a contour plot to grab the contributions from the charged
scalars to R,,. We have assumed M = M HY to reduce number of free parameters.
Experimental observations of the Higgs to di-photon decay normalised to the SM pre-
diction, as pointed out by ATLAS and CMS is given as in [70, 71]:

R, = 1.65 4 0.24 (stat) ") 73 (syst) (ATLAS), (4.8)
R, =0.7803% (CMS). (4.9)

As errors are still very large, it is too early to make any conclusive remarks on these
results, especially that tendency seems to be that anomaly systematically approaches 1.
However, MLRSM can accommodate wide range of R, values by the charged Higgs boson
effects, for related discussions, see e.g. in [72].
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Figure 18. R, with the variation of charged scalar masses.

5 Conclusions and outlook

After discovery of the SM-like neutral Higgs boson in July 2012 at the LHC, the next big
issue is what is the actual shape of the Higgs potential. Thus a question is asked to reveal
the further query regarding possible gauge symmetry behind the existence of elementary
Higgs boson. Here we have concentrated on studies connected with LHC potential discovery
of charged Higgs bosons within classical MLRSM which is already phenomenologically rich
enough and worth of separate investigations. Though different low energy data and the
LHC exclusion plots constrain already W and Z5 very much, still the charged scalars can be
relatively light. It has been shown which of singly and doubly charged Higgs bosons can be
light, in agreement with FCNC limits on neutral Higgs bosons particles, as both charged
and neutral scalar sectors are connected through the Higgs potential parameters. They
can be produced at the LHC with non-negligible cross sections. However, their production
cross sections decrease rapidly with their masses, that is why we have undertaken here more
detailed and systematic studies including the production and decays of charged scalars. We
have concentrated on the single and pair production of doubly charged scalars. We have
chosen the benchmark points in such a way that signals connected with doubly charged
scalars can dominate over non-standard signals coming from both heavy gauge and neutral
Higgs bosons. We have analysed the four-lepton and tri-lepton signals at the LHC. As
a rule of thumb, for all considered processes with doubly charged scalars cross sections
are about 1fb for their masses in vicinity of 400 -+ 500 GeV, which is about the present
lowest limit on their masses. If planed integrated luminosity in the next LHC run at
/s = 14 TeV is about 10 times larger than present values, clear signals with four-leptons
without missing energy and tri-lepton signals can be detected. It will be an indication
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for doubly charged scalar effects. These multi lepton final states posses very small SM
background. We have shown that MLRSM model can give such signals for doubly charged
masses up to approximately 600 GeV. In our analysis we have used the di-lepton invariant
mass and lepton-lepton separation distributions. We also estimate the amount of charge
asymmetry in signal as well as background events, and show that this might be a smoking
gun feature for future discovery. The same and opposite sign charged lepton signals have
been analysed using proper kinematic cuts and the clear impact of doubly charged scalars
are noted carefully.

Finally, as in the Left-Right symmetric models charged gauge bosons are very heavy,
they do not contribute significantly to the Higgs to di-photon process, however, the rela-
tively light charged scalars can contribute easily. We have incorporated the impact of the
light charged scalars in this process and estimated the strength of this contribution over
the SM one.

As an outlook, several interesting things can still be done, e.g.

1. More detailed comparison studies including also lepton spin correlations and their
angular distributions with other non-standard models where doubly charged scalars
exist (e.g. Higgs Triplet Model [73]);

2. Studies of dedicated distributions for processes involving doubly charged Higgs bosons
with both jets and missing energy;

3. Theoretical studies of general Higgs potentials which can realise relatively light
charged Higgs bosons keeping at the same time a few TeV scale of neutral Higgs
bosons (e.g. [48)]);

4. To release theoretical assumptions on equality of left and right gauge boson couplings,
diagonal neutrino light-heavy mixings and possible see-saw scenarios, take into ac-
count relations between model parameters in the Higgs, gauge and neutrino sectors,
e.g. [11].

In summary, we are in a very exciting moment and the next LHC run should be
decisive if our scenario with relatively light charged Higgs bosons can be realised. Still
there is a room for Left-Right gauge symmetry signals discovery at the LHC, including
MLRSM doubly charged Higgs bosons effects as long as long as their masses will be well
below 1 TeV range (mHlié < 600 GeV).
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A Reconciling FCNC effects and large vg with relatively light charged
Higgs mass spectrum within MLRSM

A scan of potential parameters based on the numerical diagonalisation and minimisation
of the complete MLRSM Higgs potential within our own implementation of the FeynRules
package [46] has been performed. This leads to the figure 1. Here, just for illustration, we
discuss it in a simplified form based on approximations discussed in [74]. In MLRSM there
is one neutral SM-like Higgs boson having mass proportional to the vacuum expectation
value (VEV) k1 (~ electro-weak breaking scale). The other Higgs bosons are much heavier.
A natural mass scale for them is driven by vg which decides about the SU(2)r @ U(1)p_1,
breaking scale. As discussed in the main text of the paper, we assume large vy (~ 8 TeV),
to be consistent with the experimental constraints.

The minimisation and diagonalisation of the MLRSM Higgs potential have been in-
vestigated in [35] and explicit correlations among physical and unphysical scalar fields are
given in [74]. For the sake of completeness, here we have depicted them along with their
mass relations considering ko = 0:

e masses

Mgg ~ 2k2 N1, (A1)
1

MJ%I? o~ 50431}123, (A.2)

1

Mo =~ 2p10; Mg ~ SvR(ps = 2p1). (A.3)
1

Mi? ~ 50531)12% — 25%(2)\2 —A3), (A4)
1

Mg =~ 5”%%(/)3 —2p1), (A5)

My =~ 17112%(03 —2p1) + 10&3“% M? . ~ 1043 vh + 1’“@% (A.6)

Hi 2 4 ’ H; 2 2 ’
1 1
M?{lii = 9 [U%Z(pS - 2;01) + OZSK%] s Mé;i ~ 2/)21}}2:5 + 50&3:‘6% . (A7)

e relations among physical and unphysical fields (“G” stands for Goldstone modes)

1 o~
¢ ~ E[Hg +iGY], (A.8)
1

9~ —[HY —iAY], A9

®9 \@[ 1 — ¢ 1] ( )
1 1

8% = —(HY+iGY), 60 = —(H? +iAY), A.10

R \/5( 2 T 1 2) L \@( 3T 2) ( )

§f =H, 5t~ Gt (A.11)

T ~HY, 5 ~GT, (A.12)

0 = Hi™*, 0 = Hy*. (A.13)
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As masses of quarks are non-degenerate, FCNC effects appear through the Ay part of
the following Lagrangian [36]

Lquark-Higgs <U7 d) = —Uv[PL(M:ﬁang + UCKMMgiagUCKMTAO)

+ Pr(M,,Bo + UMM, UM AT U, (A.14)

where Ag is a linear combination of neutral physical Higgs and Goldstone fields connected
with a bi-doublet ® [35], and taking into account eq. (A.9), we finally have

Ao = V2(r169) = (HY — iAD). (A.15)

To suppress the effects connected with these fields [7, 28, 75-77], their masses needs
to be at least ~ 10 TeV. In our analysis we have kept them to be ~ 15TeV:

Mo, M0 > 15TeV. (A.16)

It can be easily shown that for defined masses of Higgs bosons, see egs. (A.2)—(A.7),
we can find parameters of the MLRSM Higgs potential within the perturbative limit,
and simultaneously satisfy the light charged Higgs bosons and eq. (A.16). This can be
achieved even after keeping three charged Higgs bosons Hlii, HQii, HfE relatively light.
For instance, with vg = 8 TeV and x; = 246 GeV we find the scalar spectrum (in GeV)

My = 125, (A.17)

MH? = 15062, MHS = 11313, MHg =505, (A.18)

M 49 = 15066, (A.19)

M9 = 505, (A.20)

My = 602, My = 15066, (A.21)

Mchi =685, MHQii =463, (A.22)

where

=1, oo =0, s = 2.008 (A.23)

AL =013, N =0, N =1, (A.24)

s = 17.09. (A.25)

We can see that the remaining fourth charged Higgs boson H;E in MLRSM is naturally

very heavy. To make it light, one needs to go beyond MLRSM and incorporate new terms

in the scalar potential which would affect MLRSM Higgs boson masses.”

"Let us imagine that an additional intermediate energy scale is introduced connected with VEV of an
additional SU(2); and SU(2)r singlet scalar field (such scalars give for instance heavy neutrino Majorana
mass terms but they decouple from other low energy phenomenological effects). If this scalar couple to the
MLRSM right handed triplet fields, it would modify egs. (A.6), (A.7) but because of its large VEV, mixing
of MLRSM Higgs scalars with this state would be negligible, so the effective couplings of MLRSM Higgs
bosons, including Hzi, would stay the same.
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We study the production of heavy neutrinos at the Large Hadron Collider through the dominant
s-channel production mode as well as the vector boson fusion process. We consider the TeV scale minimal
linear seesaw model containing two heavy singlets with the opposite lepton number. This model is fully
reconstructible from oscillation data apart from an overall normalization constant which can be constrained
from the metastability of the electroweak vacuum and bounds coming from lepton flavor violation
searches. The Dirac nature of heavy neutrinos in this model implies suppression of the conventional same-
sign-dilepton signal at the Large Hadron Collider. We analyze the collider signatures with the trilepton final
state and missing transverse energy as well as vector boson fusion type signals which are characterized by
two additional forward tagged jets. Our investigation reveals that due to stringent constraints on light-heavy
mixing coming from lepton flavor violation and metastability bounds, the model can be explored only for a
light to moderate mass range of heavy neutrinos. We also note that in case of a positive signal, flavor
counting of the final trilepton channel can give information about the mass hierarchy of the light neutrinos.
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I. INTRODUCTION

The discovery of the Higgs boson at the Large Hadron
Collider by both ATLAS [1] and CMS [2] Collaborations
has put the Standard Model (SM) on a firm footing.
However, no signal of physics beyond the Standard
Model has been found so far at the LHC. On the other
hand, convincing indications of physics beyond the
Standard Model have already emerged from the phenome-
non of neutrino oscillation observed in terrestrial experi-
ments. These results have conclusively established that
neutrinos have nonzero mass and flavor mixing. Oscillation
data together with the cosmological bound on sum of
neutrino masses (Xm; < 0.23 eV including the PLANCK
data [3]) indicate that neutrino masses are much smaller
as compared to the other fermions in the SM. Such small
masses can be generated naturally by the seesaw mecha-
nism. The origin of seesaw is the dimension 5 effective
operator 35 LLHH, where L(H) being the SM lepton
(Higgs) doublet and cs5 is a dimensionless coupling, M
is the mass scale at which the effective operator gets
generated [4]. Such operators arise by integrating out
heavy fields added to the SM Lagrangian and they violate
the lepton number by two units. The smallness of the
neutrino mass in these models is related to the scale of
lepton number violation which is required to be very high
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~O(10" GeV) to generate neutrino masses in the right
ballpark. The most economical in terms of particle contents
is the type-I seesaw in which heavy singlet right-handed
neutrinos are added to the SM Lagrangian [5-9]. However,
the natural seesaw scale is far beyond the reach of the LHC.
To have signatures of seesaw models at the LHC, the heavy
neutrino (N) mass needs to be ~O (TeV). However, if one
lowers the scale of the seesaw to TeV then it also requires
much smaller neutrino Yukawa couplings (~107%) to obtain
correct light neutrino masses. Such small Yukawa cou-
plings lead to suppression of the production of the heavy
neutrinos in natural TeV scale type-I seesaw models. This
leads to the question of whether it is possible to achieve
both the requirements simultaneously, i.e. having TeV scale
heavy neutrinos along with large Yukawa coupling leading
to large light-heavy mixing. Such possibilities can be
realized in some specific mass textures [10—18]. Other
options include models with higher-dimensional operators
arising due to the exchange of new particles belonging to
larger representations [19-27], radiative mass generations
[28-35], etc. One of the most popular options to generate
TeV scale seesaw is through the inverse seesaw models in
which one includes additional singlet states. These models
were first proposed in the context of E(6) grand unified
theories [36]. In these models the seesaw scale is decoupled
from the scale of lepton number violation and the smallness
of the neutrino mass originates from the small lepton
number violating terms in the Lagrangian.

In the type-I seesaw model the heavy and light neutrinos
are both Majorana particles. It is well known that the
Majorana nature of neutrinos can be established by
observing a positive signal in neutrinoless double beta
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decay experiments. It was noticed in [37], in the context of
the left-right symmetric model that resonant production of
N and its subsequent decay giving the same-sign-dilepton
(SSDL) signal in colliders can also constitute evidence for
the Majorana nature of neutrinos. Given the importance of
this signal, there have been several studies of this channel at
the hadron colliders [38—43] including searches at the LHC
[44]. Enhanced contribution from the infrared r-channel,
especially for heavier masses, was proposed [45,46]
together with s-channel production.

The heavy neutrinos in the inverse seesaw model are of
the pseudo-Dirac nature and in this case the SSDL signal is
suppressed by the small lepton number violating coupling.
For such models the heavy neutrinos are produced by the s-
channel process along with a charged lepton. This neutrino
further decays to a second lepton (of sign opposite to the
first lepton to conserve the lepton number) together with a
W-boson. The W-boson can further decay leptonically to
produce a lepton and a neutrino. Thus, the final signal
consists of trilepton and missing energy which is expected
to have a tiny contamination from the Standard Model
backgrounds. Detailed studies including the SM back-
ground in the context of pseudo-Dirac neutrinos have been
done in [42,47]. Similar studies in the context of the left-
right symmetric model, nonminimal supersymmetric
inverse seesaw models, and the type-III seesaw model
have been performed in [48,49], and [50], respectively.
Experimental searches for multilepton signals have been
carried out by the CMS Collaboration using an integrated
luminosity of 19.5 fb~! with center of mass energy /s =
8 TeV at the LHC [51]. They considered at least three
leptons in the final state using a search strategy not specific
to any particular model.

In this work, we consider the minimal linear seesaw
model (MLSM) studied in [52,53] as an example of the
TeV scale seesaw model. This is a variant of the inverse
seesaw model but in this case the minimal scheme consists
of adding just two heavy singlets with the opposite lepton
number as opposed to four heavy neutrinos in canonical
minimal inverse seesaw models [54]. It was shown in [52]
that the Yukawa coupling matrices for this model can be
fully reconstructed in terms of the oscillation parameters
apart from an overall normalization factor. It was further
shown in [53] that this normalization constant can be
constrained from consideration of the metastability of the
electroweak vacuum and lepton flavor violation bounds.
The heavy neutrinos in this model are of Dirac type and the
SSDL signal is suppressed.' In the context of this model,
we consider two possible production channels for the heavy
neutrinos resulting in two different classes of signals. The
first one of this is the s-channel process to produce heavy
Dirac neutrinos associated with a lepton and finally giving

'Because of the same reason the heavy neutrino contribution
towards Ovfp is suppressed [53].
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the trilepton and missing energy signal. The second one is
the production of heavy neutrinos through vector boson
fusion (VBF) in which two electroweak vector bosons
coming from two partons “fuse” to produce the signal under
consideration (trileptons) along with two highly forward jets.
It becomes important in the context of hadron colliders since
the tagging of forward jets allows us to reduce the back-
ground considerably. Also the lack of color exchange
between these jets makes the central region free from the
color activities and this is exploited by vetoing central jets;
see [55] and references therein in the context of the Higgs
search. This helps in minimizing the backgrounds further.
For these reasons VBF remains an important channel to look
for new physics [56-58] at hadron colliders.

We consider both normal hierarchy (NH) as well as
inverted hierarchy (IH) for the light neutrino mass spectra.
We also estimate the corresponding Standard Model back-
grounds for the 14 TeV LHC. In each case, we perform a
realistic simulation with extensive event selections using
MadGraph and PYTHIA.

The paper is organized as follows: Sec. II contains a brief
description of the model. The production and decay of the
right-handed neutrino at the LHC are discussed in Sec. III.
Simulation details and results are presented in Sec. IV,
while in Sec. V we discuss the discovery potential of the
signals at the LHC. Finally, we conclude in Sec. VI.

II. THE LINEAR SEESAW MODEL

The most general Lagrangian containing heavy singlet
fields Ny and S with opposite lepton numbers is given by

L . 1
—E:MJW%ASHJQ+SMM%+§W$

+%N@mN§+ch (1)
where I; = (v, x)I, x =e,u,t.

Once the symmetry is broken spontaneously, the Higgs
field ¢ obtains a vacuum expectation value equal to v/+/2.
This generates the Dirac mass term ny, = Y,v/+/2 and the
lepton number breaking mass term mg = Ygv/+/2. In the
linear seesaw models [5S9-61] one assumes mg to be small
and nonzero while the u and the uy terms are set to zero.
This can be done since they contribute towards the light
neutrino mass in the subleading orders [62]. Since lepton
number violating mass terms are set to zero, the heavy
neutrinos are purely Dirac type. Then the mass matrix takes
the form

0 mh ml
Mu = mp 0 MN N (2)

mg MIZ\} 0

in the (v, N%., S¢) basis.
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TABLE L.
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Allowed 30 ranges of oscillation parameters and benchmark values of these parameters used in our analysis to get the signal

allowed by LFV and vacuum metastability. Case I corresponds to the peak in Fig. 1 (left panel), while case II corresponds to a lower
value of y,/My, for which V, is maximum. The value of the Majorana phase « is set at 37/2(37/4) for the NH (IH) scenario.

Parameter
Bound AZ[107° eV?] A2[1073 eV?] sin’6,, sin?6y; sin’6,5 5
30 range (NH) 7.12-8.20 2.31-2.74 0.27-0.37 0.36-0.68 0.017-0.033 027
(TH) 2.21-2.64 0.37-0.67
Used value (NH: case I) 7.15 2.73 0.27 0.36 0.033 0.0
Used value (NH: case II) 7.13 2.73 0.27 0.68 0.033 0.0
Used value (IH) 7.25 2.40 0.34 0.57 0.021 0.0

The minimal model which can successfully generate two
light neutrinos with nonzero mass is when only two extra
heavy singlets are added to the SM Lagrangian. This is
called the MLSM [52,53]. The full mass matrix has
dimension 5 x 5 and can be written as

0 1T
M= (0 ") ®)
mp M

where m} = (mh, m%) and

M:( 0 MN). (4)

My 0

For the minimal case, My is just a number, not a
matrix. M, can be diagonalized by a 5 x 5 unitary matrix
Uy as

USMUUO - ld/iagv (5)
J

C12€13

_ 5
U, = | —cp3s1p — si3513¢12€

i5
$23812 — €23513C2€

where ¢;; = cos 0;;, s;; = sin6;;, and 6 denotes the Dirac
CP phase. The Majorana phase matrix P is expressed as
P = diag(e™@, ¢, 1); there is only one Majorana phase
because one of the mass eigenvalues is zero. In Table I, we
have presented the 30 allowed range of oscillation param-
eters. Note that the phases are completely unconstrained at
present.

Using the seesaw approximation, one obtains the light
neutrino mass matrix,

mhghl = mgM_lm'D. (8)
This being a rank 2 matrix, the light neutrinos belonging to

this model are hierarchical. Thus, there are two possible
mass spectra:

where M = diag(m,, my. my, M;, M,).Following a two-
step diagonalization procedure [63], U, can be expressed as

U_((l—%e)U,, m},(M—l)*UR>_<UL V)
T\ oM mpu, (1-thug )T NS Uy)

(6)

where U, is the Upyng mixing matrix, and V, S are the light-
heavy mixing matrices. Interaction of heavy neutrinos with
the SM fields is determined by the mixing matrix V, whose
elements will be denoted as Vy hereafter. We would notice
afterwards that the strong constraints on some elements of this
matrix, i.e. V,y and V5, would restrict the production signal.
The diagonalizing matrix is now nonunitary which is char-
acterized by the factor (1 — €/2). The nonunitary corrections e
and ¢’ are given in [63,64]. U, is the unitary component of
Uppins Whichis same as Upyng fore << 1. We use the standard
parametrization for this:

—id

$12€13 S13€
is
€23C12 = §23513512€ s»iciz | P, (7)
i5
—523C12 — €235 13512€" C€23C13

(i) NH: (m; < my < m3)

(i) IH: (m3 < my = my).

In the MLSM, Y, and Y are 3 x 1 matrices [cf. Eq. (1)]
and can be considered as two independent vectors

A

YuEyuﬁ; YSEysb’ (9)

where 4 and b denote complex vectors with unit norm
while y, and y, represent the norms of the Yukawa matrices
Y, and Y, respectively. Using Egs. (8) and (9) one can
reconstruct the Yukawa matrices Y, and Y in terms of the
oscillation parameters barring an overall normalization
factor. The parametrization of the Yukawa matrices
depends on the mass hierarchy and can be expressed as
[52,53]
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FIG. 1 (color online).
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Bound on y, /My as a function of the Majorana phase «, varying the oscillation parameters in the allowed 3¢

range. The red-solid (blue-dashed) curve corresponds to the atmospheric angle (6,3) residing in the LO (HO) region. (Left plot) The plot
is for the NH scenario, where the highest allowed value of y, /My lies in the LO region. (Right plot) The same plot for the TH scenario.

Y, = \};%(\/1 +pU; +e5y/1 —pUZ),
Ys :\y/—%(m UL — e/l —pU}:),

where j =2, k=3 for NH and j = 2, k = 1 for IH. Uj’s
denote the columns of the unitary matrix U, that diago-
nalizes the light neutrino mass matrix mjgy in Eq. (8). The
parameter p is given as

_\/l—i-r—\/l_”(NH) _VI+r—1
r VI+tr+/r Y e

Here r denotes the ratio of the solar and atmospheric
mass squared differences, r = Am% /AmZ,, with Am%=
m3 —m? and Am2,,, = m3 — m3(m3 — m3) for NH (IH).
The overall coupling y, can be constrained from the
metastability of the electroweak vacuum and LFV [53]. For
NH the most stringent constraint comes from LFV, whereas
for the TH case the vacuum metastability constraint is more
restrictive. This is because of cancellations occurring for
the IH for LFV processes [53]. The dependence of the
bound on y, from metastability and LFV on the heavy
neutrino mass has been shown in [53]. The metastability
bound on y, varies approximately in the range 0.4-0.5
for My, varying in the range 100-1000 GeV. This bound
is independent of the oscillation parameters. However,
significant variation on the bound on y, from the LFV
|

(10)

(IH). (11)

constraint is possible within the allowed range of oscil-
lation parameters, mostly due to unconstrained phases, &
and a. Details of these dependences can be followed from
Fig. 1. For a particular My, the strength of the signal at
the LHC would depend on the value of y,. To maximize
the signal, we therefore choose the value of y, at the
peak for the NH case. However, for the IH case the peak
value is much above the vacuum metastability bound and
therefore we choose the maximum allowed value of y,
satisfying the metastability bound. The corresponding
parameter values are depicted in Table I for NH (case
I) and IH. Note that, the above mentioned cancellations
within the terms, ensure the peak position corresponds to
a+ 6 =3x/2(3n/4) for NH (IH), which is also evident
in Fig. 1. We have chosen 6 =0 in our analysis. For
some other values of §, the phase a has to be chosen so
that one is at the peak. In Fig. 1 we also show the
variation of this bound with respect to the 6,3 mixing
angle in the lower octant (LO, 6,3 < z/4) and higher
octant (HO, 0,3 > z/4). The y, value 0.4 (0.075)
corresponds to the IH (NH: case I) scenario for
My =100 GeV, which we will use in our analysis.
These will be translated into the bounds on the mixing
matrix elements, V;y, depending on the heavy neutrino
mass My. Since y, is extremely small [O(10719)], Y
does not play any role in determining V,y. The elements
of the matrix V(or V;y) can be expressed in terms of the
Upyns matrix, p and y, as follows:

—i Yy ¥ . *
VeNl = v [\/ 1 +p(UPMNS)12 + 1y 1 _p(UPMNS)ll]
V2My 2

NV
4M y

[ei(a+5)(_2 + \/;)r%sn -2 S13] + O((ﬁ? S13)2)

—i y,v N . *
VMNI = (\/ 1 +p(UPMNS)22 + 1y 1 _p(UPMNS)Zl)
V2My 2

N

4M y

(=2 + \/;)(emr%012€23 +is523) + 26i(a+5)7&$12323513] + O((Vr.513)?).
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(Left plot) Leading order s-channel diagram for heavy neutrino production at hadron colliders, and (right plot)

representative diagram for one of the decay modes of the heavy neutrino. These two figures lead to the trilepton +£7 signal considered

in the analysis.

The above expressions are for the NH scenario and
similar expressions can be computed for IH also. The
element V,y, (V,y,) differs from V,y (V,y,) by a
phase factor. Note that in Table I, we also consider a
second set of oscillation parameters for NH (NH: case
II) corresponding to a lower value of y, of 0.056 with
6,5 in the higher octant. This value is chosen such that

Vv is the maximum and the muon signal may be
larger, since the muon has higher efficiency for
detection.

To get some perspective on the degree of suppression
in the cross section coming from these constraints, we
note down the corresponding V,y values for My =
100 GeV as V,y =195x107, V,y =293 %1072,
and V_y =8.83 x 1072 for the NH (case I) scenario,
whereas, V,y=143x107, V,y =4.14x1072, and
V., =548 x 1072 for the NH (case II), respectively.
For IH these values are V,y = 0.48, V,y =4.15x 1079,
and V_y = 0.109. Note that since our model is fully
reconstructible and the only unknown parameter is y,,
which can be constrained from LFV and metastabilty
bounds, we have definite predictions for the parameters
Vv and these values are different for NH and IH
scenarios. Bounds on V5 can also come from electro-
weak precision data [65]. Our bounds for NH are
consistent with these bounds. For IH we get a larger
value for V,y. However, it is to be noted that the
electroweak precision data bounds are obtained assuming
mixing with a single charged lepton and can be evaded in
the presence of cancellations or mixing with the other
charged leptons [42].

III. PHENOMENOLOGY AT THE LHC

The dominant production channel of the heavy neutrinos
at the LHC is the s-channel process through virtual W-
boson exchange. At the leading order the parton level
process (gq' — W* — ¢£*N) is depicted in Fig. 2 (left
plot). The heavy neutrinos can also be produced through
the VBF process where production of N is associated with
two forward jets. Figure 3 contains the representative

parton level Feynman diagrams for VBF processes.2
Estimated total production cross sections of these heavy
Dirac neutrinos at the 14 TeV LHC in the IH scenario are
shown in Fig. 4 for both s-channel (solid-line) as well as
VBF (dashed-line). For the NH scenario the s-channel
production cross sections are shown in the same figure
for two different cases (cf. Table I), case I (red dot-
dashed line) and case II (black double dotted line). Basic
cuts such as pr, > 20 GeV and || < 2.5 are applied
and y, values mentioned in the previous section are used.
It is seen from the figure that although case II corre-
sponds to a lower value of y, since V,y is larger, the
production cross section is slightly larger. Since the VBF
cross section is much lower, we do not present the VBF
cross section for the NH case. In these analyses
CTEQG6L1 [68], parton distribution functions have been
used with the factorization scale set at the heavy neutrino
mass My.

Heavy neutrinos N can decay into charged leptons or
neutrinos associated with the gauge (or Higgs) boson.

N — W*IF/Zv;/Hy;, where [=e,u,7. (13)
A representative diagram for the decay of N (N — £TW¥)
is shown in Fig. 2 (right plot).

In Fig. 5 we present the branching ratios (BRs) for
these decay channels as a function of heavy neutrino
mass My both in the case of normal hierarchy (left) and
inverted hierarchy (right). Total decay widths in each
case are also demonstrated with the solid line in each
figure. Identifying that the charged lepton decay modes
for the heavy neutrino, i.e. N — W=IT are the main
channel for the search at the hadron collider, we
discuss the corresponding decay modes in detail for
both scenarios. The figure clearly shows that for NH,

*Note that there are some diagrams which are not truly the
VBF type, i.e. two gauge boson are not fused via the 7-channel
(e.g. bottom right diagram in Fig. 3), but they can lead to the same
final states. These diagrams are necessary for the requirements of
gauge invariance and included both for background [66,67] and
signal calculations.
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FIG. 4 (color online). The total cross section is shown for the
production of the heavy neutrino associated with the light lepton
(pp — N¢, where ¢ = e, ) at the 14 TeV LHC through the
leading order s-channel process, while dotted lines represent VBF
production cross section.

case 1, heavy neutrinos mostly decay into the tau lepton
(r) and W-boson. On the other hand for IH, decay into
the first generation lepton (e¢) possesses the maximum
branching ratio. For NH the decay to u is low and decay

*For case II, although branching ratios to different channels are
likely to change, we do not show the corresponding plot as the
final production cross section for both the cases, after putting all
the selection criteria, is very low for NH and beyond the reach of
the LHC at 14 TeV even with a luminosity of 3000 fb~!.

to e is severely suppressed, while for IH, the decay to =
has a lower ratio and decay to y is negligible. The W+
can have hadronic decay modes (W* — jj) or leptonic
decay modes (W* — [*y). The trilepton signal pp —
[*IF1*v comes from the later decay mode.

Other than the charged lepton decay mode, N can also
decay to the Z-boson or Higgs boson associated with the
neutrinos as listed in Eq. (13). The corresponding branch-
ing ratios are also shown in Fig. 5. Note that the branching
ratio for Zv is suppressed for lower values of the masses of
the heavy neutrinos essentially because of the W mass
threshold. For the Hv decay mode, the Higgs mass thresh-
old suppresses the decay rate for lower values of
My ~ 100 GeV. However, as M increases, these branch-
ing ratios increase to retain a ~25% level. Both these
channels can contribute to the trilepton signal via leptonic
decays and we have considered their contributions in our
simulation. However, since we will apply the Z-veto (to
minimize the SM background), the contribution coming

4Evidently, the former decay mode leads to opposite sign
dileptons (OSDL), also suppressed by |V ,y|* but slightly larger
compare to the trilepton signal. However, significant irreducible
backgrounds can come from 77, VV (with V. = W, Z), as well as
Z + Jets after vetoing the dilepton invariant mass at Z-pole.
Hence, we are not considering the OSDL as a signal. An estimate
of these backgrounds for OSDL can be found in [69]. Note that
their more specific selection criteria are not applicable for our
present signal. Similarly, OSDL through VBF is suppressed by
|V,x|* and is beset with a large background coming from WW, 7z,
and ZZ production at VBF [57].
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The decay branching ratios of the heavy neutrino () in different channels as a function of its mass in the case of

normal hierarchy, case I, (left) and inverted hierarchy (right). Total decay widths in each case are also demonstrated with the solid line in

the same figure.

from the Zv decay mode will be suppressed after final event
selection.

As the lepton Yukawa is small, the Hv mode is also not
going to contribute to our signal even for higher values
of My.

IV. SIMULATION AND RESULTS

We have implemented the model in FeynRules [70] and
generated the Feynman rules compatible with MadGraph5
[71]. After generating the Les Houches Event [72] file
from MadGraph, we have passed that to PYTHIAG [73] for
showering and hadronization.

A. Selection criteria

To get enhancement in signal over background, we use
the following selection criteria [74,75]:
(1) Identification criteria of a lepton: Pseudorapidity
|n,] < 2.5 and pr, > 20 GeV have been used.
(2) Detector efficiency for leptons [76,77]:
(a) For the electron (either e~ or e™), detector
efficiency is 0.7 (70%);
(b) For the muon (either u~ or u™), detector effi-
ciency is 0.9 (90%).
3) Smearing5 of electron energy and muon p; are
incorporated.
(4) Lepton-lepton separation: For this, AR; > 0.2 is
used® (due to the detector resolution of leptons).
(5) Lepton-photon separation: This is taken as AR, >
0.2 with all the photons having pr, > 10 GeV.

The choice of corresponding 7 dependent parameters is
similar to one of our earlier work [74].

SHere AR;; = \/(’7[ —-1;)* — (¢; — ¢;)* quantifies the sepa-

ration between particles i and j in the pseudorapidity (17)-azimuth
(¢) plane.

(6)

(7

@®)
&)

(10)
(In

Lepton-jet separation: The separation of a lepton
with all the jets is set at AR;; > 0.4; otherwise that
lepton is not counted as a lepton. Jets are con-
structed from hadrons using PYCELL within the
PYTHIA.

Hadronic activity cut: This cut is applied to take only
the pure kind of leptons that have very less hadronic
activity around them. The hadronic activity within
the cone of radius 0.2 around the lepton should be

small, % <0.2.
1

Hard p; cuts used are pg;, > 30 GeV, pg), >

30 GeV, and py;, > 20 GeV.

Missing pr cut: Because of the presence of the

neutrino, a missing pr cut (> 30 GeV) is applied.

Z-veto’ is applied to suppress the SM background.

VBF cuts [55,78]:

(a) Central jet veto is also applied, in which we
consider any jet with Ey3 > 20 GeV and com-
pute the rapidity with respect to the average of
the two forward jets: ny =3 — (7, +12)/2.
We veto the event if || < 2. The central jet
veto is applied to suppress the QCD background
substantially.

(b) Charged leptons need to fall in between the
rapidities of two forward tagging jets, i.e.
77./',min <z < ”j,max-

(¢) pr of jets: prj, j, > 20 GeV.

(d) Invariant mass of jets: M; ; > 600 GeV.

(e) Pseudorapidity of jets: #;.;;, <0 and
[n;, —n;,| > 4. Demanding both the tagged jets
in the opposite hemisphere and a large rapidity
separation among them significantly reduces the
background for VBF.

"The same flavored but opposite sign lepton pair invariant

mass my, ,, must be sufficiently away from the Z mass, such that,
typically, rm,flfz — M, >6I'; ~15 GeV.
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Dominant Standard Model background cross sections contributing to trilepton and missing transverse energy. These are

calculated satisfying all the cuts (except VBF cuts) for the 14 TeV LHC. For each process we also classify the trilepton background into
four different flavor combinations and present the cross section in each case along with the total contribution.

Cross section (fb)

Process (4474 eee eeu epp Hup

tt 18.972 1.1383 7.0831 8.2214 2.5297
W=(Z/y*) 10.832 0.0677 0.1311 5.9891 4.6440
(Z/y)(Z]y") 1.175 0.0734 0.0525 0.6400 0.4090
H(Z/y") 1.103 0.0429 0.1329 0.4997 0.4275
AW+ 0.639 0.0328 0.2655 0.2424 0.0983
TOTAL 32.721 1.3551 7.6651 15.5926 8.1085
TABLEIII. Dominant Standard Model background cross section contributing to the trilepton and missing transverse energy associated

with two forward jets. These are calculated satisfying all the cuts including VBF cuts for the 14 TeV LHC. Cross sections of four
different flavor combinations as well as the total cross section are listed.

Cross section (fb)

Process 1434 eee eeu eup o

WtZjj 0.04068 0.00073 0.00105 0.02157 0.01734
W~Zjj 0.01923 0.00038 0.00055 0.00994 0.00836
ZZjj 0.00094 0.00002 0.00002 0.00066 0.00024
TOTAL 0.06085 0.00113 0.00162 0.03216 0.02594

B. Background

1. For the s-channel signal

To calculate the SM background we consider all
channels that can produce or mimic the trilepton pro-
duction with missing P7. We closely follow the reference
[74,79] where a similar background analysis was done
with the event selection criteria listed as above except the
cuts related to the VBF. Events are generated using
ALPHGEN [80] for the processes coming from 7, 17(Z/y*),
W=, WH(Z/y*), (Z/y*)(Z/y*) at the parton level and
passed into PYTHIA. As expected #f and W*(Z/y")
contribute dominantly. These and other SM backgrounds
are listed in Table II. For each process, we classify the
trilepton signals into four different flavor combinations
and compute the cross section in each case along with the
total contribution.

2. For VBF signal

The trilepton signal with missing Py and two forward
jets in VBF can be faked by different SM backgrounds.
Processes like 77 would produce b-jets and are mostly
effective in the central region. Vetoing on jet activities in
the central region can eliminate most of the non-VBF type
SM processes. However, the most important irreducible
background comes from W*Z and ZZ together with two
extra forward jets once the gauge bosons decay leptoni-
cally. These processes can construct a dominant SM

background for the VBF production of 37 + £ since they
includes the typical VBF topology and hence can easily
pass the central jet veto criteria. These backgrounds are
calculated® using MadGraph5 and PYTHIA6. In Table III
the dominant background cross sections, after satisfying all
the cuts including VBF cuts at 14 TeV LHC, are tabulated.
Like the case of s-channel backgrounds, for each process
we also classify the trilepton signals into four different
flavor combinations and compute the cross section in each
case as well as the total contribution.

C. Signal

Earlier in Sec. III we have presented the total heavy
neutrino production cross sections for different light
neutrino hierarchies with basic selection criteria. The cross
section for the NH scenario was found to be much lower
than the IH scenario for the s-channel. The branching ratios
for decays of N to final states with ;£ and e are also very
small for NH. Therefore, we will concentrate only on the IH
scenario henceforth. For this we consider both s-channel
and VBF process. Although the VBF cross section for IH is
lower or comparable to the s-channel cross section for NH
for lower values of M, the background for VBF processes
are much smaller. Hence, we study this channel also for IH.
In this section we consider all leptonic decay modes of

¥Next to leading order QCD corrections are available in
[66,67].
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TABLE IV. Cross section for the IH case. Final trilepton signal
cross section through s-channel heavy neutrino production at the
14 TeV LHC for the benchmark point M, = 100 GeV including
all event selection cuts except VBF cuts. We classify the trilepton
signals into four different flavor combinations and present the
cross section in each case along with the total light lepton
contribution.

Cross section (fb)

Hierarchy 444 eee eeu epiu Uy
H 27.07 10.297 16.314 0.459 0.0

heavy neutrinos for a benchmark mass of My at 100 GeV
with the cuts discussed in Sec. IVA.

1. Signal for s-channel

The signal coming from the decay of heavy neutrinos

pp = CEN = E(CFWH) = 5676+ + Er,

where 7 = e, u.

Table IV lists the final trilepton signal cross section
through s-channel heavy neutrino production at 14 TeV
LHC for the benchmark point My = 100 GeV incorporat-
ing all event selection criteria except VBF cuts as described
earlier. The total contribution from the light leptons as well
as the contributions from the four different flavor combi-
nations are presented.

As we can see from the Table IV, the cross section in
terms of flavors has the ordering: eeu > eee > eupy > puu.
We can understand this in the following way. There are a
total of 8 possibilities which can produce ££¢ events. There
is only one way to produce puu and eee final states.
However, there are three possible ways to get the eeu
channel depending on which one of #;’s in Fig. 2 is
associated with e and u. Similarly for the euu final state
also we get 3 possibilities. The amplitude for the eee
channel ~V4y, the eep channel goes as ~V2y + 2V V.,
the euu channel goes as NV/%N + 2V nV,n, while the ppp
channel goes as ~VﬁN. Since V,y >V, the ece and eeu
cross sections are much larger, whereas the ppu cross
section is negligible. The eeu cross section is higher than
the eee cross section because of higher muon efficiency in
the detector, whereas the small euu cross section is due to a
very tiny value of V,y.

One can also compute the ratios of events with different
flavor compositions in which some of the common sys-
tematic uncertainties can get canceled. For example
eep/eee ~ ¢ where ¢ denotes the relative efficiency of
detection of the muon over the electron, eep/ppp~
eVin/Viy, eeefeup ~e*Viy/Viy, etc. Since for a fixed
¥, which in turn implies specific values for phases, the
variation of the light-heavy mixing angles is not very much
with oscillation parameters, these ratios vary within a very

PHYSICAL REVIEW D 91, 075007 (2015)

TABLE V. Final trilepton signal through VBF production of
heavy neutrinos for the benchmark point My = 100 GeV at
14 TeV LHC for IH after all event selection cuts.

Cross section (fb)

Hierarchy  £¢¢ eee eep eup Hup
H 0.018068 7.09 x 1073 1.06 x 1072 4.06 x 10+ 0.00

narrow range’ and hence can be used to test the model. Of
course, for different phase choices a different y, and hence
different predictions can be obtained. However, a smaller
value in y, would result in a lower event rate and hence it
would be difficult to test at the LHC.

2. Signal for VBF

In this section we present the results for the case where N
is produced by VBF:

pp = CENjj = E(ETWE)jj = 567+

+ Ep + jj(forward jets), where £ =e,pu.

In Table V we present the final trilepton signal cross
sections through VBF production of heavy neutrinos at the
14 TeV LHC for the benchmark point My = 100 GeV,
after including all cuts. Here we have only shown the case
of inverted hierarchy and signal is found to be quite small.
Although VBF backgrounds are small, the tiny production
cross sections are insufficient for giving any signal with
an integrated luminosity of 300 fb~'. Some indications
from VBF can appear only at the HL-LHC (3000 fb").
However, 5c¢ significance cannot be reached even
for My = 100 GeV.

V. DISCOVERY POTENTIAL

After numerical computation of all necessary signals and
backgrounds, results are better represented in terms of
significance, defined as S/+v/S + B, where S(B) = Logp).
Here, £ is the integrated luminosity available for the
collider at a certain machine energy and oy(p) is the final
cross section after all event selections, for given parameters
like heavy neutrino mass and corresponding allowed
couplings. Figure 6 (left) demonstrates the expected sig-
nificance coming from the s-channel production of the
heavy Dirac neutrino of mass 100 GeV as a function of

°Note that, the allowed magnitude of mixings are as following:
For a fixed value of y,(=04), a(=3x/4), §(=0), and
My(= 100) GeV, the magnitude of |V,y| and |V,y| vary in a
very small range for 3¢ variation of oscillation parameters;
|V.y| = 0.471-0.484, [V,v| = 1.236 x 1074-1.272 x 107
However, |V | varies little higher; |V y| = 0.092-0.147. Since
we are considering modes involving only e and y, the cross
sections are likely to vary by a small amount for different set of
oscillation parameters.
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My (GeV)

(Left) The variation of significance S/+/S + B for the s-channel production signal for benchmark point

My = 100 GeV with the integrated luminosity available for the low luminosity option at 14 TeV LHC. Black-dotted (green-dashed) line
parallel to the x axis represents the 5¢ (30) significance. (Right) The lines for the 3¢ (red) and 50 (blue) significance in terms of heavy
neutrino mass and integrated luminosity. With 300 fb~! luminosity at LHC14, the heavy neutrino mass in this model can be probed up to
~210(230) GeV with ~56 (30) significance. For a very high luminosity of 3000 fb~' this can reach up to ~270(295) GeV.

integrated luminosity at 14 TeV LHC. In the figure, the
black-dotted (green-dashed) line shows 5¢ (30) signifi-
cance. From the figure it is clear that for the case of the s-
channel signal in the IH scenario, the 36 (50) significance
can be achieved within the integrated luminosity
~0.73(2.03) fb~!. In the case of the VBF channel 3¢
significance can be achieved with 2175 fb~! luminosity,
while 5S¢ significance is not achievable within 3000 fb~!
luminosity which is planned for the HL-LHC.

Figure 6 (right) shows the lines for 3¢ (red) and So
(blue) significance in terms of heavy neutrino mass and
integrated luminosity. With 300 fb~! luminosity at LHC14
the heavy neutrino mass in this model can be probed
up to ~210(230) GeV with ~56 (30) significance. For
very high luminosity of 3000 fb~! this can reach up to
~270(295) GeV. For the VBF signal, since My =
100 GeV, it requires a very large integrated luminosity;
higher values of M are not possible to explore.

VI. SUMMARY AND CONCLUSION

In this work we have considered a TeV scale minimal
linear seesaw model which generates the correct order of
light neutrino masses and has sizable light-heavy mixing to
produce heavy neutrinos at colliders like LHC. One of the
important features of this model is that it can be fully
reconstructible from oscillation data excepting an overall
factor y, characterizing the Dirac Yukawa matrix. However,
this parameter gets constrained by LFV and vacuum
metastability bounds. The neutral fermion mass spectrum
of this model consists of one massless, two light, and two
heavy neutrinos.

We have studied the collider phenomenology of the TeV
scale linear seesaw at 14 TeV LHC. The heavy neutrinos
in this model can be dominantly produced through the
s-channel. In a leading order calculation, subsequent decay
of these leads to the characteristic trilepton signal with
missing py. We also consider the production of heavy
neutrinos through the VBF process. The signal for this is

trileptons with additional two forward jets which can be
tagged. Both these signals as well as the SM backgrounds
have been estimated with realistic simulations using
MadGraph and PYTHIA.

We found that s-channel trilepton production processes
have the potential to be discovered at the LHC for the IH
scenario. However, due to severe constraint on the light-
heavy mixing coming from LFV in the case of the NH
scenario, both the s-channel and VBF cannot be probed at
the 14 TeV LHC with proposed luminosity. For a bench-
mark point with a heavy neutrino mass M = 100 GeV, 3¢
significance can be achieved with an integrated luminosity
of ~0.73(2175) fb~! for the s-channel (VBF) signal in the
IH scenario. 50 significance can be reached for the s-
channel signal with an integrated luminosity of ~2 fb~!;
however, for the VBF signal the required luminosity is
~6042 fb~!, which is beyond the reach of the projected
luminosity at the LHC. The discovery reach in the trilepton
channel can be achieved up to the heavy neutrino mass
of ~210(230) GeV with ~56 (30) significance at the
low luminosity (300 fb~!) option of 14 TeV LHC. In the
high luminosity (3000 fb~!) search, the reach is up to
~270(295) GeV. Whereas, the VBF channel can only
reach up to ~3¢ for My at 100 GeV. Our analysis uses
values for the elements, V,y, of the light-heavy mixing
matrix, which are consistent with the constraints coming
from vacuum metastability and LFV. Any freedom of
choosing larger values [e.g. ~O(1)] for these parameters
can extend the discovery limit by a very significant
amount. With the constraints used in this work, for V,y, a
detectable trilepton signal can only be obtained for the
inverted hierarchical scenario with particular choices of
phases leading to large y,. One can also compute the
ratios of events with different flavor compositions which
are proportional to the elements V,y. They vary only
within a narrow range with the 30 variations of oscil-
lation parameters and thus the model has very definite
predictions for these ratios.
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