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1. Introduction

The Standard Model of particle physics (SM) has been, together with General Relativity, one
of the most succesful theories in physics. The SM mixes relativistic quantum mechanics with
continuum field theory; it describes the behavior of elementary particles and their interactions
[1]. The interactions of particles are described through the principle of gauge invariance, which
emerge as consequence of the study of fundamental symmetries satisfied by particle fields. The
easiest example of gauge invariance comes from electromagnetism where the 4-potential, A,, can
be transformed by the means of Equation [I.I] such that the electric and magnetic fields remain
the same.

A”—>AL = A, + O\ (1.1)

The choice of a given A fixes the gauge and implies that some components of the potential could
vanish. One example of this is the Lorenz gauge, where we set d,A" = 0. This basic symmetry
of the potential can be understood in terms of Lie groups [2], namely the U(1) group, where its
elements can be understood as continuous phase rotations. If we generalize the fact that each
interaction should follow some gauge invariance, under a certain Lie group, we will be able to
construct a field theory for that interaction. Furthermore, if we now quantize the interaction
fields, we will have a Quantum Field Theory (QFT) for it.

The SM is the most complete Lorentz and gauge invariant theory to describe the quantum
realm. It includes three of the four main interactions and associates to them vector bosons, such as
v, W*,Z° g;. The W=, v and Z° are the three gauge bosons associated with the weak interaction,
and arise from the SU(2), x U(1)y symmetry, while the g; are the eight gluons associated with the
strong interaction, and arise from the SU(3)s Lie group. It is worth noticing that the subscripts
L, Y and C arise from the conserved isospin, hypercharge and color quantum numbers. Therefore,
the SM can be written in a single gauge group as

Gsur = SU(3)e x SU(2)1 x U(1)y, (1.2)

where the fermion fields transform in the fundamental representation, while the gauge fields trans-
form in the adjoint representation. However, at high energies the electroweak SU(2), x U(1)y
gauge group behave as a single interaction, breaking to the U(1)¢g group. E] This symmetry break-
ing occurs by the means of the so called Higgs mechanism, whose interactions with matter give
rise to mass terms that violate gauge invariance under transformations of the electroweak gauge
group.

Even though the SM has been successful in explaining a broad variety of phenomena, there
are some experimental and phenomenological observations that cannot be explained within its
formalism, leaving many open questions related to topics such as quantum triviality[3], Higgs
boson mass finiteness [4], matter-antimatter asymmetry [5], neutrino oscillations and mass [0],

IThe subscript Q denotes electric charge



quantum gravity [7], etc.

Many theories have been proposed to explain each of these problems, from Supersymmetric
Models [8] and Grand Unified Theories [9] (GUTSs) to String Theory [10]. Some of these theories,
specially those explaining neutrino masses, include a U(1) extension to the theory that predicts the
existence of massive right-handed neutrinos, whose mass can be explained within three possible
mechanisms, referred to as Seesaw mechanisms [11]. As there are many possible U(1) extensions
of the SM, we focus on scenarios where the so called B-L symmetry is conserved. For exam-
ple, this type of models can explain the observed matter-anti-matter asymmetry in the universe
(leptogenisis) [12].

One of the simplest theories to explain the generation of neutrino masses, is the Singlet Majoron
Model [I3]. In this model, one introduces a singlet scalar field, ¢, that couples only to fields charged
under U(1)p_; symmetry group. After Spontaneous Symmetry Breaking, it is possible to use a
Kibble parametrization for the scalar field, such that [14]

go:\%(fﬂum (1.3)
In Equation A and J are real scalar fields. In this project we focus on how the Goldstone mode
of p, J, couples to matter. Additionally, a preliminary feasibility study for the production of this
process at the CERN’s Large Hadron Collider (LHC) is presented.

The right-handed neutrino states have been object of study at many particle physics experi-
ments such as IceCube [15], as well as the CMS [16] and ATLAS [17] experiments at CERN’s Large
Hadron Collider (LHC). The most recent experimental searches have considered Heavy Neutrino
(HN) production via Drell-Yan (DY) mechanisms as the main production mechanism. However, no
signal of these neutrinos has been found until now [I]. Since in no signs of physics beyond the SM
has been observed yet at the LHC, theoretical and phenomenological studies have been published
in recent years [I8| 19, 20], proposing new models and analysis techniques to detect new particles.
For example, the Vector Boson Fusion (VBF) topology, has been proposed in several articles as
an alternative and interesting mechanism to study regions of difficult experimental access at the
LHC [21, 22, 23].

The VBF process result from the fusion of two vector bosons (v, Z%, W) radiated from two
quarks. The main experimental features VBF process are the production of two energetic jets
with a large pseudorapidity gap, located on opposite hemispheres of the cilindrical-shaped parti-
cle detector, with large reconstructed dijet mass. The associated production cross sections VBF
processes are 107! — 10% smaller with respect to standard DY production. Nevertheless, the re-
quirement of VBF topology allows a background suppression ranging from 10~2 — 1079, depending
on the background, allowing VBF to be competitive with respect respect to other searches consid-
ering standard Drell-Yan or W-meadiated production mechanisms. n this dissertation we study
the hypothetical production of unstable HN in association with Majorons at the LHC. We con-
sider two possible production mechanisms, through W-mediated process and through VBF. In the
model, we consider the Majoron as a stable radiated boson from the HN, becoming a canonical
Dark Matter (DM) candidate. A representative Feynman diagram for the production of the signal



model under study through VBF is presented in [1.1f]
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Figure 1.1: Production of a Majoron via indirect VBF

As the Majoron, J, origins from theories that extend the SM to explain neutrino masses, its
finding can be an important target at the CMS and ATLAS experiments, as it can become, together
with the new neutrino states, a perfect DM candidate. Nevertheless, the production of this particle
at colliders has not been largely studied. The work presented in this disertation aims to be a first

theoretical and phenomenological approach to calculate both matrix elements and cross sections
for the J production via DY, W and VBF channels.

2Feynman diagrams are made using the online tool https://feynman.aivazis.com
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2. Theoretical Framework

The Standard Model of particle physics (SM) is a relativistic quantum field theory that encap-
sulates our knowledge and understanding of the fundamental particles and how they interact by
the means of the electromagnetic, strong and weak interactions. Within this formalism particles
are modeled as quanta of fields that permeate space-time and, according to their spin values, are
divided into two families: Fermions and bosons. In the SM fermions are spin—% particles that con-
stitute matter and interact via boson exchange [24]. These bosonic exchanges arise as consequence

of gauge invariance of the fermion Lagrangian under the gauge group
SU(3)C X SU(2)L®U(1)y, (21)

where the subscripts C, L and Y denote the color charge, left-handed chirality and weak hyper-
charge respectively. Additionally, the SM describes how the electromagnetic and weak interactions
unify into the electroweak interaction, the origins of quarks due to color interactions and also how
particles gain mass via Spontaneous Symmetry Breaking (SSB).

To fully understand all these concepts mentioned before, it is useful to make a brief reminder
of the theory underlying the SM, starting with Quantum Electrodynamics (QED) and Quantum
Chromodynamics (QCD) before making a longer summary of the weak interaction and SSB.

2.1 Quantum Electrodynamics

Before the discovery of QED Dirac discovered that the dynamics of spin—% particles, which are
modeled by a 4-component spinor ¢, are dictated by the equation that now holds his name [25]

B — i = 0, (22)
where * are the four 4 x 4 matrices that arise from the Clifford algebra given in Equation [2.3
{777} =2 (2.3)

The most general solution of Equation is given by plane superposition and positive energy
spinors u, v which are associated to particles and antiparticles respectively. These solutions take
the form

cr(p)ur(p)e”™ + di(p)ve(p)e™], (2.4)

B 2 dBp 1
¢(m>_;/(2ﬂ)3—@[ :

where 1 is an index indicating the two positive energy spinors for u and v [26]. In addition to %, it
was later found that one can construct an additional, linearly independent field given by 1) = 10,



With these two fields, one can construct a Lagrangian for a free Dirac spinor [27]

£ = iy — i (2.5)

Then, it is straightforward to note that this Lagrangian remains invariant under global U(1)

transformations given by

S :eie
v et o
=P =e".
One can then use Noether’s theorem to obtain a conserved current [2§], which is given by
JH = deytap (2.7)

Now that a conserved current has been found, one can promote the U(1) transformations to a local
set up [29]. In other words, the maps

Y — e?@h =(1 4 i6(z))

B 905 (1 — i0(2)) (28)

have to be considered. With these transformations, one obtains that the mass term of the La-
grangian remains invariant while the kinetic term breaks it as the derivative does not transform

properly as seen in Equation [2.10]

O =€ (i0,0)1) + €9, (2.9)
e (2.10)

To solve this problem one introduces a U(1) covariant derivative, which introduces a vector field
A, such that one can replace

0, — D, =0, — eiA,, (2.11)
while the vector field simultaneously transforms in the adjoint representation
1
A, — A, — gauﬁ(x) (2.12)

This being said, one can check that the conserved current given in Equation arises naturally

from the Lagrangian

£ =it Db — mi (2.13)
=iy, b — maby — ey A, (2.14)
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but coupled to the field A,. It is important to note that both fields ¢ and ¢ describe electrically
charged fields, such that the last term in Equation [2.14] can be easily understood as the electro-
magnetic interaction of these fields mediated by the field A, [30]. Hence, one can infer that this
vector field is the electromagnetic field, whose dynamics is governed by the Lagrangian given in
Equation [2.15]

1
L= FuF" with F, =0,4, - 0,4, (2.15)

Thus, if one wants to have a general U(1) gauge invariant Lagrangian that contains the dynamics
for both fermions and the photon, one has to add the terms on Equations and [2.15, This
Lagrangian describes the whole theory underlying QED and is given by

1

L= i@’Y”({Mﬂ - m@gﬁ - ZF;WF;W - &’Y’WAN (2'16>

From this Lagrangian, one can obtain all possible electromagnetic phenomena after introducing

the interacting term into the expression for the S matrix [31],

SW = exp {— ie/d‘le(wv“Auw)}, (2.17)
and performing a Taylor expansion of the exponential, as well as the corresponding Wick contrac-
tions [32]. From this expansion, one can deduce a simple set of rules that help to build the matrix
elements associated to the electromagnetic phenomena at all orders in the expansion. These set

of rules were first discovered by Richard Feynman and are referred to as Feynman rules [33]. For
QED we obtain the following set of rules:

e For every incoming fermion assign a spinor wu(p)

Figure 2.1: Incoming fermion.

e For every incoming antifermion assign a spinor os(p)

Figure 2.2: Incoming antifermion.

e For every incoming boson assign a polarization vector e”(p)

AAVAVAVAVAVAVAL

Figure 2.3: Incoming boson.
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e For every outgoing fermion assing a spinor u(p)

Figure 2.4: Outgoing fermion.

e For every outgoing antifermion assign a spinor vg(p)

Figure 2.5: Outgoing antifermion.

e For every outgoing boson assign a polarization vector €;,.(p)

LAVAVAVAVAVAVAVAV)

Figure 2.6: Outgoing boson.

e All particles connect into a vertex. This vertex has a momentum space function given by
—ievyh.

_ ir*gutm)

e For each internal fermion line assign a propagator iSr(q) T ric

Figure 2.7: Fermion internal line

~i (nw—<s—1)q§§”)

e For each internal photon line assign a propagator iD,,(¢) = pew
we choose the Feynman gauge, such that the second term in the propagator vanishes.

. For simplicity

Figure 2.8: Photon internal line

Note that there is an extra ie factor in the propagators of both fermions and photons, and arises
to ensure causality in the theory. In addition to these basic rules, it is possible to obtain an extra

12



one which arises from higher order terms. These terms generate diagrams like

that contain extra internal lines and are known as loop diagrams. The momenta of the particles
present in the loop are then integrated, giving us the final rule:

e For each loop present in a diagram, integrate over the momenta of the additional particle
d*k
f (2m)* "
However, these loop diagrams are divergent and require renormalization and regularization
processes to take out these divergencies [34]. Additional topics like field quantization and the

Gupta-Bleuler condition exceed the depth of this summary and references [28,35] are recommended
if the reader is interested.

2.2 Quantum Chromodynamics

Even though QED became the first quantum field theory that describes the electromagnetic inter-
actions of fermions, it did not explain neither how quarks constitute nucleons nor how they hold
together in the atomic nucleus or the origins of hadrons. The first approach to a correct theory
was made by Gell-Mann, Nishijima and Pais when they introduced the Eightfold Way, an SU(3)
gauge invariant theory that was based in flavor conservation to explain the origin of all hadrons.
Nevertheless, their theory was quickly discarded after the discovery of the AT and 1~ resonances,
as they explicitly violated the exclusion principle due to their quark content as seen in Equation
, as well as from the discovery of the J/v resonance that indicated the presence of the charm
quark [36, [37].

|ATT) = Juuw)  [Q7) = [sss) (2.18)

Based on the clear incompatibility of the SU(3) flavor symmetry with the experimental data Nambu
proposed the existence of a new quantum number, the color charge. This new symmetry modeled
quarks as colour triplets of the form [3§]

1 0 0
) = aCili(p); Ci=r=[0] Co=g=[1| Ci=b=]0 (2.19)

13



such that hadrons can be considered to be color singlets. It is then straightforward to note that
the color vectors span a 3D Hilbert space whose unitary transformations are given by SU(3)[[39).

Hence, it is required to construct a SU(3)c gauge theory for quarks to explain the whole
phenomena associated with the strong interaction. First, one has to note that SU(3) is a non
abelian Lie group, contrary to the QED case, with Lie algebra

(13, T3] = i fiji T, (2.20)

where f;;, are the skew-symmetric structure constants and 7; are the 8 generators of the algebraﬂ
In the fundamental representation these generators are proportional to the Gell-Mann matrices
via T; = %)\i. These matrices are given in Equation m

010 0 —i 0 1 0 0 00 1
M=|100| =i 0 0of =]0 -1 0] M=[000
000 0 0 0 0 0 0 100
(2.21)
00 —i 000 00 0 L fr oo
=00 0] X=]001| M=]00 —i /\S—ﬁ 01 0
i 0 0 010 0 0 00 —2

As quarks are modelled as fermionic particles, their dynamics are contained in the Lagrangianﬂ
[40] given in Equation [2.22]

L =iply o] —mply! (2.22)

If one then considers the triplet behavior of quarks, one can obviate the color index such that the
Lagrangian takes

L = ithyy" by — mibpiby (2.23)

With this Lagrangian it is then mandatory to check global invariance under SU(3)¢ transforma-
tions by considering the maps

Py — eaTag), Wy — yeTiote (2.24)

As a, are space-time independent parameters, the Lagrangian will remain invariant. Thus, after

using Noether’s theorem one obtains eight conserved currents which are given by Equation [2.25]

Jh = P Tayy (2.25)

After checking that Equation is invariant under global SU(3)¢ transformations, it is then

LC denotes color charge.
2The structure constants take the role of the Levi-Civita density for SU(2).
3Here, Einstein summation convention has been used over the flavor (f) and color (c) indices.

14



mandatory to promote the symmetry transformations to a local setting. Hence, one maps

Yy — exp(igsaq(z)T,) Yy UV — by exp(—igsa(x)T,), (2.26)

and notes that the derivative term is non invariant. Following the same procedure done in QED,
one defines the covariant derivative

D, =0, +ig,1,Aq, (2.27)

where the A, are the eight gauge bosons mediating the strong interaction, which are known as
gluons. These gluons must transform via Equation [2.28, Note that there is an extra term in this
transformation and can be explained by the non abelian behavior of the gauge group [14].

1
Aa,u — Aa,u + _a,uaa - fabcabAc,u (228>
gs

Additionally, one needs to introduce the gluon strength tensor to add a dynamical term for
them in the total Lagrangian of the theory, which we call Quantum Chromodynamics (QCD) .
This tensor takes the form

FIv = 0" AL + 0" A + gs fanc AL AL, (2.29)
such that the total QCD Lagrangian reads [30]

1
- JFUE, (2.30)

L =iy "Oupy — mippibs + go i Ay
This Lagrangian describes all possible dynamics for processes regarding quarks and their inter-
actions. However, the quantization procedure can be very complicated due to the non abelian
behavior of the gluon field. Hence, one needs to introduce functional integral quantization and
Faddeev-Popov ghost fields. For more insight on these topics, as well as renormalization of non
abelian theories and asymptotic freedom, see [14, 31}, [34] [41][ref:amateur,srednicki, schwartz, klein-
ert]. Given this Lagrangian, one can follow the same procedure than in QED to obtain the following
set of Feynman rules [42, [43]

e Gluon propagator

1150.

@y by P’ i
e Quark propagator
-~ 5(11)
» 7/7
a b y—m+ie
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e 3 Gluon vertex factor

b3
q
GsJare ™ (0 — @) + 0" (q = r)* + 07 (r — p)’]
p r
a C

v

o 4 Gluon vertex

ax bg
— 192 foacfaa(n™ 117 = n*n™)
- ingzadfmbc(naﬁn’m - 77(1777“35)
— g2 foav frea(n® ™ — nn7)
cY dé

e Quark-Gluon vertex factor

a

/E -
(e}

2.3 The Weak Interaction

In the 1930’s Fermi proposed that weak processes such as 5 decay could be explained by the means
of two currents that interact in a single point as seen in Figure 2.9

n p
\< Ve
-

Figure 2.9: Graphical representation of Fermi’s point-like interaction.

However, experimental phenomena proved that the interaction was not point-like and had to
be mediated through a massive vector boson, contrary to QED. Around the 1950’s Gell-Mann

16



and Nishijima formulated the quark model, based on Isospin and hypercharge conservation. This
allowed physicists to understand the 3 decay as the process

d—u+e +1, (2.31)

Inspired by the isospin model, which was not exact for quarks, Fermi attempted to build an SU(2)
gauge invariant theory for the weak interaction, where g decay is just one possible manifestation
of it. He argumented that quarks and leptons could be arranged into isospin doublets as mu ~ my
and m, << m, (thus can be taken as negligible). These doublets are given by

) ()

The isospin assignation for each element of the doublets is thenﬁ
1 1 -1 _ -1, _
T3 |U> = 5 |U> T3 |Ve> = 5 |Ve> T3 |d> = 7 |d> T3 |€ > = 7 |6 > (233)

Based on Fermi’s point-like interacting currents, a possible Lagrangian that describes the
decay can be taken to be

L = igy"0,q + ily" 0,0 — myqq — mell + %queTVe, (2.34)

where G is the Fermi coupling Constantﬂ

Nevertheless, in 1956 Yang and Lee proposed that as there was no experimental evidence
showing the weak interaction to be invariant under parity transformations, a parity violating
theory must not be discarded ﬂ Their idea, though polemical and disregarded by physicists like
Pauli, was proved right by Wu in 1957 after studying the decay of ®0Co isotopes under a magnetic
field [44]. She observed an excess of decay events on one specific direction of the applied magnetic
field, contrary to the expected symmetrical distribution, implying that the weak interaction does
not conserve parity.

The preference of an specific direction of decay in the weak interaction caused many physicists to
look for solutions. Perhaps the most successful one was proposed by Feynman, where he considered
that the theory could be explained via the introduction of vector-axial, or (V-A), currents as they
are the only ones matching the experimental data given by Wu. The proposed currents take the
form [45]

JH = %¢7“PL¢; Pr, = %(1 —5) (2.35)

4This assignation was later extended to up-like quarks (u, s, t), down-like quarks (d, c, b), electron-like leptons
(e, p, 7) and their corresponding neutrinos (v, v, v ).

5This constant was later understood as the weak coupling constant of an effective theory at low energies.

SWe understand a parity transformation as mapping ¥ — —Z and j — —p.
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Note that using these (V-A) currents, obligates us to use a new representation of the gamma
matrices, namely the Weyl (or chiral) representation, where they are given by [31] 42]

E) () () e

As 75 is diagonal, one can decompose a Dirac spinor in terms of the eigenstates of this matrix,
known as left-handed and right-handed chiralities

Y=L+ Yr (2.37)

As these eigenstates form a basis of the spinor space, one can define projectors as

1 1
PL:§(1—75)PR:5(1+75)—>PLPR:0 Pljp=Prr (2.38)

Based on this projections, one can check that (V-A) currents imply that only left-handed chiralities
participate on the weak interactionﬂ Thus, the doublets previously defined in Equations and
2.33| are only formed by these left-handed states. This being said, if we replace Dirac spinors in
terms of Equation [2.37] we obtain that spinor dynamics is given now by

L =iy Obr + W dubr — mrir — mibrir (2.39)
Note that an SU(2) transformation like
Ur, — Py o exp(iays )y

will not leave the mass terms invariant, one says then that mass terms break gauge invariance.
Additionally, note that as neutrinos only participate in weak processes, they can only posses left-
handed chirality which means that they are massless.

As mass terms break gauge invariance, physicists like Weinberg, Salam, Feynman and Glashow
started studying an analogous theory of the one originally proposed by Fermi, without including
mass terms. In other words, they considered Lagrangians like

L= i@EL’YMOM@Z)L + Z'%ER’VMaMbR (2.40)

where the left-handed chiralities are SU(2), doublets ﬁ and the right-handed states are singlets.
Hence, based on Equation quark and lepton dynamics are given by

L= Z.(jL")/Maqu + z’@L'y“é?uﬁL + iﬂR’y“ﬁuuR —+ iJRy“ﬁudR + iéR’y“aueR (241)

where ug, dr and eg are right-handed singlets for the up-like quarks, down-like quarks and charged

"In other words, SU(2) will only act on left-handed states
8The subscript L denotes the chirality on which this group acts

18



leptons respectively.
As doublets are the ones interacting via weak processes, a global SU(2), transformation, for a
general doublet v, takes the form [30]

. Ta - - . Ta
Y1, — exp ( — zgw0a§> v Y — Y exp (zgw0a5> (2.42)

where a = 1,2,3, g, is the weak coupling constant and 7, are the Pauli matrices a. If the 6,
are space-time independent, the Lagrangian will be gauge invariant. Hence, by using Noether’s
theorem it is possible to obtain three conserved currents which are given by

— Ta
Jo = gw¢L7u5¢L (2.43)

To see the structure of these currents let us, without loss of generality, take 1y, to be a lepton
doublet, such that

Ji = %ﬂ(ﬂeL’Y”eL +ery'ver) (2.44)
I = =% urter — 17 ver) (2.45)
Jy = %U(’jeL'YMVeL —érer) (2.46)

Note that J3 takes a very familiar form, namely that of a neutral current like the one we obtained
from QED [}

Ty = Qérte (2.47)

Now that a theory which is globally invariant is obtained, this allows to consider local gauge

transformations. I.e the fields map to

Wr, = exp(—igwba(x)Tu)Yr  Yr — dpexp(igwba(e)T,); To = %Ta (2.48)

Note that making 6, to be space-time dependent will break gauge invariance as
Opbr, — —igu(0u0a) Tpe ™90 aryy 4 eigwbal@)Tagy o)
Thus, inspired by QED results, one introduces the SU(2),, covariant derivative
D, =0, +ig, W), (2.49)

where the W, are the three vector fields that mediate weak interactions. Additionally, these bosons

9This fact would inspire Weinberg, Glashow and Salam to think of electromagnetism as a consequence of another
phenomenon.
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transform as [14]
1
Wh — Wk + —00, — € Wi'0:(2), (2.50)

where there last term arises from the non abelian behavior of SU(2).
In a similar way as for gluons, one introduces the field strength tensor as

Fo, = 0,W = 0,Wi+ gy Y &“Wewy (2.51)
b,c

With this definition, the total SU(2);, gauge invariant Lagrangian is given by

- 1 a v
,C == Z@Z)L’}/'U'D“@Z)L - ZF#VF;L (252)

Note that the kinetic term for the W bosons will introduce 4-point and 3-point diagrams like those
given in Figures and

a b c d
~WEWEWEWS

Figure 2.10: 4-Point diagram arising from W boson Lagrangian

~ (0 WWe Wy

Figure 2.11: 3-Point diagram arising from W boson Lagrangian

As Equation implies that T2 and 75 are diagonal, it is possible to define ladder operators

20



in analogy SU(2)-based spin in non relativistic quantum mechanics [[7] [24] 27]
This will then induce the construction of gauge bosons associated to these new degrees of freedom,
namely [30]

1

+ 1 12
Wo=—(W,FiW)), (2.54)

S

2

as well as new charged currents given by

= %(J{‘ Iy (2.55)
Expanding for the lepton doublets, these currents take form H As a SU(2), invariant Lagrangian
was obtained, one could then try to get the Feynman rules at tree level for the weak interaction.
However, the theory possess an additional symmetry which arises from the Dirac behavior of the
spinors, just like they do in QED. In other words, by taking spinors to be Dirac-like one obtains
an extra U(1) symmetry, referred as the hypercharge symmetry H

This new U(1)y symmetry, when taken as global, maps the left-handed and right-handed states

via Equations and
7
Y —>exp ( - 59/YL9) YL, (2.56)
7
YR — exp (§QIYR9> VYR (2.57)

where g’ is the U(1)y coupling constant. Note that both left and right handed spinors are not
forced to have the same hypercharge values, this is due to their doublet and singlet behavior under
SU(2)r. As the Lagrangian is gauge invariant under these new global transformations, one obtains
two different Noether currents, one from each chirality, namely

/

JZLL/R = %YL/R¢L/37“¢L/R, (2.58)
which for left-handed leptons becomes

J = g—,Y (7 e 2.59

w5 tL VLYV + ervyuer) (2.59)

Following the same procedure as in QED it is possible to find that the derivative term breaks gauge

invariance under local transformations, such that the introduction of two covariant derivatives (one

10This is also known as the spherical basis of SU(2)
HExperiments have shown that these linear combinations are the physical currents and gauge bosons.
12Thus, one adds a subscript Y to the U(1) group to distinguish from QED.
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for each chirality) is needed
DIR =9, +ig' Y rB,, (2.60)

such that the gauge field B, transforms just like in Equation asU(1)y is abelianﬁ The presence
of the new U(1)y gauge symmetry, together with SU(2)., in the weak interaction means that the
total gauge group is SU(2), x U(1)y. By acting simultaneously with both transformations, one
obtains that the interacting Lagrangian is given by [42]"]

LD —JrB" — B — JEW) — AW — T, (2.61)
For left-handed leptons, the neutral part of the Lagrangian reads

—1
LD 7[(QIYLBu + wa;)ﬂL’y‘ul/L -+ (g/YLB“ — waéu)éL’)/HeL] (262)

This inspired Steven Weinberg, Glashow and Salam to realize that the B and Wj fields were not
the physical fields, but rather a superposition of them. Weinberg noticed that the structure of
the interaction take a form similar to that of QED, namely QA*.J,, inspiring his colleagues to
confirm that the electromagnetic interaction, as well as the weak interaction, arise from a unified
electroweak interaction. Additionally, he noticed that the matrix that takes the gauge fields to
the physical fields must be a rotation to preserve unitarity in the weak interaction. Weinberg’s

B# cosf, sinf, A+
_ 2.63
(Wg‘) (— sinf,, cos 9w> (Z“) ’ (2.63)

where Z* is a new vector boson that mediates neutral currents and A" is the photon field. The

rotation matrix is defined by

weak mixing angle or Weinberg angle is then defined by E

/

~ 9 —tang, (2.64)

Guw

If one now replaces Equation [2.63|into [2.62, the neutral interaction Lagrangian will read

/ /
LD— {YL% cos 6, — g?w sin Hw} vyt AV — {YL% cos b, + g?w sin Qw} eryerA,
(2.65)

/

/
— {YL% sinf,, + %” cos Qw] vpytvr 2, — {YL% sin 6, — %U Cos Hw] etyerZ,

From the currents coupled to the photon, it is straightforward to show that the electric charge can

BFrom now on this document will only focus in the interacting part of the Lagrangian.
14The D indicates that the terms on the right-hand side are part of the total Lagrangian.
5 Experimental measurements have shown that sin?,, = 0.231 [46]
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be written in terms of the weak coupling constants as

/

Q= YL% cos B, + %U sin 0, (2.66)

As neutrinos are postulated as neutral particles, its coupling with the photon must vanish. This

means

/

YL% cos 0, = g?w sin 6, (2.67)

which reduces to Y, = —1 after using Equation [2.64/°, Additionally, note that Y, = —1 along

with Equation imply that Q = g, sin6,,.
After replacing the electric charge and the hypercharge the neutral Lagrangian becomes

L=—-Qe'erA, — QCiZQw vi'vLZ, + 5 nggw cos(20,,)ery'erZ, (2.68)
When reading this Lagrangian, one notes that that neutrinos and leptons behave differently when
interacting with the Z boson. This fact was indeed seen at experiments such as LEP [47] and
TEVATRON [48], where the branching fraction of the Z boson to leptons and neutrinos are ap-
proximately 10% and 20% respectively [46]. Furthermore, note that the definition of the electric
charge in terms of both hypercharge and couplings to the W3 boson imply that the Gell-Mann-
Nishijima formula holds in the electroweak interaction due to the SU(2) ® U(1) structure of the
gauge group, namely

1
Q=T33+ YR

2
If one now follows the same procedure with the right-handed states, it can be found that Yz(vg) =
0, Yr(er) = =2, Yg(ug) = 3 and Yg(dgr) = —3%. Using Gell-Mann-Nishijima formula, one rewrites
the Z boson Lagrangian, for a generic spinor v, as

—Guw

LD
2cosf,

Ty — Qsin® 0,070 2, (2.69)

As the Z boson is a superposition of both B and W3, it couples differently to each component of

the (V-A) currents that participate in the weak interaction, namely

 u
2 cos b,

L=

Dy (co = Ca¥5) 0 2y, (2.70)

where ¢, = Ty, — Qsin®0,, and ¢, = Ty.. Hence, the total Lagrangian, up to ghost field terms,

16This value only holds for leptons. For quarks one obtains Y7, (u) = % and Y. (d) = 3 [24]
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will now be

1 v 1 v + n Gw N
ZZ[LVZﬂ - ZW;WW# - Jiw‘u - Q¢7“¢AH - 9 cos ‘gw 1@7“(% - Ca75)wZ,LL7
(2.71)

1
L =ipy"o, — ZF“”FW —

such that one obtains the following Feynman rules

e Lepton-Neutrino coupling with W boson

W
_iIW _up
Z\/ify L
l v
e Quark coupling with W boson E
w-
-gw
- 7‘/;1,)P
Z\/i bLL
qa b
e Fermion coupling with the Z boson
ZIJ«
I we
ZQCOS QW’Y (Cv Ca75)
I f

ITHere the Vy; is the CKM quark mixing matrix, which arises from the experimental observation of CP violation
in Kaon decay [27].
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e Vector boson propagator
W= /Wt /z : (M — Pubv/m?)
ANNANN D) == e

e W boson coupling with Z boson

Z7k37p

ZgW COS QW [TI#V(kl — kQ)p + T]Vp(k‘g — k3)# + T]p#(kg — k‘l)y]

W+,k1,ﬂ W_7k27l/

e W boson coupling with the photon

Z.gW sin 6W[77;w(k:1 - k2)p + nup(kQ - kB)u + npu(kS - kl)u]

W+,]€17M W77k27y

e 4 vector boson coupling

W= v W=, p

7;912/17[27]#57]1/;7 = NuMsp — T/upnl/ﬁ}

W+ n W+, 68

e W boson-Photon 4 point interaction

25



W=v Vs P
- Z'gIQ/V sin® Oy (20759 = NupTlvs — NusTop)

W, 7,0

For the remaining Feynman rules see [24) 27, 30]

2.4 The Higgs Mechanism

In the last section a gauge invariant theory for fermions, interacting via weak processes, was
found. However, one had to set vector boson and fermion masses to zero in order to preserve
guauge invariance under the electroweak gauge group. Setting masses to zero was a problem that
needed a solution to give a proper prescription of the behavior of fermions.

The mass problem in the electroweak interaction was solved by Higgs, Englert, Kibble, Guralnik
and other physicists after they analyzed how photons gain mass terms after Spontaneous Symmetry
Breaking (SSB) in Ginzburg-Landau theory, giving rise to superconductivity and superfluidity.
Based on this theory, they introduced a complex scalar doublet ¢, whose dynamics are contained
in the following Lagrangian [:g]

L =(0,9)"(0"¢) = V(¢"9) (2.72)

where V is a self-interacting potential. n order to preserve gauge invariance and renormalizability,
the potential must be given by [14]

A
V(6°6) = 1266 + J(6°9)2 — 6 = (i) (273)

Note that if g > 0 the potential will be symmetric, as seen in Figure [2.12] such that the minimum
of the potential will be located at ¢g = 0.

18This doublet has T = % and Y=1
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Figure 2.12: Interaction potential if 2 > 0.

However, if 4? value becomes less than zero, for example due to a decreasing temperature, the
symmetry of the potential due to this spontaneous change of sign E as seen in Figure

AV(©)

Figure 2.13: Interaction potential if u? < 0.

> =

. . . 9,2 . .
with minima occurring at | ¢ % Nevertheless, note that the minima are not unique and

that a phase transition such as,
Py — e "y (2.74)

will also be a minimum of the potential, leaving the dynamics of the field invariant. Thus, there

is an infinite number of available minima, or vacuum expectation values, and that choosing one of

9That is why it is called an SSB. Note that it is also a phase transition.
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them will break the symmetry of the potential.

Suppose now that nature chooses one of these minima, namely v. As the base of the potential
is, topologically speaking, a circle no extra energy is required for moving around it, introducing
redundancies known as Goldstone bosons [14] @ As choose of a minimum has been done, it is
possible to expand the doublet in terms of angular and radial modes (Goldstone and Higgs fields

Gi
¢= <v+h+iG0> (2.75)

V2

respectively) as H

To eliminate the presence of Goldstone modes one uses the so called Unitary Gauge, such that the

doublet becomes [49]
0
-(2) -
V2

To preserve the local SU(2) x U(1) gauge invariance of the doublet Lagrangian, one introduces
the covariant derivative

/

Dy = 0+ igu TV + i%BM, (2.77)
such that the gauge invariant Lagrangian is
* o 2 1k >\ * 2
L= (Do) (D"9) = 176" — (¢°9) (2.78)

Now, from this Lagrangian one can take the part that only considers vector bosons and no inter-
actions with the Higgs field, h, reads [14]

2
(Du¢)"(D*¢) O (QL +igu T W5 + z’g—BN) x = <0> ‘ (2.79)

2 V2 \v

@, 0
(ngaW# +g Bu]-) (1> ‘ (2.80)

Expanding the sum over a in terms of the Pauli matrices one obtains

’U2

8

2
. V2 [ g W —ig, W4
(Du¢)* (D" o) 3§ (-gw‘l/‘/f N g'Bi) ‘ (2.81)
2
v
Zg[gz(WfWﬁ + WEW2) + (9.W4 — ' B")?] (2.82)

20Formally speaking, Goldstone bosons are redundant degrees of freedom in a local gauge theory, whereas they
become relevant at global symmetry breaking of gauge theories.
21This parametrization is known as Higgs-Kibble or Kibble parametrization.
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By replacing the W bosons in terms of the £ fields, as well as W5 and B in terms of Equation
2.63, the Lagrangian becomes

. 1/ guv\” 1v%(g2 + g*
(Dug)"(D"¢) D5 (7) W, W+ 5%2,12“ (2.83)
1 1
:§mvaMW“ + imiZuZ“ (2.84)

This result is one of the most important in physics as it explains how gauge bosons gain mass due
to SSB, thus explaining why the weak interaction is short ranged. Note that there is no mass term
for photons, as the terms related to its linear combination cancel out.

To explain fermion masses one then considers Yukawa couplings with the Higgs field [34]

Lyuk = F%@LN;URJ' + F@C'lngi¢de + 'Y eriper;; b = imy¢”, (2.85)

where the I matrices are the couplings between fermions and the Higgs doublet (or its conjugated
version quS) Note that the Yukawa couplings to be between left-handed and right-handed states have
been conveniently constructed, as mass terms arise as a direct coupling between them according
to Equation [2.39]

For simplicity, and without loss of generality, consider only one lepton family. Now, if ¢ gets
a vacuum expectation value, it is parametrize it using Equation [2.75] such that the Lagrangian

reads

L DfeéL <%>63 (286)
_fev

=—€rer + iéLheR (287)

V2 V2

Hence, one defines the lepton mass as m, = {/g With this definition, the Lagrangian becomes

L D merer + %éLheR (288)

recovering fermion masses within the formalism.

So, mass terms for fermions, based on SSB and couplings with the Higgs boson, have been
obtained . This being said, one can write a total gauge group for the strong and electroweak
interactions, without unifying them yet. To see this recall that quarks interact under the SI and
also under the electroweak interaction, acting as color triplets, left-handed doublets and right-
handed singlets respectively. Thus, one can say that a total gauge theory for quarks is invariant
under the gauge group given in Equation (1.2

Additionally, this group also describes a gauge theory of leptons as experiments have shown
that leptons do not participate in the SI, therefore they are considered color singlets. Hence, note
that a local Lorentz invariant gauge theory that describes three of the fundamental forces of nature
has been obtained.
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3. State of The Art

The SM, together with General Relativity (GR), is one of the most precise theories in physics,
as it describes the electromagnetic coupling constant g, with 12 significative figures of precision
[46]. The SM is describes how the electromagnetic, weak, and strong interactions among fermions
are mediated by spin-1 bosons. In addition to this, the SM gives mass terms to all particles,
except neutrinos, via Spontaneous Symmetry Breaking (SSB) of the electroweak gauge group
SU((2) x U(1).

Nevertheless, the SM is an incomplete theory as it cannot describe many experimental and phe-
nomenological aspects, such as quantum triviality, Higgs boson mass finiteness, matter-Antimatter
asymmetry, neutrino oscillations-mass, quantum gravity

Thus, the SM has to be expanded into a more complete theory. According to the SM, neutrinos
are massless particles which only interact via weak interactions [30]. Being massless particles,
neutrinos can be introduced in the SM as part of a left-handed SU(2),, doublet, together with the
left-handed component of its associated charged lepton

whereas the right-handed component of the charged lepton is introduced as a singlet /. How-
ever, experimental analysis of solar neutrinos show that they oscillate between flavor states, when
travelling a distance L, which can only be explained if neutrinos have mass. Then, the transition
probability between two flavors, as a function of L, is given by [50]

(3.1)

2
P(L) = sin?(26) sin® {m—mL} ,

E

where 6 is the mixing angle between the two flavors, and Am? is the difference of the square masses
of the neutrinos, which according to experiments is very small [51]. On this work, we will focus
on the neutrino mass problem, giving priority to the lepton sector of the weak interaction.

As the introduction of mass to neutrinos explains the oscillation between flavor states, there
should be neutrino mass terms in the SM-Lagrangian, which are not present. To include these
terms, one has to consider the introduction of right-handed singlets, vg, that should interact with
the SM Higgs to produce mass terms of the SM neutrinos. This means that we have to introduce
a Yukawa coupling between the Higgs, and our new neutrino states:

—L D [l ovy, (32)

In Equation (3.2 E - are the Yukawa couplings to neutrinos, ¢ is the lepton doublet, vy is the right-
handed neutrino component and gzﬁ is the charge conjugated Higgs field, which defined as gzﬁ 1To.
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Now, to produce mass terms, we have to consider SSB of the SM gauge group, this can be done
by introducing the Kibble parametrization of the Higgs field

1 0

that leads to
1 vy ,J 1 vy ,J
Vo LVRV T Nk LVRrh (3.4)

Now, only focusing on the neutrino sector, i.e ¢; = v;, and if we follow the usual SM SSB, the

L, D

Dirac mass matrix can be defined as (Mp);; = \% ;0. This definition allows us to reduce the

Lagrangian to

—Lon = (Mp)!;04 vy + —= 17 vhh + h.c (3.5)

1
V2

Note that the second term can be understood in terms of the Feynman diagram in Figure [3.1

Figure 3.1: Feynman diagram associated to a vrvh coupling

Even though Equation [3.5| explains how the measured neutrino masses are generated by the
introduction of new right-handed states, it does not explain the smallness of these masses. To
do so, we will follow [50, 52, B3] and introduce an arbitrary number, n;, of massive Majorana

neutrinos. The Lagrangian describing the mass term of Majorana neutrinos is
1 —c
—,CM = §VLMMVR + h.C, (36)

where we introduced the charged conjugated field v¢ = Cvl. Then, to make a more profound study
of the origins of neutrino masses, it is natural to consider the complete neutrino mass Lagrangian,

which contains the Majorana and Dirac terms:

1
—Ln D §[ﬂLMDVR + DEMEVIC% + DEMMVR] + h.c (37)

1
:EﬂLMNVR + h.c (38>

31



In the previous equation we have redefined the neutrino states and the mass matrix as

0 M
vr = (v, vr)"; My = (MT Mi)
D

Now, note that the mass matrix My is non diagonal. This means that the weak interaction
eigenstates do not correspond with the mass eigenstates. Therefore, we have to diagonalize the
mass matrix. This can be done by means of an orthogonal transformation V, such that we obtain
a diagonal matrix [54, 53]

My = diag(my, mg, - -+ ,m;) = VI MV, (3.9)

where the m; are the eigenvalues of the mass matrix. After diagonalization, we obtain M, from
the decomposition of My in it’s two possible eigenmatrices

1
My, = diag(A, A ); As = 5[Mas + VM2 + AMEMp) (3.10)

One interesting scenario, and one of the main focuses of this project, is the so called Seesaw
mechanism. In the Seesaw scenario, it is assumed My; > Mp. In other words, we set the masses
of the right-handed Majorana neutrinos to be bigger than those of the SM-neutrinos. This allows
us to expand the squared root and rewrite both eigenmatrices as:

1
Ay = 5[MM + My (1 +2(My 2 M Mp)] (3.11)

This reduces M} to

M
My= "M _10 . (3.12)
0 —M;;'MIMp

To better illustrate this idea, let us consider just one neutrino flavor. Then, the mass eigenmatrices

1 m,

mm

reduce to single eigenvalues:

Note that for the second mass eigenvalue, we have that it will be very small if the newly introduced
Majorana neutrino is very heavy. So, it is possible to associate A_ with the SM-neutrinos.

Even though the introduction of very heavy Majorana neutrinos solves the mass problems via
Seesaw, it introduces one deep problem as the lepton number, L, is not preserved in any process
involving them. As a matter of fact, the mass term of Majorana neutrinos breaks L. by two units,
creating a lepton excess. Nonetheless, these excess can be used to explain the observed asymmetry
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between matter-antimatter in the universe, namely via Leptogenesis [12].

In the SM, both baryon number (B) and L are not explicit symmetries of the model, but the
arise as one via perturbative analysis. In other words, B and L. become symmetries by analyzing
how they behave at any order of the S matrix. Being L one of the symmetries of the SM, we shall
now explore a way to break it; to do so we promote L (or B-L) to be a U(1) gauge symmetry of

the SM, this extends the electroweak gauge group to
GEW:SU(Q)L X U(l)y X U(1>L/B—L (313)

In this project we will focus on a global breaking of the U(1)./5_1 gauge group via a scalar
singlet . However, many authors such as [56, [57] have studied the consequences of a local breaking
of this symmetry, which introduces a new vector boson, the Z’ boson. The introduction of this

new scalar singlet allows us to expand the Higgs sector to [5§]

=m0+ 22 (610) + el + 22 (et~ V(6.9) (3.14)

2

Here we just focus on the expansion of the Higgs sector by a singlet scalar charged under U(1) /51,
this means that the potential V can be ignored as it is meaningless in our study. However, some
authors such as [58], consider a mixing potential between the SM Higgs doublet and the singlet.
After defining our Higgs extension, we now consider a Kibble parametrization for both the singlet
and doublet as:

o= ¢ ) —i(f+A+’J) (3.15)
= (o | =5 ¢ :

Note that we have in total four Goldstone modes; three of them (G, G*) get eaten by the W and
Z bosons, giving them longitudinal polarization modes, while one of them, J, remains free in the
model. We will now refer to J as the Majoron, and we will consider it to be massive [54] 55, [59].

Note that we now require an extension of the Yukawa sector, we do this by inserting new
couplings between U(1);,p_, charged particles, namely between the Heavy Neutrino eigenstates
(HN) and the scalar singlet:

1
—Lyur D QyZ]uL ngR (3.16)

After SSB of the L symmetry, Majorana mass terms are generated as well as couplings between
the HN with A and the Majoron:

1 o 1
—Lyur D =My i:07'V) i ot A i St Iy : 3.17
vuk 2 5 M Vp VR+2\/§yJVL R+2\/§yJVL VR (3.17)

Note that we found a way of generating L-breaking Majorana masses for the right-handed neutrinos,

and generated neutrino mixing. Now, after changing to the neutrino mass eigenstates,n;, we follow
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[55] for the tree-level Lagrangian J-HN coupling (also after SM unitary gauge):
;S8
—£JN = ﬁ Z zg TTLZPL ijR) + Cji(ijL — mZPR) + (51'3")/57712']”]'(] (318)

Here, the C matrix is a 6 x 6 matrix related to the change of basis matrix V by

3
Cz] = Z ‘/I’L l
=1

where the V matrix is related to the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) neutrino mixing
matrix, U, via [55]

1-AAT A
C—( A ATA>; A=U'MpM,;. (3.19)

The consideration of neutrino mass eigenstates induces a neutrino-lepton mixing in the W boson

Lagrangian, which is now given by [55]

6 3
ZZ (CaBuit"W,, Prn; + 1 B W, Prt,) (3.20)

=1 a=1

Ly

s

Here B is the 3 x 6 neutrino lepton mixing matrix, which is related to the PMNS matrix via

- (v(2-1a0)02) .

Given that the PMNS matrix has the values given in Equation [3.22] [46], it is straightforward to
check that the lepton-neutrino mixing values are considerably small.

0.799---0.844 0.516---0.582 0.141---0.156
U] =0.242---0.494 0.467---0.678 0.639---0.774 (3.22)
0.284---0.521 0.490---0.695 0.615---0.754

Note it is possible to reduce the terms in the Lagrangian given in Equation |3.18] if we consider the
Seesaw mechanism. This means that there are three negligible mass values, associated to the SM
neutrinos. Additionally, this implies that the first two terms of the Lagrangian can be ignored,
this leaves us with the reduced Lagrangian

. 3
i=1

these couplings can be represented on a Feynman diagram as seen in Figure In this case, the
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vertex factor for one neutrino is given by

m
Fver ex — ~Np > 3.24
t 2f7 ( )

Figure 3.2: Feynman diagram of the J-HN coupling at tree level. Fermion flux has been ignored
as the n; are Majorana-like.
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4. Production Mechanisms at the LHC.

In recent years the HN production mechanisms have been considered of great interest, as these
particles can be consider DM candidates. However, no signal of these neutrinos has been found
at the LHC experiments or any other experiment until now. Thus, the study of J-HN couplings
arises as one possible scenario for DM production, as finding a Majoron can be an indirect signal
for HN. Throughout this whole project we consider the J boson to be massive and stable, which
simplifies some of the calculations without loss of generality.

In this project we will consider three possible production mechanisms that have been pillars
of heavy particle production at the CERN’s Large Hadron Collider(LHC). The first of them is
known as the Drell-Yan Mechanism (DY) and allows us to study how particles couple to the
color sector of a given theory [60]. The second production mechanism, VBF [61], allows to study
production of new particles through electroweak-meadiated interactions [62, [63]. Nevertheless,
we consider an indirect VBF production for the Majoron, such that it emulates its production
to neutrinoless double beta decay [64]. Representative Feynman diagrams for the DY and VBF
production mechanisms are presented in Figures and [4.2], where fermion flux arrows have been
placed for a better understanding of the Majorana behavior of HN.

Figure 4.1: DY production mechanism of J via HN coupling.
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/
q1 q]_

a2 a’
Figure 4.2: VBF production of J.

The third production mechanism that is being considered is J production via W boson exchange,
or W channel, between a quark and antiquark pair and, together with the DY process, helps us
to understand the coupling between the Majoron and the weak gauge bosons at tree level. The
Feynman diagram of this process can be seen in Figure [65]

Figure 4.3: Tree-level production of a J via W channel
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5. Experimental Setup

The simulations were performed based upon the CMS input card in Delphes. Therefore, a brief
introduction to the detector and its experimental parameters is presented, in order to understand
the feasibility study associated to this dissertation.

CMS DETECTOR

STEEL RETURN YOKE
Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS
Overall diameter :15.0m Pixel (100x150 pm) ~16m* ~66M channels
Overalllength  :28.7m Microstrips (80x180 um) ~200m* ~9.6M channels
Magnetic field :3.8T ‘
SUPERCONDUCTING SOLENOID
— Niobium titanium coil carrying ~18,0004

MUON CHAMBERS
7 Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip, 432 Resistive Plate Chambers

PRESHOWER
Silicon strips ~16m* ~137,000 channels

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PEWO, crystals

/

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

Figure 5.1: Sketch of the CMS detector components. Adapted from [66]

The CMS experiment is a multi-purpose detector at CERN’s LHC. It has a length of 21.6
meters, with a diameter of 14.6 meters and weights 12500 tonnes. The detector is composed of a
set of different sub-detectors as seen in Figure 5.1l The CMS detector has a cylindrical shape and
it is divided into two main sections: barrel and endcaps. The different sub-detectors are located
concentrically in layers [16]. The inner most layer has a pixel detector made out of silicon, used
for the reconstruction of primary and secondary vertices from electrically charged particles that
decay promptly within this sub-detector volume. The pixel detector is followed by a sub-detector
made of silicon strips, known as the tracker detector, used for the reconstruction of trajectories
of electrically charged particles. Following the tracker detector, are found the electromagnetic
(ECAL) and hadron (HCAL) calorimeters, used to measure both energy and direction of the
particles undergoing electromagnetic and strong interactions, respectively. The ECAL detector is
a modular device composed of lead-tugsten crystals, highly efficient to produce electromagnetic
showers after interacting with charged particles. The emerging photons from the showers are
measured using photo-diodes, that collect the light produced from the signal and convert it into
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an electric signal. This signal is then used by software tools to detect the energy and direction
of the corresponding particles [67]. The ECAL is made of non magnetic materials such as copper
and steel, which are characterized by heavy nuclei favoring strong interactions. Following a similar
functioning as ECAL, hadronic particles enter the calorimeter, interact with the non-magnetic
layers producing hadronic showers. These showers are then detected by plastic scintillators and
their signals are transformed into electric pulses. These signals are then analyzed to estimate the
energy and direction of the original particles [16].

The next layer of the detector consists of a superconducting solenoid, which surrounds the
previous sub-detectors. This solenoid is made of a niobum-titanium alloy that is refrigerated to
2K by using liquid helium, producing a uniform magnetic field of 3.8T inside the barrel [67]. This
magnetic field is used to measure the momentum of electrically charged particles as it induces
curvatures in their trajectories.

Finally, the last set sub-detectors conform the muon detector system. This system is made of
three different detector technologies, that allow to reconstruct the trajectory of the muons with a
fast trigger response, and are alternated with iron returning yokes of steel to enclose the magnetic
field produced by the solenoid. The trigger is a date-filtering system composed of hardware and
software algorithms, designed to collect interesting events from the proton-proton collisions. The
muon detectors have a total of 1400 chambers distributed in 250 drift tubes, 540 cathode strip
chambers that track the position of a muon and provide a trigger, as well as 610 resistive plate
chambers that give a redundant trigger, which quickly decide over the event storage [68].

5.1 Experimental Parameters

Before defining the experimental parameters of the CMS detector, it is useful to consider its

geometry, which is presented in Figure [5.2]
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Figure 5.2: Coordinate system of the CMS detector. Adapted from [69]

e Luminosity (£) The luminosity gives a measure of the performance of the accelerator. For
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head on colliding Gaussian beams, such as the LHC ones, the luminosity is given by [70]

_ NiNof N

9
dro,oy

L (5.1)
where N7 and N, are the number of particles per bunch, f the revolution frequency, NV, the
number of bunches per beam and the effective interaction area 4mwo,0,. However, if these
collisions are not head on, such that the beams interact at a relative scattering angle «, the
luminosity is given by

NN f Ny
— = 2y

L= (5.2)

dro,oy
For the LHC, it has been measured that £ = 2.06 x 103'¢cm~2s~! [71]. Additionally, one can
also consider the integrated luminosity, which is given by

to
L:/‘ﬁg (5.3)
t1
as it is directly related to the interaction cross section and the total number of events via

Lo=N (5.4)

Cross Section (o) The cross section, o, is used in particle physics as a measure of the pro-
duction probability of a certain process per unit area. This variable is related to the type
of interaction between the colliding beams, the integrated luminosity of the collider and the
total number of events.

Missing Transverse Energy The Missing Transverse Energy (MET) or Missing Transverse
Momentum, p7*¢; is a measure of the energy associated to undetected particles such as
neutrinos or even new physics. To take these particles into account, one considers total

momentum conservation of both detected and undetected particles [72]
Zﬁ%(detected) + Zﬁ%(undetec) =0 (5.5)
a b

e ==Y (56)

one then takes the magnitude of the vector given in the last equation to be the MET or pss.

Pseudorapidity () The CMS detector does not use explicitly the polar angle 6. In its
place the pseudorapidity 7 is used. As a major advantage comes that 7 gives a significantly
more uniform distribution of the particle multiplicity across the detector volume than the 6
angle. Additionally, the pseudorapidity difference between two particles is a Lorentz invariant

quantity if a Lorentz transformation parallel to the beam line is performed. The definition
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of n is given by [1]

n:—ln(
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6. Calculation of the production matrix element of a Ma-

joron via DY Mechanism.

For this calculation, as well as for further ones, we follow the standard electroweak Feynman
rules given in [24] and choose Majorana fermion propagators given in [73].

After assigning momentum values to all particles we obtain the Feynman diagram that can be
seen in Figure [6.1]

Figure 6.1: Feynman diagram of DY production of a J after momentum assignation.

Our first step is to find momentum conservation rules, these can be easily obtained from the
Feynman diagram:

P1— P2 =q1 (6.1)
P3s — P4 =q (6.2)
g2 — P4 =Ds (6.3)
Ps — Pe =q3 (6.4)
Pr — P8 =43 (6.5)
P3 + P9 =qa (6.6)
P11 — P10 =44 (6.7)
(6.8)
After a little algebra, all these momentum conservation relations can be reduced to
G2 = p1+ P2+ Pr+Pps —P6 — Py — P11 — Pio (6.9)
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This being established we can write the matrix element for the process

R Py w(10)] x DY (a1) i) x 2
x[u(pr) x —j/%wVRPL x v(ps)] x iDp(gs) x [0(pg) X

IM = [ﬂ(pn) X w’YnPL X ZSF(p?))]

\/5

PP x iSp(ps)]

<iS(p)C x G X iDL (1) 79 G —c%5>xw<p2>

d

X7 7 (ch = c§”) X u(py)]

(6.10)

where the left-handed projection operator is P, = %(1 —~°). Due to the Majorana nature of N,

we can get rid of the charge conjugation operator [74]:

v(ps) <= u(ps)

(6.11)

Now, let us analyze each current contained in the matrix element such that it takes the form

- M=AXxBxExD
For the A term we have

—iay, _ B —i0yy, ,
A =[u(pn) x Pr x v(10)] x iD}Y (qs) X [@(pe) x Y1 Pp, x iSp(ps)]

V2 V2
“[a(pr1)y Pro(pio)] x iDen(Q4)W X [U(poly" PriSr(ps)]

—

2

Let us now rewrite A in terms of the propagator

iD,u(q) = iTl(q) (W - qu;],,); [(q) = qz;z

myy, - My

Hence

—iH(CM)O%Zu
2

A=-— [@(p11)7 Prv(pro)] ey — qacqan/miy ) [@(po)y" PriSp(ps)]

After expanding the propagator terms, A takes the form
% f a2, Pt aton)"PriSi ()] -

e m—Q[u(pll)g4PLv(p10)][u(pg)g4PLiSF(p3)]}

w
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(6.13)

(6.14)

(6.15)
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Next, we take the element B as

B =[u(ps) x _j/oéww Py, x v(ps)] x iDW.(gs) x [8(pg) X _Z‘O;wyﬁ Py % iSp(ps)] (6.17)
=[u(pr) x _\Z/O;WHPL x v(ps)] X iDg(gs) X [u(ps) X _\Z/O%wVﬁPL X iSp(ps)] (6.18)

Note that this term has the same form of Equation [6.12 up to a minus sign. This obligates B to
take the form

ill(gs) ;
B :&{[u(p7)75PLv(p8)][u(pﬁ)yﬁPLZSF(pE))] e
1 (6.19)
A m—%u[u(p7)ﬁ3PLU(P8)][U(P6)¢3PLiSF(p5)]}
Consequently, let us define the C factor as simply
E = iSp(ps) ”;—fN i (6.20)

Before defining D, let us rewrite the pseudovector couplings of the Z boson, to a fermion f, as well

as the coupling constant as

Ay

Pl =(Cl—Cl~), = —2 — 6.21
7 = (C V) /2 cos Oy ( )
This lets us define the final element D as
D = iDZ,(q1) X~z (e — r®) X [0(pa) X —azi(cy — ) x ulpy)] (6.22)
8 V2 V2
In terms of the projector, which was defined in Equation [6.21], as
O‘z . Z v pN — mpq
D === xiDu(q)” x 7" P.7 x [0(p2)7" Plu(p:)] (6.23)
For the Z boson propagator, let us define I(q)= ﬁ. This implies that D takes the form
ia2I(q _ 1
D= -2 o p N ot Prate)] - g, P o), P} (620
Z

However, as the polarizations and spin values of the initial and final states are arbitrary, we are
obligated to average over the initial states, and sum over the spins of the final ones. This means
that we have to calculate the unpolarized matrix element as

(M%) Z M*M (6.25)

spms
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To calculate the adjoint matrix element, we have first to calculate the adjoints of some of the

currents. Let us begin with a pseudovector current

[y Pro]t =o' P (v*)1a!
=" Py 9"y u

=vPgy"u
where Pp = %(1 + ~+°).Now, for the other possible current we have

[wy? PriSe]" =[o7” PLiSr]'
= — i8S, P77y
=— iS}’yOPRfy'Bﬂ

= —7%iSp Pyt
Finally, for the Z current we have

[oy" Plu]t =ut (PT)T(y#) 10!
=ul P{07#7 %
=ul P/~ %"y
=ul (G, = Chy" )"y
—u'(Cf + iy )
:ﬂPZJiﬂ“U

This being established, we have that the conjugated matrix element is given by

IMF=D"x E* x B* x A*

With each term given by

b _M{[a(pﬁpgﬂuv(m)pm — [P P 0 (p2) P

2 Z

For C we have:

z'mN 5

E* = of 7°7%Sp(pa)7°
Now, for B:
‘ 2
B :%{[iSF(m)PRvBﬂ(pG)][@(ps)PRVﬂ“(pﬁ] -

+ [157(ps) Pr,u(ps ) |[0(ps) P Rg3u(p7)]}

45

1

2
myy

(6.26)
(6.27)
(6.28)

6.33
6.34
6.35
6.36
6.37
6.38

o~ o~ o~ o~ o~ o~
— ~— — ~— ~— —

(6.39)

(6.40)

(6.41)

(6.42)



Finally, for A we have

. —ul(q o? . B
A 2%{[1&(193)1337%(299)] [0(ProPrYyu(p)] -
] (6.43)
= o lip(0a) P )5 0) Pt )
W
This means that the spin averaged matrix element takes the form
2 1 * * * *
(\M|):§Z(D X E* x B* x A)(Ax Bx E x D) (6.44)
spins

To make these calculations, first let us calculate the product A* x A. Before of it, let us define the

parameter

a*(qq) = ——4 (6.45)

Hence,

S A= Y |iSe(o) Pre o) Pru(pn)] -

spins spins

- —[isp<p3>PRg4u<pg>][@(meRg4u<p11>1} ‘oo

-+ x4 [u(pu) W Prv(pio)] [w(pe) v PriSr(ps)] — - - -

—[a<pu>¢4PLv<pm>][a<p9>g4PLz'sF<p3>1}

As each term has implicit sums over spin states, we can move terms such that

> v =a 3 {ielom) P ) )y Py )] -

spins spins

- % [0(p10) Pryyu(prn)a(pin) yaPrv(pio)] — - - -

o m_l%/v[77(plo)PR%u(Pll)ﬂ(pll)g4PLU<p10)] X

- X [iSp (ps) Pry"u(po)tu(po)d , PriSr(ps)] — - --
(6.46)

o m_l%v[U(Pm)PRgﬂ(pn)u(Pll)%\PL”(plO)] X

- % [iSp(ps) Prd,w(pe)t(po) 2 PLiSr (ps)] + - -

. %[st<p3>PR¢4u<p9>u<p9>¢4PLi5F<p3>1 X

- X [H(plo)PRg4u(p11)ﬂ(pll)g4PLU(p10)]}
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Our next step is to use the identities

D ta(P)ies = (P+m)asi Y Vralss = (P — M)ag (6.47)

r

After taking the sums, all terms will be nothing but traces, such that

Z A*A :a2{ tr[z’SF(pg)PRfy"(pg + my )Y PriSp(ps)] x - - -

spins

e xtr[(p, — me) By (py, + mua) Pr] — -
T %tr[(}ﬁw N mQ)PR%(pn + m”l)%PL] XKoo
e X tr[z’SF(pg)PRv"(pg + ml)g4PLiSF(p3)] —

o %tr[(plo = m2) Prd, (P, + 1) Pr] > -

- X tr[iSr(ps) X Prd, (P, +mi)PriSe(ps)] — - --

o %tr[’YoiSF(p:s)PR%(pg +ma)d, PriSe(ps)] x - -

(6.48)

ceex trW’m — mQ)PRg4(p11 + mul)g4PLU(P10)]}

Consequently, for the product of B* and B, we have the same structure. This means, that we
already know it’s result by the means of Equation but as we are changing the momenta, we

first define

U (6.49)

Such that we obtain the traces

> BB ZbQ{ tr[iSp(ps) Pry” (P, — ms)y* PriSe(ps)] x - --

spins

X[, — ma) Prvs(p, & ma)raPe] — -
o Ul ) iy = ) PuiS ()] x -
X[, — mu2) Prs(, + ma)g,Pil — -

= o 6l s) P, = ma)y” PuiSe0s)] - 030
X tr[(pg — mu2) Prd, (P, + ma)vePr] + - -

ot mi% 1Sk (ps) Prd, (P — ma) g, PriSe(ps)] < - -

- tal(p ) P, + ) il
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For the E*FE product we first define

Z E*E = & tr[y°iSr(pa)yiSr(ps)]

spins

Finally, for the D*D we define

such that the traces become

> DD :d2{ tr[(p, + mq) PE v (p, — mg2) Py Py v P — - -

spins

1
- — — tr[(p, + mq) P A" (P, — mg2) PYvud Pr g, PRl — -

myy

1 14
By tr[(p, + mag) Ph o d, (B, — mg2) P3¢, 1Py 7 PGl + -

b 8, )P, 8, - )P, PP
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7. Calculation of the production matrix element of a Ma-

joron via VBF.

After momentum assignation in all vertices, the Feynman diagram is that of Figure [7.1]

Figure 7.1: Feynman diagram of VBF production of a J after momentum assignation.

Following the same steps of our previous calculation, we set momentum conservation rules

p1 =p2 + k1 (7.1)
]{31 :/{33 + D5 (72)
k’5 :k’g - k’4 (73)
ko =p3 — pa (7.4)
ko =ps + ps (7.5)
After a little algebra we get
ks =p1+ps+ps —p2— D3 —pa (7.6)

After establishing our momentum conservation equation, we proceed to write the matrix element
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as

—iM =[u(ps) X \/_ VP x u(py)] x iD)y (k1) x
x [v(ps) x f (ks)] Z;’}N%x---

iy &

- X [v(pg) X \/ﬁw’yaPL x iSp(ks)] x iDY5(ka) x

_ 10y
X [t(pg) X 7 o P, x u(ps)]
Let us consider that the matrix element in Equation [7.7 can be written as a product of three terms,

—IM=AxBxC. (7.8)

where each of them is given by:

A =[a(ps) % _\Z/(;“W“PL x u(pr)] x iDY (k1) X [v(ps) X _\Z/O%%”PL x iS5 (k3)]
B :“;—fm (7.9)
C =[v(pe) X —=2y Py x iSp(ks)] x iDY;(ks) X [(ps) _\Z/O_;“’ oPPp, x u(ps)]

V2

After expanding the W boson progator we obtain:

A :M{[{L(pQ)V#PLU(pl)][U(p5)7MPLiSF(k3)] -

(7.10)
T mig[ﬂ(p2>%1PLu(p1)][U(pS)klpLiSF(k3>]}
w

_ Z'TQRfJ\/75 (7.11)

C :M{[U(pG)’)/O‘PLiSF(k4)][U(p4)'7ocPLu(p3)] -
1 (7.12)

_%V[U(pﬁ)kQPLz'SF(m)][a(p4>k2PLu(p3)]

As we're dealing with Majorana neutrinos, we can take them as Dirac ones, but flipping the u’s
and the v’s of their corresponding leptons. Now, to calculate the conjugated matrix element, we
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need the following identities

[Tw“PLu]T :UTPL’}/“T@T
=ul Py"y"7°7 u
=u'P LVOVMU

=uPry"u

[U’)/uPLZ'SF]T :[ﬂ%PLiSF]T
=— iS;szyLﬂT
= —i7"Spy’ Py’
= —17°SpPry,u
= —2"iSpPry,0

With this two identities we can calculate all conjugates of A, B and C. For A we have

AT = w{[U(p5>7uPLiSF<k3)]T[ﬁ(p2>7MPLu(p1)]T

After using the identities we have

N 2

o {[iSF(/fs)Pva(m)][U(pl)Pm"U(pz)] .

- %[iSF(k?,)PR%W(PE))][“(PI)PRklu(pZ)]}

For B we obtain a simple expression

imN

B = —
2f’Y5

Finally, for C we obtain

or = - M)

- migv[mpg)Pngu(m][z’&(@)&mumﬂ}

{[ﬂ(Ps)PRvau(p4)][iSF(k;4)PR7°‘17(p6)] ..

o1

(7.13)

(7.14)

(7.15)

(7.16)

(7.17)

(7.18)



Before calculating the spin averaged matrix element, let us define the momentum variables

(k)2 m3 I(ks)2al
2 _ w 2o M 2 ) ay 7.19
¢ 4 Af? ¢ 4 (7.19)

Our spin averaged matrix element will be given by

(IM]?) = % D (C"x B*x A)(Ax B x () (7.20)

spins

Our first product is the one relating the A’s. This product is given by

S 4 a=a* = {liSetha) P [n(on) P )] -

spins spins

[z'sp<k3>PRk1@<p5>1[a<p1>PRk1u<p2>J}><

5“‘ -

(7.21)
[@(p2)y” Pru(p)][v(ps)yy PrLiSe(ks)] — - - -

—N

m_l%v[a(pQ)klpLuQ?l)][U<p5)%1PLiSF<k3)]}

Note that in the products we will obtain products of the form v x v. To deal with them we use

the Majorana property mentioned in our previous calculation; this turns the product to u x u:

57 a4 =80 Pt aon i) -

-[a(p1) Pry"u(p2)u(p2)y” Pru(py)] — - -
. m—lgv[z'sF(kg)Pmu(pau(pS>k1PL¢sF<k3>J <o
- [u(p1) Pry*u(pe)u(p2) fy Pru(pr)] — - - -
— %[z'sF<k3>PRk1u<p5>a<p5mpmsp<k3>] X
- [u(p1) Prkyu(p2)u(pa)y” Pru(pr)] + - -
o+ miév[z'sF<k3>PRk1u<p5>a<p5>k1PLz’sF<k3>] X

o [U(pl)PR%W(pQ)U(M)k1PLU(p1)]}

(7.22)
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So, after performing the sum, and using Equation [6.47| we obtain

Z A*A ICLZ{ tI‘[Z'SF(kg)PR’)/H(]ﬁB + mg)’)/,,PLZSF(kg)] X

spins

- trl(p, + 1) Pa(p, + o)y Pa] = -

o mLIQ/V tr[iSF(kS)PR%1<p5 + mg)y PriSp(ks)] x - -

s tr[(py + ma) Pk (P, +ma)y Pr] — -

o % tr[iSe(ks) Pryu(p, + ma)ky PriSe(ks)] x -+

<o X tr[(pl + ml)PR’}/M<p2 + mg)klPL] + -

oo+ mi4 tr[iSF(k3)PRk1(p5 +mg)fy PriSp(ks)] x -
w

(7.23)

- x tr(p, + ma) PrEy (p, + m2)k1PL]}

Secondly, for the product of B and it’s conjugated:

Y B'B=VY ()

spins spins

=’y 1 (7.24)

spins

= 4b*
Finally, as C follows the same structure of A, we can extrapolate it’s results such that we get

Z c*C :cz{tr[(p3 + m5) Prya(p, + me)ysPr] x - -

spins

s X tr[iSF(k4)PRfy°‘(p6 + m4)'yﬁPLz’SF(k4)] —

= o tallpy 4 ) P, + ma) P -
ce X tr[iSF(l{Z4)PR’)/a(p6 + m4)k2PLiSF(k4)] —

=l + ) Pkl + e

- X tI'[ZSF(k?4)PRk2(ZZ)6 + m4)75PL13F(k4)] + -

b 0+ ) Pk, 4 o))

X uliSe (k) Pkl + ok PriSe (ko)

(7.25)
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8. Calculation of the production matrix element of a Ma-

joron via W channel

After momentum assignation in every vertex, the Feynman diagram is that of Figure [8.1]

Figure 8.1: Feynman diagram of W-channel production of a J after momentum assignation.

Following the same steps of our previous two calculations, we obtain the following momentum
conservation rules

PL—DP2=q (8.1)
q1 = P3+ P4 (8.2)
G2 =Ps— Ds (8.3)
D5 —Dé = 43 (8.4)
q3 = pr + P8 (8.5)

After a little algebra we obtain that this radiating process must obey

2 =P1— P2 —P3 — P — P7 — Ps. (8-6>

By using the same Feynman rules as before, we get that the Feynman amplitude is given by

iM=" 57 [0 Prols)iDun(0s) u(po)y PriSe (o)l (ps)y* PriSe(p]l < - o

-+ X iDgg(q1) [0(p2)y° Pru(py)]
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If we take the W boson to be off-shell such that m,, >> p we can reduce the propagator to

) M = Tz my
iDy(g) = _@—pz —2 — ZTrI:%} (8.8)
Hence
- 4
» —IMNGy . a ; 7l
M = N9 [U(p7)y" Pro(ps)][u(ps) v, PriSe(ps)]yslv(ps)y* PriSe(pa)][0(p2)yaPrulp:)]  (8.9)

8 fm,
The adjoint matrix is then

—imyg,
8fmi

—iMl = [i(p1) Pry’v(p2)][iSF (p1) Pryst (ps)] s [iSp (ps) Pr,i(pe) ] [0(ps) Pry’u(pr))

(8.10)
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9. Phenomenological Analysis

A feasibility study for the production of HN and J bosons at the LHC was performed, consid-
ering purely diagonal couplings between leptons and neutrinos. The model was implemented in
the software Mathematica, using the FeynRules package [75]. The package produces the so called
Universal FeynRules Output (UFO), which is used as input for the software MadGraph [76]. This
software allows the emulation of proton-proton collisions at the center of momentum energy at
the LHC. In addition, it allows to simulate the desired final states for both, SM processes, also
known as backgrounds, and signal processes of interest. Background and signal events were gen-
erated using a 13 TeV proton-proton collision energy. The associated fragmentation processes of
partons (quarks and gluons) was produced using Pythia [77]. The fragmentation of partons is a
consequence of the strong interaction. Pythia emulates the corresponding production of hadrons
resulting from this process. This is also referred to as hadronization. The simulation of the inter-
action between particles and a generic particle-physics detector at the LHC, was included using
the software Delphes [78]. This software includes associated efficiencies, misidentification rates,
momentum and energy resolution effects, which are known experimental effects. The input card
associated to the characteristics of the CMS detector was used in all the simulations.

Background processes with similar final states as those considered for the expected signals were
considered. Production of Drell-Yan events, Z/v*, with associated jets from initial state ration,
and of W-bosons with associated jets, referred to as V+jets were included. Additionally, events
with two (WW. WZ, ZZ) or three vector bosons (WWW, WWZ, WZZ, Z77) were also included.
These events are represented as VV and VVV, respectively. Finally, production of top-anti-top
pairs were also simulated. Table shows the number of events simulated for the backgrounds.

Table 9.1: Number of events produced for the backgrounds.

Background N,
tt 24.307.250
Wjets 20.925.778
Z+jets 18.505.572
WWW 5.000.000

WWZ7Z 2.500.000
2ZW 2.500.000
777 5.000.000
Ww 12.500.000
W7 9.850.000
77 10.000.000
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9.1 W channel production

The first set of signal samples produced were generated for the W-channel. Scenarios where the
mass difference between the Majoron and the lightest neutrino (N,) is 100 GeV (Am(N,, J) = 100
GeV) and where the following mass differences hold: Am(N,, JJ) = Am(N., N,) = Am(N,, N;),
were considered. The complete mass spectra explored in the analysis, is presented in Table [0.2]
The signal samples simulation considered the processes: pp — v, 77 J 7~ 77, pp — v, pu* J pu~
ptandpp — v, et Je et

The syntax used to produced the signal samples in MadGraph is presented next:

> import model SM_HeavyN_UFO

> define lepton = e- mu- ta-

> define lepton™ = e+ mut+ ta+

> define neutrino = ve vm vt

> define neutrino™ =ve " vm T vt ~

> define p=udu” 4~

> generate p p > lepton lepton™ jO lepton neutrino™ QCD=0 QED<=5

Table 9.2: Number of events produced for the analyzed mass spectra.

{m(J), m(N.), m(N,), and m(N;)} | Number of events
{50, 150, 250, 350} 200.000
{200, 300, 400, 500} 200.000
{700, 800, 900, 1000} 200.000

Figure shows the production cross section as function of the tau-heavy-neutrino mass
(m(N;)). The blue curve shows the cross-section before decay, while the yellow curve shows
the cross-section after decaying the N,.. The difference between the curves is explained by the
associated W — 7, branching fraction. The cross-sections were obtained using MadGraph, and

consistent values reported in other associated phenomenological studies for heavy neutrinos [79].
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Figure 9.1: (Blue) Cross section as function of m(N;) considering production of stable neutrinos.
(Yellow) Cross section considering Majoron radiation and non stable neutrinos.

9.1.1 Event Selection Criteria

To understand the kinematic and topological differences between the associated backgrounds and
the signal, distributions normalized to unity are presented. The distributions were obtained after
applying basic kinematic requirements on the transverse momentum (pr) and pseudorapidiy (),
obtained from experimental studies reported at CMS and ATLAS [0, R1], [82].

Figure 0.2 show the pr distribution for the electrons and muons. Note that signal events have
signatures with higher pr spectrum with respect to associated backgrounds. Figure (9.3 shows
the missing transverse momentum distribution (p***). As expected, signal have higher values of
pRss with respect to backgrounds, because of the radiated Majoron and the associated neutrino
from the leptonic decay of the W-boson. The transverse mass distribution between the highest pr
electron (muon) and the p7*** is shown on the left (right) in Figure[0.4 The transverse mass is
defined as

mr = \[2pr(Opf x (1= cos(Ap(t, pii**)))

This variable is a well regarded experimental observable, widely used to observe the recon-
structed mass of W-bosons (Jacobian peak). Note that the V+jets and ¢ backgrounds peak at
around 80 GeV, which corresponds to the expected W-boson mass. For signal, the average large
lepton-pr and p&** naturally result in large mz values. Figure shows the difference in the
azimuthal angle distribution, A®, between the highest pr electron (muon) and the p7**. Note
that, as expected, the V+jets background (specially W+jets) and the signal peak at around ,
which is expected given the nature of the topology of the decay. Finally, since signal events are
characterized by object with large pr and large pi** values, we explored the so called Sy distri-
bution, defined as the scalar sum of the pr of all leptons and the p***. Figure shows the St
distribution. Note that this distribution gives a good signal-to-background separation.
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Table 9.3: Basic Event Selection Criteria (I)

Criteria Selections
pr(e) > 8 GeV
pr(p) > 5 GeV
pr(7) > 20 GeV
[ne)l; ()l In(7)| <24
s 1F s 1F
o E = {50,150,250,350} - {200,300,400,500} < E = {50,150,250,350} - {200,300,400,500}
L {700,800,900,1000} W L {700,800,900,1000} w
10 E v+ets ttbar 107 vijets ttbar
C — VWV C
107 10°E
w0 10
10°E 10°
105EI 10°
10—77\H‘HH‘HH‘HH‘HH‘HH 107 B b b b b b s
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. (€) [GeV] p, (1) [GeV]

Figure 9.2: Electrons (left) and muons (right) transverse momentum distribution in logarithmic
scale. The notation for the signal samples correspond to {m(J), m(N,), m(N,), m(N;)}.
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Figure 9.3: Missing energy transverse (E7**) distribution for signal and backgrounds in logarith-
mic scale. The notation for the signal samples correspond to {m(J), m(N.), m(N,), m(N;)}.
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Figure 9.4: Electrons (left) and muons (right) transverse mass distribution in logarithmic scale.
The notation for the signal samples correspond to {m(J), m(N,), m(N,), m(N;)}.
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Figure 9.5: Electrons (left) and muons (right) angular difference distribution. The notation for
the signal samples correspond to {m(J), m(N,), m(N,), m(N-)}.

60



f‘- 1= e {50,150,250,350}
----- {200,300,400,500}
107 {700,800,900,1000}
w
1072 )
vtjets
10° ttbar
10
10713
10§
H
107
10° 8 £ LGBEME e 1
0 3500 4000 4500 5000

ST [GeV]

Figure 9.6: ST distribution in logarithmic scale. The notation for the signal samples correspond
to {m(J), m(Ne), m(N,,), m(N-)}.

Table 9.4: Central Event Selection Criteria (II)

Criteria Selections
piniss > 100 GeV
N(b— jets) 0
pT(glead) > 50 GeV
pr(Lether) > 20 GeV
ApT(flead7€lowest) > 50 GeV

After analyzing various distributions a set of selection criteria was chosen to reduce the back-
ground contamination while keeping most of the signal events. Table|9.4|shows the chosen selection
criteria. The requirement on pi** and Apy (£, ('owest) respond to the features of the signal topol-
ogy, the requirement on zero jets associated to b-quarks helps suppress the contribution from ¢t
processes, and the minimum lepton py threshold is associated with experimental constrains related

glead glowest) requirement is defined as the ab-

with thresholds for single-lepton triggers. The Apr(
solute difference between in pr between the lepton with the highest momentum (leading) and one
with the lowest. After applying these selections, we considered four different final states, also
referred to as channels: {e, e, u} (CHL), {p, u, e} (CH2), {u, u, p} (CH3), and {e, e, e} (CH4). The
cumulative efficiencies of the different set of selections and channels are presented in Table [9.5]
Efficiency €; corresponds to events passing the selections reported on Table 9.3, €;; correspond
to efficiencies after passing selections on Table [9.3] and Table while e;77_y are associated to

events passing selections on Table [9.3| and Table [0.4] for channels CH1-CH4.
after cuts I and IT: (III) {67 ¢, :u}a (IV) {uv s 6}, (V) {:U’v 22 /‘L}a (VI) {67 €, 6}
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Table 9.5: Percentage cumulative efficiencies for the signals and backgrounds after every cut.

Signals
{m(J), m(Ny), m(Nz), m(N3)} €1 €11 €T €rv €y €vr
{50, 150, 250, 350} 85.18 | 72.93 4.14 5.72 9.28 4.46
{200, 300, 400, 500} 95.52 | 86.51 8.22 5.69 6.89 8.59
{700, 800, 900, 1000} 99.01 | 92.53 12.13 4.86 4.89 11.26
Backgrounds

Sample €1 €11 €111 €rv ey €V

WWW 41.56 | 29.44 | 4.47x1072 | 5.63x1072 | 3.84x1072 | 1.83x1072

72w 43.36 | 28.94 | 6.81x1072 | 8.44x10~2 | 15.29x1072 | 6.97x10~2

722 41.41 | 26.62 | 4.15x1072 | 5.22x1072 | 7.13x1072 | 3.40x102

WWz 47.51 | 32.52 | 8.76x1072 | 10.88x1072 | 15.58x1072 | 7.90x10~2

w2z 21.18 | 16.41 | 1.07x1072 | 1.44x1072 | 4.10x1072 | 2.85x1072

7z 20.00 | 15.66 | 2.13x1072 | 1.67x107% | 8.26x1073 | 2.24x1073

wWW 20.81 | 15.32 | 1.40x107% | 4.00x107° | 9.60x107° | 2.32x10~*

tt 39.04 | 6.61 | 1.10x10™% | 1.73x107% | 2.34x10~* | 1.60x10~*

z+jets 2.79 | 2.54 | 5.40x107% | 5.40x1076 - 5.4x1076

w+jets 3.89 | 2.99 - - - -

Figure (9.7 shows the ST distribution for the eee channel (left) and for the pup channel (right),
The most
relevant backgrounds are shown stacked while the signals are overlaid on top of the backgrounds.

normalized to the production cross section and an expected luminosity of 1000fb~1.

Note that the overall expected background is larger for the eee channel. Experimentally, electrons
have lower identification efficiencies and higher miss-identification rates, with respect to muons.
The miss identification rate can be up to one order of magnitude higher for electrons, depending
on pr. Although the background composition on the tail, where signal sensitivity is higher, seem
different for both channel, note there are a few events falling in the high ST range, which have
associated large statistical uncertainties. Nevertheless, it is important t o note that the event se-
lection criteria chosen for this study, shows good potential to discriminate signal from background,
showing that this analysis is feasible to be conducted at the LHC. A potential discovery might
require larger luminosity to reach the 50 statistical significance of a hypothetical observed signal,
on top of the observed background. Therefore, this type of analysis might require the 3000 fb~! of
luminosity, expected to be collected by the end of the LHC physics program. Although the signal
cross sections reported on this study are small, the unique topology of this search, which result in

small backgrounds, and the expected luminosity during the LHC era, makes this analysis relevant
to be conducted at ATLAS and CMS.
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Figure 9.7: ST distribution for the expected number of events for 1000 fb~! luminosity, for the
most relevant backgrounds (stacked) and for three different signal samples, dashed lines overlaid
on top of the backgrounds. The distribution on the left is for the eee channel and the distribution
on the right is for the ppp channel.

9.2 VBF channel production

As mentioned before, the VBF topology is characterized experimentally by the presence of two
highly energetic jets, with a large n gap, in opposite hemispheres of the detector volume, and
large reconstructed dijet mass, which is defined in Equation [72]. This technique has allowed
to study difficult experimental regions, in mainly in searches for supersymmetry, and also study
the production of new signal processes, considering dominant production through electroweak
processes, because preferential couplings to this sector. Also, it have been proposed to study the
production of Z' bosons and HN, as it was previously mentioned.

m(jr, j2) = \/ 2032 cosh(ny, — 1) (9.1)

Scenarios where the mass difference between the Majoron and the lightest neutrino (N,) is 100 GeV
(Am(Ne, J) = 100 GeV) and where the following mass differences hold: Am(N,, J) = Am(N,, N,)
= Am(N,,, N;), were once again considered. The complete mass spectra explored in the analysis,
is presented in Table The signal samples simulation considered the processes: pp — 7~ J 7~
jispp—=p Ju jjandpp — e Je ]

The syntax used to produced the signal samples in MadGraph is presented next:

import model SM_HeavyN_UFO
define lepton = e- mu- ta-
define lepton™ = e+ mut+ ta+
define neutrino = ve vm vt

define neutrino™ = ve vm ~ vt

define p =ud u” 4~

V V V V V V V

generate p p > lepton jO lepton j j
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Table 9.6: Number of events produced for the analyzed mass spectra.

{m(J), m(N,), m(N,), and m(N;)} | Number of events
{50, 150, 250, 350} 200.000
{200, 300, 400, 500} 200.000
{700, 800, 900, 1000} 200.000

Figure[9.8| (left) shows the production cross section as function of the N, mass. The distribution
before decay (blue) and for the process associated to the theoretical calculation performed in this
project (see Figure (yellow), are presented. In Figure (right) is presented a comparison
for the production cross sections between two possible VBF processes. Note that the process
pp > 7N.j7, which has been studied at the LHC considering the N, stable, has a larger cross
section. Nevertheless, the model presented in this project has not been studied at the LHC so far.
The fact that the HNs are unstable, result and in a larger lepton multiplicity in the final state and
large p7*s* due to the associated Majoron.
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Figure 9.8: Left: (Blue) Cross section as function of m(N,) considering production of stable
neutrinos. (Yellow) Cross section considering Majoron radiation and non stable neutrinos. Right:
(Blue) Cross section as function of m(N;) considering production of stable neutrinos. (Yellow)
Cross section considering Tau production with two jets and a stable neutrino.

Figure shows that the signal samples follow the nature proper to the VBF topology. This
variable helps to distinguish the signal from the background processes, which are mainly detected
at the barrel region of the detector. Thus, the n distribution for the jets is centered at zero.
Note that this distribution shows potential to remove as most background events as possible.
Additionally, Figure shows the restriction made, at generation level, over the 7 separation
between the two produced jets |An(ji,j2)| > 3.8. It is worth noticing that this distribution
shows the behavior associated to VBF topology for the signal events. Hence, this variable shows
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a potentially interesting behavior to eliminate background events. Figure shows the p

distribution for both signal and background events.
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Figure 9.9: n distribution for the jets. The notation for the signal samples correspond to {m(J),
m(Ne), m(N,), m(N;)}.
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Figure 9.10: |Ap| distribution for the jets. The notation for the signal samples correspond to
{m(J), m(Ne), m(N,.), m(N-)}.
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Figure 9.11: pj’%s distribution. The notation for the signal samples correspond to {m(J), m(N,),
m(N,,), m(N:)}.

As the events in the VBF channel require similar pr and pi*** requirements to those of the W-
channel, the Sp distribution has been also explored. Figures|[9.12] show the transverse momentum
distributions for both electrons and muons, showing an interesting behavior that can help us to
eliminate some background events. Additionally, Figure [9.13| shows the ST distribution of the
channel, which functions as an interesting variable to distinguish between background and signal

events due to the separations between the values given for each of the considered processes.
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Figure 9.12: pr distributions, in logarithmic scale, for the electrons (Left) and muons (Right).The
notation for the signal samples correspond to {m(J), m(N,), m(N,), m(N;)}.
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Figure 9.13: ST distribution in logarithmic scale. The notation for the signal samples correspond
to {m(J), m(Ne), m(N,,), m(N-)}.

Table 9.7: Topological selections

Criteria Selections
piprss > 150 GeV
N(b— jets) 0
pr(b— jets) | > 30 GeV
In(b — jets)| <25

Table 9.8: VBF selections

Criteria Selections
N(j) > 2
pr(J) > 30 GeV
n()] <25
n(i) - n(J2) <0
|An(j1, j2)| >55

miss

The selection criteria given in Table were aimed to remove events with low p7**® values
and b-jet production. The established p7** value has been set to 150 GeV due to the presence
of the heavy neutrino states in the VBF topology, and to remove the backgrounds coming from
SM electroweak processes. The restrictions over the b-jets are aimed to eliminate any possible
QCD background, specially those coming from the hadronization processes of the jets, as well as
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those coming from the hadronic decays of the W bosons. Table shows the set of cuts used to
optimize the di-jet mass value given the VBF topology. Hence, we required the pair of jets to have
proper n and pr values, such that they have the minimum reconstruction requirements given the
experimental constrains of the CMS detector.

Table 9.9: Percentage cumulative efficiencies for the signals and backgrounds after every cut.

Signals
{m(J), m(Nl), m(Ng), m(Ng)} €r €rr €rrr €IV €y €vI
{200, 300, 400, 500} 65.985 | 30.128 4.852 4.476 4.215 9.354
{700, 800, 900, 1000} 82.519 | 38.423 7.028 5.162 6.887 11.311
{50, 150, 250, 350} 49.733 | 21.808 3.183 3.73 2.052 6.586
Backgrounds
Sample €1 €11 €111 €1v €y €V
WWW 4.444 | 0.077 0.012 0.017 0.109x1072 | 0.17x1072
2ZW 6.658 | 0.120 0.008 0.010 0.156x1072 | 0.24x1072
722 5.683 | 0.083 0.003 0.002 0.168x1072 | 0.26x1072
WW2Z 8.316 | 0.115 0.015 0.018 0.132x1072 | 0.16x10~2
tt 0.657 | 0.029 0.004 0.00639727 | 0.209%x1073 | 0.382x1073
z+jets 0.102 | 0.001 1.621e-05 1.621e-05 | 5.400x1073 -
wtjets 0.051 | 0.001 | 0.133x1072 | 0.00019115 - -
wWW 0.799 | 0.014 | 2.096x1073 | 3.184x1073 | 5.6x107° | 0.12x1073
7z 1.457 | 0.018 | 0.48 x1073 | 0.39 x1073 | 0.14x1073 | 0.22x1073
wz 1.251 | 0.024 | 1.431x1073 | 2.497x1073 | 4.061x107° | 8.122x107°

After analyzing the distributions given before the selection criteria given in Tables and
were applied to reduce background contamination while keeping as much signal events as possible.
After applying these selections, we considered two different extra channels, {e,e} (CH1) and {y, p}
(CH2) given the diagonal couplings between leptons and neutrinos. The cumulative efficiencies of
the different set of selections are presented in Table [0.9] Efficiency e; corresponds to the events
passing the selections reported on Table [0.7] €;; corresponds to events after passing the selections
given in Tables and [9.8 while ;77— correspond to events passing selections on Tables and
given the production of a single electron or muon, together with a stable neutrino as illustrated
in Figure [9.8f Furthermore ey _y correspond to events passing the selections given on Tables
and as well as the requirements of CH1 and CH2. It is important to note that the selection
criteria for this study shows good potential to discriminate signal from background, showing that
this analysis can be potentially performed at the LHC. However, a potential discovery of a Majoron
in this channel would require large luminosity values to reach the 5o statistical significance of a
hypothetical discovery. Hence, this type of analysis might require luminosity values larger than
1000fb~t, namely the 3000fb! expected to be collected by the end of the LHC physics program.
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10. Conclusions

This work provides tree-level calculations of the production matrix elements of a stable Majoron
radiated from massive neutrino states, whose masses are considered to be in the Seesaw limit and
generated by the type 1 Seesaw mechanism, in three different channels: DY, VBF and W-mediated.
Then, a preliminary phenomenological study of the hypothetical production and detection of this
particle was successfully carried in the W and VBF channels, showing the promising character of
the model for future studies with real data from the CMS and ATLAS detectors. This preliminary
phenomenological study allowed to establish event selection criteria to reduce the background while
keeping most of the signal in the W and VBF channels.

As a future study it is recommended to explore the DY channel, as well as loop induced
production of a Majoron in the Seesaw limit. Secondly, a similar phenomenological study exploring
the studied channels while considering non diagonal couplings between leptons and neutrinos
is suggested. Furthermore, it is recommended to study the hypothetical production of heavy
neutrinos and Majorons in future colliders such as the International Linear Collider or the Future
Circular Collider.

Finally, the work conducted in this dissertation is associated with an article that will be sent

to a peer reviewed journal in the following months.
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