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Resumen

El Modelo Estandar de fisica de particulas ha logrado explicar con asombrosa precision
las interacciones de los componentes fundamentales del universo conocido. Sin embargo,
a partir del descubrimiento del fené6meno de las oscilaciones de neutrinos, sabemos que
los neutrinos estandar tienen una masa no nula, del orden de 0,1 eV (seis érdenes de mag-
nitud menor que la masa de los electrone. Esta es la primer evidencia convincente de
fisica més alla del Modelo Estandar. Para explicar la presencia de masas de los neutrinos
el Modelo Estandar puede ser extendido agregando neutrinos derechos singletes del grupo
de simetria electrodébil SU(2), que permiten generar términos de masa de Dirac y de
Majorana al existir la posibilidad de que estos neutrinos sean su propia antiparticula. Asi
se generan auto estados de masa livianos (los ya conocidos) y pesados (los neutrinos de
Majorana pesados) mediante el mecanismo llamado seesaw (subibaja). Sin embargo, en
su version clasica el mecanismo seesaw solo logra explicar los pequetiisimos valores de las
masas de los neutrinos livianos requiriendo que la mezcla entre estos y los neutrinos pesa-
dos sea practicamente despreciable, haciendo muy dificil la deteccién de los efectos de los
neutrinos de Majorana pesados en diversos experimentos. En estas condiciones cualquier
observacion de efectos fisicos atribuibles a neutrinos de Majorana corresponderia a fisica
mas alla del mecanismo seesaw. En vista de este escenario, se han propuesto teorfas de
campos efectivas que introducen neutrinos de Majorana pesados como nuevos grados de
libertad, pero modelando sus interacciones con las particulas estandar mediante opera-
dores efectivos que preservan las simetrias de gauge del Modelo Estandar. En esta tesis se
estudia la fenomenologia de este modelo efectivo en diversos procesos que evidenciarian
la existencia de neutrinos de Majorana pesados: se investigaron las predicciones para el
ancho de decaimiento total de los neutrinos de Majorana pesados y las fracciones de los
distintos canales para masas bajas [2] y altas [3], la produccién de neutrinos de Majo-
rana en el propuesto colisionador electron-proton LHeC (CERN) [4] y la posibilidad de
observar procesos mediados por neutrinos de Majorana de masas de algunos GeV en el
LHC (CERN) explotando observables de vértices desplazados |5]. Ademas se estudiaron
los efectos sobre la propagacién en la Tierra de neutrinos del tau de ultra alta energia,
que se pueden observar en el telescopio de neutrinos IceCube [6].

Palabras clave: Neutrinos, Neutrinos de Majorana, Neutrinos estériles, Nueva Fisi-
ca, Teorias de campos efectivas.

!El Particle Data Group toma como valor limite indicativo TS 107° para £ = e [1].







Abstract

The Standard Model of particle physics has been able to explain with overwhelming
precision the interactions between the fundamental constituents of the known universe.
However, since the discovery of the neutrino oscillation phenomenon, we know standard
neutrinos have a non-zero mass, of the order of 0.1 eV (six orders of magnitude below
the electron mass@. This is the first compelling evidence of physics beyond the Stan-
dard Model. In order to explain the presence of neutrino masses the Standard Model
can be extended by incorporating right-handed neutrinos, which are singlets under the
electroweak symmetry group SU(2) and allow to generate Dirac and Majorana mass
terms, as they can be their own antiparticle. This generates light (the known neutrinos)
and heavy mass eigenstates (the heavy Majorana neutrinos) by the seesaw mechanism.
However, in its classic version the seesaw mechanism can only explain the tiny values for
light neutrino masses by requiring the mixing between them and the heavy states to be
almost negligible. The detection of any physical effect ascribable to Majorana neutrinos
would signal the presence of physics beyond the minimal seesaw mechanism. In view of
this scenario, effective field theories have been proposed, incorporating heavy Majorana
neutrinos as new degrees of freedom and modeling their interactions with the standard
particles by effective operators preserving the Standard Model gauge symmetries. This
thesis studies the phenomenology of the effective model in different processes that would
indicate the existence of heavy Majorana neutrinos. We studied the predictions for the
total decay width of heavy Majorana neutrinos and the branching fractions for the dif-
ferent decay channels for low [2] and high [3| masses, the production of heavy Majorana
neutrinos in the proposed electron-proton collider LHeC (CERN) [4] and the possibility
to observe Majorana neutrino-mediated processes in the LHC (CERN) for masses around
a few GeV exploiting displaced vertices observables [5]. Moreover, we studied the effects
on the ultra high energy tau neutrinos propagation through the Earth, that can be ob-
served in the IceCube neutrino telescope [6].

Keywords: Neutrinos, Majorana neutrinos, Sterile neutrinos, New physics, Effective
field theories.

*The Particle Data Group takes as indicative value = < 107° for £ = e [1].
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Introduction

The historyP| of neutrinos dates back to the discovery of the nuclear radioactive beta
decay, in which a nucleus A decays into another emitting a “beta particle” (A — A’ +e™)
and the continuous beta spectrum observation in 1914 by Chadwick. This was a challeng-
ing fact, because the momentum and energy conservation in two-body decays determines
that all the emitted beta particles -electrons- should have the same energyﬁ This totally
unexpected phenomenon led Bohr and Dirac to consider the extreme possibility that
energy was not conserved. By the time of 1930, Pauli proposed a remedy for this serious
problem: the existence of an electrically neutral, very weakly interacting spin 1/2 parti-
cle, which he called the neutron. His “neutrons” could solve the problem: being emitted
together with the electrons, they would make their spectrum not to be monochromatic
(A — A"+ e +n). The “neutrons” mass had to be less than one percent of the proton
mass, in order to be consistent with the measured spectrum.

In 1932 Chadwick discovered the particles we today call neutrons -the companions
of the protons forming nuclei- which were found to be the nuclear constituents decaying
in the beta process. In 1934 Fermi reformulated Pauli’s idea of a very light weakly
interacting particle involved in nuclear radioactive decays, renaming it as neutrino: “the
little neutral one” in Ttalian. Fermi’s famous theory of nuclear beta decay invoked Dirac’s
antiparticles and Pauli’s neutrinos in the form of a quantum field theory, in analogy to
quantum electrodynamics. In this theory -today known as Fermi’s theory- in the weak
interaction neutrons decay to protons via a non-renormalizable four-fermion interaction
n — p—+ e~ + U, where U is the electron antineutrino. The electron and the antineutrino
are created as a pair, rather than being emitted from the nucleus. Since parity violation
was unthinkable at the moment soon the theory was extended by introducing vector and
axial-vector parity conserving currents, but also scalar, pseudoscalar and tensor couplings
were soon realized to be viable in the Gamow and Teller’s extension of Fermi’s theory.

Reines and Cowan conducted the Savannah River reactor experiment in 1956 and
observed the inverse beta decay, in which an antineutrino (emitted by the reactor in
beta decay) gets captured by a proton producing a positron and a neutron. Thus the
antineutrinos got detected and this finally settled the existence of Pauli’s neutrinos.

First indicated by cosmic rays and accelerator experiments with kaons (the “6 — 7

3This historical introduction is based on several review articles, from which I have mostly followed [7].
The citations to all the classical papers I mention here can be found in references therein.
4The kinematics of the final two-body phase-space are discussed in the appendix

XV
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puzzle”) and then observed in the beta decay of polarized °Co in 1956, parity violation
in weak interactions was confirmed. The possible weak interaction lagrangian became
more uncertain until the arrival of the maximal parity violating V' — A (vector minus
axial vector) chiral coupling theory, formulated in 1958 by Feynman and Gell-Mann, and
simultaneously by Sudarshan and Marshak. It could easily be realized in the lepton sector
using the two-component theory of a massless neutrino proposed in 1957 by L.Landau,
T.D. Lee and C.N. Yang, and Salam (the idea had been developed by Weyl in the
1930s, but Pauli rejected it on the ground that it violated parity). In this theory, as the
“two-component” name suggests, neutrinos are left-handed and antineutrinos are right-
handed, leading automatically to V — A couplings. Many thought parity violation in
weak interactions was due to neutrino’s nature: a massless neutrino only has one helicity
state. This was experimentally confirmed 1958 in polarized electron capture experiments:
the polarization of the neutrino was in the opposite direction to its motion.

The concept of lepton number (L) was introduced in 1953 by Konopinski and Mah-
moud to explain certain missing decay modes, assigning distinct lepton numbers to lep-
tons and their antiparticles. While the radiative muon decay process pu~ — e~y is not
forbidden by lepton number conservation its experimental limits are very tight and this
suggested a lepton flavor conservation law, or an independent lepton number for each
lepton family. This assignment predicted that if the muon neutrino produced in pion de-
cay mT — pt + v, cannot induce e~ then the v, and v, are different particles. This idea
led to the muon neutrino discovery in 1962. Nowadays the leptons are assigned L = 1
and antileptons L = —1 (for each family ¢ = e, p, 7 and including neutrinos). Due to
the conservation of the lepton number, for example, in the beta decay of the neutron an
electron and an antineutrino are produced.

However, there exist in nature also neutral particles with all charges equal to zero.
Examples are the photon, the 7° meson, etc. In the case of such particles there is no
notion of antiparticles (or particles and antiparticles are identical). In 1937 the Italian
physicist E. Majorana proposed a theory of truly neutral particles with spin equal to
1/2 (which today are called Majorana particles). Majorana was not satisfied with the
existing at that time theory of electrons and positrons in which positrons were considered
as holes in the Dirac sea of the states of electrons with negative energies. He wanted to
formulate the symmetrical theory in which there is no notion of negative energy states.
In the paper “Symmetrical theory of electron and positron” he came also to a theory of
spin 1/2 particles in which particles and antiparticles are identical. It is an open problem
if the neutrino is a truly neutral Majorana particle or a Dirac particle which possesses a
lepton number.

All the experimental findings about the weak interactions were condensed in the for-
mulation of the Glashow-Weinberg-Salam Standard Model (SM) in 1967. Based on an
SU(2) x U(1) gauge symmetry model mixing the weak and electromagnetic interactions
and incorporating the Higgs mechanism of mass generation, the theory predicted that the
charged current weak interactions took place due to the exchange of massive W bosons
coupled to left-handed fields, replacing the four-fermion description of Fermi’s theory
of beta decay. Another new ingredient was the neutral weak current mediated by the
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massive Z boson. The SM neutrinos are left-handed, they do not interact with the Higgs
field at all, and thus are massless. The experimental success of the SM was affirmed in
1974 with the discovery of neutral-current neutrino interactions in the Gargamelle bubble
chamber experiment at CERN, and the following discovery of the W and Z bosons in
the Super Proton Synchrotron (SPS, CERN) in 1983 and 1984. Tts last missing piece
-the Higgs boson- seems to have been found in the LHC in 2012.

Neutrinos are copiously produced in natural sources: in the burning of the stars,
in the interaction of cosmic rays and also as relics of the Big Bang. Starting from the
1960s neutrinos produced in the Sun and in the atmosphere were observed. In 1987
neutrinos from a supernova in the Large Magellanic Cloud were also detected. Indeed an
important leading role in this story was played by the neutrinos produced in the Sun and
in the atmosphere. The experiments that measured the flux of atmospheric neutrinos
found results that suggested the disappearance of muon neutrinos when propagating over
distances of the order of hundreds (or more) kilometers. Experiments that measured the
flux of solar neutrinos found results that suggested the disappearance of electron neutrinos
while propagating within the Sun or between the Sun and the Earth. These results called
back to 1968 when Gribov and Pontecorvo realized that flavor oscillations -a change of
neutrinos flavor during their propagation- arise if neutrinos are massive and mixed.

The disappearance of both atmospheric v,,’s and solar v,’s was most easily explained
in terms of neutrino oscillations. The emerging picture was that at least two neutrinos
were massive and mixed, unlike what it is predicted in the SM. In the two last decades
this picture became fully established with the upcome of a set of precise experiments.
In particular, the results obtained with solar and atmospheric neutrinos have been con-
firmed in experiments using terrestrial beams in which neutrinos produced in nuclear
reactors and accelerator facilities have been detected at distances of the order of hundred
kilometers. These huge experimental efforts were awarded with the Nobel prize in 2015
to the directors of the SNO and Super-Kamiokande experiments for the discovery of neu-
trino oscillations. Neutrinos in the SM are truly massless fermions for which no gauge
invariant renormalizable mass term can be constructed. Therefore, the experimental ev-
idence for neutrino masses and mixing provided an unambiguous signal of new physics
and remains until now as compelling experimental evidence of physics beyond the SM.

From the theoretical point of view, well before the neutrino oscillations discovery,
the situation concerning neutrino masses and the mixing problem changed at the end of
the 1970s with the appearance of the grand unification theories (GUT). In these models
leptons and quarks enter into the same symmetry multiplets and the generation of masses
of quarks and charged leptons in some models naturally lead to non-zero neutrino masses.
At that time the famous seesaw mechanism of the neutrino mass generation -which
could explain the smallness of the neutrino masses with respect to the masses of quarks
and charged leptons- was proposed and masses and mixing of neutrinos started to be
considered as a signature of the physics beyond the SM.

If one wishes to account for neutrino masses with only the SM degrees of freedom,
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one needs Weinberg’s dimension five effective operator

A
L= —ﬂLLLLgb &+ h.c. (1)

where Ly stands for the SM lepton doublet and ¢ is the Higgs field. This operator
generates neutrino Majorana masses, and massive neutrino states which are Majorana
particles. The non-renormalizable nature of the above operator signals the appearance
of new physics through the scale A. Its main consequence is the AL = 2 violation of
lepton number through neutrinoless double beta decay (0vf3-decay) -suggested soon
after Majorana’s classical work by Racah an Furry- and by the production of same-sign
lepton pairs in colliders, first suggested in the early eighties by Keung and Senjanovit.
With the arrival of the LHC at CERN the same-sign dilepton signal started to receive
wide attention.

In the seesaw mechanism neutrino masses are given by the seesaw formula: m, ~
Yi”2, where Y is a dimensionless Yukawa constant and v ~ 250 GeV is the Higgs vac-
uum expectation value, which characterizes the scale of the violation of the electroweak
symmetry. The scale of the lepton number violation (LNV) A depends on the value of
the Yukawa constants Y which are unknown, but need to be fixed to accommodate the
known tiny values of the neutrino masses m, ~ 0.1 eV.

In the most popular renormalizable realization for the Weinberg operator, called Type
I seesaw [8-11], the seesaw mechanism takes place by the introduction of right-handed
sterile neutrinos that -as they do not have distinct particle and antiparticle degrees of
freedom- can have a Majorana mass term leading to the tiny known masses for the
standard neutrinos, as long as the Yukawa couplings between the right-handed Majorana
neutrinos and the standard ones remain small. For Yukawa couplings of order ¥ ~ 1,
we need a Majorana mass scale of order My ~ 10'°GeV to account for a light v mass
compatible with the current neutrino data, and this fact leads to the decoupling of the
Majorana neutrinos. On the other hand, for smaller Yukawa couplings of the order
Y ~ 1078 — 107, sterile neutrinos with masses around My ~ (1 — 1000) GeV could
exist, but in the simplest Type-1 seesaw this leads to a negligible left-right neutrino
mixing U12N ~my, /My ~ 1071 — 10710 As this mixing parameter is assumed to govern
all the Majorana neutrino interactions with the standard particles, this in fact leads to
the decoupling of the Majorana physics and makes it almost undetectable in experiments.

This situation has been accommodated in several proposals [12-14] increasing the
mixings value to be of order Uyy ~ O(0.1) by introducing specific textures to the Ma-
jorana mass matrices in the seesaw formula, generally imposing additional symmetries
or fine tunning the entries. Many works in the past decade have been devoted to probe
the existence of Majorana particles with masses >~ 1 TeV through the observation of the
mentioned LNV process of same-sign leptons in proton-proton collisions at the LHC in
the Type I seesaw scenario [15-23].

On the other hand, currently almost all neutrino oscillations data can be described
with the mixing of three flavor neutrino states, implying the existence of three light
massive neutrinos v; having masses which do not exceed approximately 0.1 eV. But
since 2001 there have been possible hints on the presence in the mixing of one or more
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additional sterile neutrinos with masses at the eV scale. These hints have been obtained
in the LSND and MiniBooNE experiments and in short baseline reactor neutrino oscilla-
tion data. There are two possible “minimal” phenomenological schemes widely discussed
in the literature giving explanations to this anomalies. These are the so called “3+1”
and “3+2" models [24], introducing neutrinos which should be Majorana particles, but
there exist other proposed explanations. These light sterile neutrino hypotheses are being
tested in many experiments, with reactor and accelerator neutrinos and in colliders, but
also in the field of neutrino astronomy. Cosmic rays offer an opportunity to study the
properties of elementary particles, and a main objective in experiments like IceCube in
Antarctica or Auger in Argentina is to determine a flux of neutrinos or cosmic ray nuclei
as they interact with terrestrial matter. These interactions involve energies not explored
so far at particle colliders, so their study should lead us to a better understanding of that
physics, specially concerning neutrino interactions.

In a paper by F.del Aguila, S.Bar-Shalom, A.Soni and J.Wudka [15] an alternative
effective lagrangian approach for the Majorana neutrinos is proposed. Arguing that the
detection of Majorana neutrinos through LNV in colliders would be a signal of physics
beyond the minimal seesaw mechanism, the authors propose to describe its interactions
in a model-independent approach based on an effective theory, considering the addition
of only one relatively light Majorana neutrino with mass my < 1 TeV and negligible
mixing with the left-handed standard neutrinos v;. A set of dimension six effective
operators preserving the SM symmetries with the Majorana neutrino field as an active
degree of freedom is introduced. The study of the phenomenological consequences of
these new interactions in high energy colliders and in neutrino telescopes is the purpose
of this thesis.

The text is organized as follows. In chapter [I|T introduce the most relevant features
of the SM focusing on the electroweak sector and how fermion masses are generated
through the Higgs mechanism leading to the Yukawa lagrangian and electroweak cur-
rents. The different spinorial field representations are reviewed, in order to introduce
Majorana fermions and Majorana masses, which will be the tool for neutrino mass gen-
eration. Also, a brief introduction to the effective field theories framework is included.
Chapter [2]is devoted to the discussion of massive neutrino physics. It starts with a brief
introduction on the discovery of neutrino oscillations and how they are interpreted in
terms of non-vanishing neutrino masses. The seesaw mechanism of neutrino mass gen-
eration is thoroughly discussed. In particular the Type I seesaw scenario is presented
and its shortcomings discussed, in order to motivate the introduction of the new effective
lagrangian approach introduced in chapter [3] The goal of this chapter is the derivation of
the complete effective lagrangian from the dimension six effective operators introduced
in [15] and a discussion on how the existing experimental bounds can be translated to
the effective couplings. The original results are presented in the following.

Chapter {] is devoted to the study of the Majorana neutrino decays, joining the
results published in the papers |2,3]. In particular, it is found that in the low mass
region a dominant decay channel to a neutrino and a photon leads to a very interesting
phenomenology and can be invoked to explain some well known neutrino-related puzzles



XX INTRODUCTION

as the mentioned MiniBooNE anomaly. The phenomenology of Majorana neutrinos in
colliders is introduced in chapter 5] where we study the possibilities for their production
in the proposed electron-proton collider LHeC at CERN, presenting the results obtained
in [4]. In chapter @] we study the phenomenology of the effective Majorana interactions
in the LHC focusing on two new features: Majorana neutrinos lead to the well known
same-sign dilepton signal mentioned above but in this work we propose to investigate the
possibility of detecting it with the aid of observables exploiting the separation between
the production and decay vertices, given that Majorana neutrinos with a mass of a few
GeV have a measurable decay length. Also, as in the low mass region we have a dominant
neutrino plus photon decay channel, a possible search with displaced photon observables
is considered [5]. Chapter [7] is dedicated to the study of the effects of the existence of
the Majorana neutrino on the propagation of ultra high energy tau neutrinos trough
the Earth and the possible detection of these effects in the IceCube neutrino telescope,
presenting the results obtained in [6]. The conclusions and future work perspectives are
included in chapter [§



Chapter 1

The Standard Model

In this chapter I introduce the most relevant characteristics of the Standard Model of
particle physics, focusing on the scalar and electroweak sector and how fermion masses
appear in the Yukawa lagrangian. I include a brief discussion on the different possible
spinor fields in order to deepen in the properties of Majorana fermions, which I will
introduce later as a tool for generating non-zero masses for the neutrinos. In the end of
the chapter I comment on the renormalization procedure to introduce the effective field
theories framework, which is the approach taken throughout this thesis.

The contents of this first introductory chapter are based on the treatments made in
quantum field theory (QFT) introductory books and lecture notes, among which I have
chosen [25-29] and on specialized classic textbooks on neutrino physics as [30].

1.1. Introduction

The SM is a quantum field theory describing the electroweak (EW) and strong inter-
actions between the quarks and leptons. These constitute the fermionic matter content in
the theory and are replicated in three copies (families) only distinguished by their masses
and the flavor quantum number, as well as the baryon and lepton numbers. To first or-
der, the strong interaction is only existent between quarks, while quarks and leptons have
weak and electromagnetic interactions.

The free physical states can be classified by the Poincaré group representations in a
one-particle Hilbert base space with definite momentum, leading to massive (or massless)
particles characterized by their spin. These particles are created out of the Fock space
vacuum by field operators, which are functions of the space-time coordinates with well
defined transformation properties under Poincaré transformations. Depending on their
transformation properties under Lorentz symmetries they are scalar fields, Weyl, Dirac
or Majorana spinor fields, vector fields, etc. There are also other properties beyond
the energy, momentum and spin which characterize physical states and identify their
interactions, as the electric charges. The interactions can be determined by internal
symmetries in the theories beyond the Poincaré group. These are incorporated by means
of the local gauge symmetry, whose conserved charge is the corresponding interaction
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charge, and its generators give the number of required mediating particles, the spin 1
bosonic fields: eight massless gluons for QCD, the massive W= and Z for the weak force,
and one massless photon for electromagnetism. This makes the SM a local gauge theory
based on the G = SU(3)gcp % [SU(2)r, x U(1)y|pw symmetry group.

The mass terms for the fields in the SM lagrangian break this local gauge symmetry.
This forces us to incorporate an ad-hoc mechanism which brings non symmetrical results
preserving the symmetries at the lagrangian level to include massive particles. The Higgs
mechanism -which is associated to the Goldstone theorem in the frame of the EW theory-
introduces the idea of spontaneous symmetry breaking (SSB), assuming a gauge-invariant
lagrangian with a non-invariant vacuum breaking the electroweak part of the symmetry
group G into the electromagnetic G — SU(3)gcp % U(1)pm subgroup. The breaking
is implemented by incorporating a scalar field with zero electric charge, and a non-zero
interaction with the vacuum (it acquires a vacuum expectation value (¢) = v). The scalar
field, once the gauge symmetry is broken, generates the Higgs particle as an excitation of
its fundamental state. The Higgs interaction with fermions, with gauge bosons by means
of the covariant derivative, and with itself is what brings in the masses, defined by the
corresponding interaction coupling and the non-zero vacuum expectation value.

1.2. The fundamental ingredients

As I mentioned in the introduction, the SM building blocks are field operators cre-
ating and destroying particles in a Fock-space. As we want these fields to describe the
properties of particles in Nature they must be described by Lorentz invariant equations.
Having a collection of fields ¢ and a differential operator D, the statement “Dyp = 0 is
relativistically invariant” means that if ¢(x) satisfies this equation and we perform a ro-
tation or boost to a different reference frame, the transformed field must satisfy the same
equation. This is guaranteed if the ¢ dynamics is described by an equation of motion
coming from a lagrangian that is a Lorentz scalar. These can be built by systematically
finding Lorentz transformation laws for fields: restricting to linear transformation laws
leads us to the fact that they must form an n-dimensional representation of the Lorentz
group. As we also need to include space-time translations invariance, the valid quantum
field operators provide representations of the Poincaré group (space-time translations
plus Lorentz transformations).

I will focus on the spinorial field representations in order to describe the SM fermions.
Spinorial representations describe half-integer spin quantities. For spatial rotations, the
physically relevant group is not SO(3) but rather SU(2), besides both groups have the
same Lie algebras.

The Lorentz algebra, given by commutation rules between the angular momentum J*
and the boost K? generators

[J8, J7] = i€k gk (1.1)

[JE, K9] = ieF Kk (1.2)
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(K, K9] = —ielik g* (1.3)

can be disentangled by defining the combinations

, K
JEi = ‘]TZ (1.4)
which give the commutators:
[JT8 JHi] = etk gtk (1.5)
[J=8, J79) = ik gk (1.6)
[JT, J 7] =0. (1.7)

Equations and give two copies of the SU(2) angular momentum algebra
which commute with themselves. In order to include spinorial representations we take
all solutions of the algebra — including spinor representations, and find that the
representations of the the Lorenz algebra can be labeled by two half-integers: (j—,j+)-
The dimension of the representation (j—,j+) is (25— +1)(2j4+ +1) and as the generator of
rotations J* is related to J* by J* = JT 4 J~, by the usual addition of angular momenta
in quantum mechanics in the representation (j_, j+) we find states with all possible spin
J integer steps from |jy — j_| to jy + j—.

The (0, 0) representation is the dimension one scalar representation. On it J%* =0
and also J* = 0 and K* = 0.

1.2.1. Weyl spinors

The (1/2,0) and (0,1/2) representations both have dimension two and spin 1/2, so
they are spinorial representations. We denote (¢1,)o with a = 1,2 a spinor in (1/2,0)
and (¢¥r)a a spinor in (0,1/2). Now vy, is called a left-handed Weyl spinor and ¢g a
right-handed Weyl spinor.

Let’s find the explicit form of the rotation and boost generators J and K in the
spinor representation (1/2,0): by definition the J~ is represented by a 2 x 2 matrix,
while J* = 0. The solution of in terms of 2 x 2 matrices is J~ = /2, with o = ¢°
the Pauli matrices, and therefore

J:J++J_:% (1.8)

K=—i(J"t-J)= z% (1.9)

Then, under rotations, the spinor ¥, transforms as ¢ — e_%"'eq/),; and under a boost
with rapidity n = tanh_l(ﬁ) it transforms as ¢y, — e~ 27T, in an “active" viewpoint.
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Analogously, it can be seen that ¥ p transforms in the same way under rotations but
changes sign under boosts. Summarizing:

wL _>ALwL :eaﬁp{(—ie—n).%}wL, (1.10)

Vi = Arr = cap { (=i0 + ).} v, (1.11)

With spinors £z, and £ also transforming in the representations (1/2,0) and (0,1/2)
respectively, and defining o# = (1,0) and 6* = (1, —0o’), we can write the following four-
vector quantities:

oty ot . (1.12)

We can construct now a free lagrangian for the Weyl spinor fields looking for quadratic
combinations that are Lorentz scalars. If one asks also for invariance under global phase
transformations ¢, p — e""ﬁ@bL,R, we are left with one possibility (up to a sign)

LV = il 548,11, (1.13)

for left-handed, and
LYY = iyphotd,r (1.14)

for right-handed Weyl fields. This is the Weyl lagrangian.

The spinor 1y, is subject to the equation of motion (9y — 0°9;)1r, = 0 and therefore
to the massless Klein-Gordon equation (82 — 9?)1y, = 0. Then a solution is ¥y (z) =
ur,(k)e ™ with k% = |k| and we find (k° + kic?)tpy, = 0, which implies that for the left-
handed Weyl field v, the product k;g f =1 Recalling that the spin operator is defined
as s' = %1, this means the projection of spin along the momentum of a particle created by
a left-handed Weyl field is —1/2: left-handed massless Weyl spinors have helicity —1/2
(massless particles are helicity eigenstates). In the same way a right-handed massless
Weyl spinor is an h = +1/2 helicity eigenstate.

The Weyl lagrangians (|1.13)) and (1.14) where constructed with the vector bilinears in
(L.12)), which correspond to the product representations (1/2,1/2) = (1/2,0)® (0,1/2)
and (1/2,1/2) = (0,1/2) ® (1/2,0). In particular, our insistence in demanding the
lagrangian to be invariant under a global U(1) symmetry ruled out the scalar term
that appears in the product representations (1/2,0) ® (1/2,0) = (1,0) ¢ (0,0) and
(0,1/2) ® (0,1/2) = (0,1) & (0,0). The singlet representations correspond to the an-
tisymmetric combinations €q(¢7 R)T%‘:’ R» Where €, is the antisymmetric symbol. Here
we should keep in mind that fields with half-integer spin obey the spin-statistics theo-
rem, and the fields i1, r satisfy anti-commutation relations, so the combinations do not
identically vanish. The antisymmetric symbol €4, can be explicitly written in a 2 x 2
matrix representation suitable for two-component Weyl spinors as

e:i02:i<? Bi):<_()1 é) (1.15)
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Majorana masses

We can now write a Weyl lagrangian including a mass term

e . 1
£y = il oo+ gm(wn) ey + hue. (1.16)

1
L' = kot Oubr + 5m(vn) en + he (1.17)

These mass terms -called of Majorana type- are allowed if we do not worry about breaking
the global U(1) symmetry v r — eid)w,;, r- If we consider electrically charged fermions
a Majorana mass term is forbidden as it violates the conservation of electric charge or
any other U(1) gauge charge. Let’s note that Majorana mass terms are constructed out
of a single Weyl spinor ¢y, or ¥R.

Parity

If one performs a Parity transformation P (t,Z) — (¢, —Z) on the Lorentz SO(3,1)
group rotation J* and boost K* generators, they transform as pseudo-vectors and vectors
respectively:

P:J —J P:K'— —K', (1.18)
meaning that P : J&? — JT% and therefore a representation (j_,j;) changes to (j4,j_)
under parity. Thus a left-handed Weyl spinor in the representation (1/2,0) transforms
into a right-handed Weyl spinor in (0,1/2) and vice versa. A vector representation
(1/2,1/2) is invariant under parity.

1.2.2. Dirac spinors

We have seen that parity interchanges left-handed with right-handed Weyl spinors. So
an easy way to construct a parity invariant theory for fermions (which will be needed for
describing the parity-conserving electromagnetic and strong interactions) is to introduce
a pair of Weyl fermions v, and ¥r combined into a single four-component spinor

)= ( z}{i ) (1.19)

transforming in the (1/2,0) @ (0,1/2) reducible representation. This is a Dirac spinor.
The equations of motion for vy, g, i6#0,% 1, and 0", R derived respectively from (1.13)
and (1.14) can be modified -while being kept linear- to

1ot r = may, ( 0 ot _ 1 0
it D —mn |\ ot 0 oup=m( o ; | (1.20)
These equations of motion can be derived from the lagrangian

EDirac _ ZwT ( &Oﬂ O-OM ) auw — mer < 2 é >Qp (121)



6 CHAPTER 1. THE STANDARD MODEL

which can be written in the well-known compact form
LD (i, — m) (1.22)

defining the Dirac y-matrices as [[]

0 ot
n—
7= < gk 0 > (123)

and the conjugate spinor 1

=it (01

§=vh w(l 0). (1.24)
The ~-matrices satisfy the Clifford algebra {y*,7”} = 2n*”, which in D dimensions
admits representations of dimension 2[°/2. When D es even, the Dirac fermions v

transform in a reducible representation of the Lorentz group. Defining the matrix

7’ = =iyt = < 01 2 > , (1.25)
we see that it anti-commutes with all other y-matrices, implying the relation [y°, o#] = 0,
with o#” = St[y#,”]. Because of Schur’s lemma, this implies that the representation of
the Lorentz group provided by the ¢#*¥ matrices is reducible into subspaces spanned by the
eigenvectors of v° with the same eigenvalue. If we define the projectors Pg f, = %(1 ++°)
these subspaces correspond to

Pry = < v ) Pry = ( o ) (1.26)

which are precisely the four-component Dirac-spinor versions of the left-handed and
right-handed (two-component) Weyl spinors.

1.2.3. Charge conjugation and the Majorana condition

We can define the operation of charge conjugation on Weyl spinors as an operation
transforming 7, into a new spinor ¢, defined as

Vi = io*Yf = ey, (1.27)

using the definition given in ([1.15)).

Recalling the explicit form of the Lorentz group generators Az g on Weyl spinors
given in and (L.11) and using the property of the Pauli matrices o020'0? = —o'*,
one can show that 02A% 02 = Ag, so under a Lorentz transformation o1} transforms as
a right-handed Weyl spinor:

o*; = o*(Apr)* = (0°ALo?)o*y) = Ar(0?y}) (1.28)

!This is called the Chiral representation for the y-matrices.
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(using 0?0% = 1). If 1, € (1/2,0) then o2y} € (0,1/2). This means that the charge
conjugation operation in converts a left-handed Weyl spinor into a right-handed
one and analogously, defining ¢ = —Z'O'z”(/JE the charge conjugate of a right-handed Weyl
spinor is a left-handed one.

On a Dirac field, charge conjugation is defined as

c __ —i021/}* o . 0 0'2 x —e 0 0 1 %
() (2 )= (3 (e v

If we define the charge conjugation matrix in the chiral basis as

(5 8)-(5 ")

we can write the charge conjugation operation on Dirac spinors as ¢¢ = C~%)*. This
relation can also be written as ¢¢ = C(xT7%)T = C(¥)T, given that (y°)T = ~0.
Summarizing:
ve=C%"  ye=Cc@)T. (1.31)
Finally, we get to define a Majorana spinor: this is a Dirac spinor in which vy, and
1R are not independent, but rather ¥ = w%z

wMz(’“ ), (1.32)

iGsz
80 it has the same number of degrees of freedom as a Weyl spinor, although it is written

in the form of a Dirac spinor. From this definition it follows that the Majorana field is
its own charge conjugate:

Yy =Y (1.33)

This is called the Majorana condition, and is the defining property of a Majorana fermion.
Majorana fermions admit Majorana masses as those in and .

When one writes down the quantized Majorana fields in terms of creation and annihi-
lation operators the Majorana condition implies that a Majorana field describes particles
which are their own antiparticles.

1.2.4. Matter content and flavor symmetries

In table a list of the fermion content is shown, including the gauge numbers. Here
the fields are Dirac spinors, so -for example- one should think of u;, in the first row as

up = ( wgh ) (1.34)

with (1)1, the Weyl spinor representing the up quark left-handed field.
The lagrangian is the sum of the gauge, matter, Yukawa and Higgs terms

ﬁSM = Egauge + ﬁmatter + ﬁYulmwa + EHiggs- (135)
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Gauge group
SUB). SU@)L ULy

u%: UR CR tR 3 1 %

%: dr SR br 3 1 —%

. 14 1% 1%

e (1, (), (),
¢ /L mJL T /L

Table 1.1: The fermion fields in the SM and their gauge quantum numbers.

The matter lagrangian contents the kinetic and gauge interactions of the fermion
fields,

Lonatter = 1Q1 QY + itz Puf + idzpdy + LT DL} + e Pe, (1.36)
with the indices i, 5 = 1, 2, 3 representing the three fermion families.

At this stage the fermions are still massless and the covariant derivatives are those pre-
sented belowﬂ (see (L.44)) . Majorana masses are forbidden by the fact that all fermions
carry hypercharge. Dirac masses are forbidden by the fact that no fermion transforms
under the complex-conjugate representation of another fermion. It is important to no-
tice that there are no right-handed neutrino fields: neutrinos only appear as the upper
component in the leptonic SU(2), doublets in the fourth row of table [L.1]

The absence of fermion masses implies that Ly,qter has many accidental global sym-
metries:

QL — U8 @ (1.37)
u’é — Ufféuﬁ

-

- U3, 2

w— U6,

This symmetry is accidental in the sense that it is not imposed, but rather follows from
the fermion content, the renormalizability and the gauge symmetries of the model. Since

*Without taking into account the SU(3)¢ strong gauge interactions. To include them, one must add
the gluon terms.
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there are five independent U(3) symmetries, the global flavor symmetry in Laeter 1S
[U(3)]°. After the Yukawa couplings of fermions to the Higgs field are introduced (see
sect. [1.4.2]), this symmetries will be violated.

We now need to implement the local gauge invariance and spontaneous symmetry
breaking ideas in order to introduce gauge invariant masses for the fermions and the
massive vector gauge bosons mediating the weak interactions. This will be done in the
next section.

1.3. The fundamental ideas

The two central ideas sustaining the SM success are the extension of the gauge in-
variance principle as a local concept (inspired in classical electrodynamics) and the im-
plementation of the spontaneous symmetry breaking phenomenon. The introduction of
the local gauge invariance generates the so called gauge bosons and their interactions
with matter (fermions) and among themselves (only for non-abelian gauge groups). In
turn, the combination of local gauge invariance with spontaneous symmetry breaking
leads naturally to the Higgs mechanism, providing the mass terms for the vector weak
gauge bosons (W and Z) and the fermions while keeping the invariance under the gauge
group at the original lagrangian level.

In this section I introduce both ideas emphasizing the Higgs mechanism that leads
to the leptonic mass sector in the lagrangian.

1.3.1. Local gauge invariance

Beginning with classical electrodynamics it is known that Maxwell equations are
invariant under a local gauge transformation of the form A, — 9, A(z) + A, where A,
is the four-vector potential. Also, taking the Dirac free lagrangian in we can see
it is invariant under the global phase shift v — €. However, inspired by the local
gauge symmetry in electrodynamics, could we extend the global symmetry and ask it
to be local? If it is so, which are the physical consequences of that extension? It is
easy to prove that such “locality” could be achieved by replacing the usual derivative
0y, with a covariant derivative D,, = 9, + iqA,, where A, is a field transforming as
A, — Ou\(x) + A, when the local gauge transformation 1) — e~**@)y) is performed. In
doing so, the lagrangian is changed to

[ Dirac _ TE(Z"Y“DM —m)y = @(i’y“@u —m)y — qA,ﬂ/}y”w — pDirac _ JHA,.  (1.38)
One can see this new lagrangian is invariant under the combined transtormations ¢ —
e 1M)q) and Ay — OuN(x)+A,. JH = gy is the electromagnetic-current four-vector.

To complete the Quantum Electrodynamics (QED) lagrangian we add the kinetic term
describing the free photon’s propagation

A 1
£QED _ EDzrac o JMA,LL _ EFIWFHV’ F,ul/ = G#Al, — 31/14#- (139)
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This kinetic term -from which the free Maxwell equations can be derived- is also locally
gauge invariant. Therefore, the coupling between matter and radiation is generated by
imposing locality. Moreover, to preserve locality we have introduced in the covariant
derivative a vector field A, called gauge field and a ¢ parameter acting as the generator
of the local transformations group U(a:) = ¢~M®)_ Tn this case, in order to analyze the
symmetries we have used the one-dimensional rotations group in the complex space U(1),
the group of unitary 1 x 1 “matrices”. In the electroweak sector of the SM we will take the
SU(2) group, which is a non-abelian group whose generators obey the Lie algebra of the
three-dimensional rotations group. After applying the local gauge invariance to the whole
electroweak group [SU(2) xU(1)]gw, they will appear four gauge fields, generating -after
some additional transformations- the three vectorial bosons of the weak force: W*, Z
and the photon.

1.3.2. Spontaneous symmetry breaking and the Higgs mechanism

The use of local gauge invariance as a dynamical principle is not enough to predict
the particle physics phenomenology, as it leads to massless gauge bosons which do not
correspond to the physical observations. In the SM these bosons acquire their masses by
means of the phenomenon of spontaneous symmetry breaking (SSB).

With the aim of generating masses, we have to somehow break the gauge symmetry.
However, we need a totally symmetric lagrangian in order to preserve its renormalizability
and unitarity. This dilemma can be solved thanks to the possibility of obtaining non-
symmetric results starting out of a symmetric lagrangian.

Consider a lagrangian which is invariant under a symmetry group G, with a degen-
erate set of minimal energy states which transform under G as the members of a given
multiplet. If one of these states is arbitrarily realized as the system’s fundamental state
one says the symmetry is spontaneously broken.

When the spontaneous symmetry breaking mechanism occurs other particles called
Goldstone bosons appear in the theory’s spectrum [31-33|. However, if the lagrangian
has a local gauge symmetry an interrelationship between gauge bosons and Goldstone
bosons gives the first a physical mass, while the last disappear from the spectrum. The
degrees of freedom corresponding to the massless Goldstone bosons are converted into a
longitudinal polarization for the massive vector bosons. That is why it is generically said
that the gauge bosons have “eaten” the Goldstone bosons in order to acquire their mass.
This is the Higgs mechanism [34-37]. However, it is worth noting that besides massive
vector bosons, the Higgs mechanism provides us with an additional physical degree of
freedom corresponding to a massive scalar field, which describes the Higgs particle.

We can remark that the Higgs mechanism is possible due to the spontaneous sym-
metry breaking and the local gauge invariance. For instance, if we implement a sponta-
neous symmetry breaking with a global symmetry, we obtain a certain number of mass-
less (physical) Goldstone bosons, given that a global symmetry does not provide vector
bosons to “eat” these extra degrees of freedom. Technically, the number of Goldstone
bosons produced by the SSB equals the number of broken generators of the symmetry
group in question [31,38].
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1.4. The Standard Model (as we know it)

The SM of particle physics |[39H41] takes the ideas of local gauge invariance and
spontaneous symimetry breaking to implement the Higgs mechanism. The local gauge
symmetry of the electroweak sector is given by the group SU(2)r x U(1)y and the SSB
obeys the scheme SU(2);, x U(1)y — U(1)q, where the subindex L indicates that the
SU(2) group only acts on fermion left-handed doublets. Y is the original hypercharge
U(1) group generator and @ corresponds to a non-broken generator’s combination (the
electromagnetic charge).

Specifically, the SSB is implemented introducing an SU(2); doublet, which is a

Lorentz scalar: o+ 5 5
_ _ 1+ 102
¢‘<¢°>‘<¢3+i¢4>' (1.40)

To produce the breaking the scalar doubletﬁ] must acquire a non-zero vacuum expectation

value (VEV)
(9) = < v/?ﬁ ) : (1.41)

The original local symmetry group SU(2)r, x U(1)y is non-abelian, leading to gauge
boson’s self-interactions. They appear when the kinetic term for the gauge bosons is
introduced. The generators are called 7; and Y, corresponding to SU(2)r, and U(1)y
respectively. The 7; are defined using the Pauli matrices as 7; = % and they obey the
Lie algebra

[Ti,Tj} = 1€k Ths [1:, Y] = 0. (1.42)

When the symmetry is spontaneously broken in the scalar potential the ¢ doublet acquires
a VEV and we see all the SU(2), x U(1)y generators are broken

=5 ()20 =5 ( 7Y ) 20

73<¢>=§<_U3\/§)7éo, Y(¢>>=<v/(i/§)7é0.

However, we can define a non-broken combination using the Gell-Mann-Nishijima rela-
tion:

Q=(s+Y) Q) =0

This definition of the electric charge operator @) fixes the Y hypercharge of the Higgs
scalar to be Yy = %

The SSB scheme is given by SU(2)r x U(l)y — U(1)g. In agreement with the
Goldstone theorem, the number of the would-be Goldstone bosons equals the number
of broken generators (which in turn equals the number of massive gauge bosons in the

31t is common to refer to the Higgs field as a scalar (Lorentz space-time transformations) doublet
(SU(2)r weak force gauge symmetry). We leave the name Higgs field for the h excitations around the
VEV after the SSB.
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case of local symmetries). Thus instead of working with four broken generators, we
will have three broken generators and a non-broken one (). This scheme assures the
photon remains massless, while the other three gauge bosons acquire their masses by this
mechanism, and everything with a gauge invariant lagrangian [42].

1.4.1. The kinetic term

The kinetic term gives the interactions between the scalar particles and the four-
vector bosons and generates their masses when the Higgs field acquires a VEV. The
kinetic lagrangian is written introducing the gauge fields in the covariant derivative as
we did in sec[.3.]

Liin = (Dug)' (D), (1.43)

Dy =08, —ig'Y B, —igriW), (1.44)
where W;j with ¢ = 1,2, 3 are the four-vector boson gauge eigenstates associated to the
three SU(2)r, generators 7;. On the other hand B, is the vector field associated with the
Y generator of the hypercharge symmetry U(1)y. The constants g and ¢’ correspond to
the Wﬁ and B,, couplings, respectively.

After diagonalizing the gauge boson’s mass matrix we obtain the following mass
eigenstates:

wlxiw? 1
W:: = % N m%/vi = 1921]2 (].4:5)
w\ _ [ cos Ow —sin Oy WS (1.46)
A, sinfy  cosfOw B, .
mi = 1112(92 + ¢ = iy ma = 0. (1.47)
4 cos? Oy

The photon A, remains massless, as it is the gauge boson associated to the unbroken
generator ) (the electromagnetic charge) of the surviving symmetry U(1)g. Other im-
portant relation follows for the coupling of the unbroken symmetry: the electric charge
e is related to the SU(2)r coupling g and the U(1)y coupling ¢’ as:

99 _
e = ———— = gsin(fw) = ¢ cos(fw), (1.48)

using the definition of the weak-mizing angle Oy in (1.47)).

1.4.2. The Yukawa lagrangian

The SM organizes the observed fermions in three families which are copies of the
same SU(2)r x U(1)y structure, only distinguished by their masses and flavor. The left-
handed fields transform as SU(2), doublets, whereas the right-handed fields are singlets,
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as indicated in table [I.I} I will start putting a “prime” in all the fields, indicating that
I am referring to gauge eigenstates, which are the fields that transform as stated under

/ /
(%) () ot (1.49)
L L

Here v/, d’ and ¢ are three-entries vectors in the flavor space, as was fully displayed in

table [[L1]

The most general renormalizable Yukawa lagrangian is given by

the gauge group:

Lyukawa = —THQ" ould —THQ" ¢dlf — TU LV o83 + hec. (1.50)

Here, the conjugate scalar doublet qB in the first term is defined as (;3 = i02¢* = ed*,
and it can be seen it also transforms as an SU(2) doublet. In order to keep the gauge
invariance in the Yukawa term with up-type quarks ¢ has hypercharg Y: = —%. The

matrices Fibj 4.0 are general Yukawa matrices corresponding to the couplings of the scalar
doublet with the up, down and charged leptons fermion sectors.
After the SSB the scalar doublet can be written as:

+ A 0
¢ = ( ?50 > 558, gimits ( (U:}h) ) (1.51)
2

where the 6; can be rotated out thanks to the SU(2)y, invariance in the lagrangian, and h
is the Higgs field. When all the 6; are rotated away we are in the unitary gauge, in which
the physical spectrum is explicit and no Goldstone bosons are present. The Yukawa
lagrangian can be written as

A _
Ly =— <1 + v) [dy Myd + uf My + 0 M] 0] (1.52)

with M]’c = %I‘f, f=wu,d,£. The M]’c matrices can be decomposed as M]’c = HUy =

S}M #S¢Uy, with Uy unitary, H; hermitian, Sy unitary and M, diagonal, hermitian and
positive definite.

The matrices My = SfM}U}S} are diagonal, with masses corresponding to the three
fermionic sectors:

M, = diag(my, me, my), My = diag(mg, ms, myp), M, = diag(me, my, m;).
(1.53)
The resulting fermionic mass eigenstates fr, = Sy f; and fr = SyUy f5 allow to write the
Yukawa lagrangian as

h B _
Ly = — <1 + U) (dpMgydg + ur Myug + £ MilR) + h.c. (1.54)

4All the terms must meet the constraint 3 . Y = 0 in order to preserve the gauge invariance.
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This expression shows that all the Higgs couplings with fermions are proportional to
their masses and are flavor diagonal (different flavors do not mix by the exchange of a
scalar particle). Also, one should notice that the masses in are Dirac masses: the
left-handed and right-handed Weyl neutrinos we had introduced, are now paired up to
make Dirac masses for the quarks and charged leptons.

1.4.3. Electroweak currents

Let’s now see how the electroweak currents are affected by the fact that the fermions
acquire masses.

The Dirac lagrangian, written with the covariant derivative in terms of the massive
weak bosons, gives us the charged and neutral interaction terms:

3
['Dirac = ZZJ;(J:)’YMDM'(#E (155)

J=1

where the fields 1/13 represent the quark or lepton fermion fields. The lagrangian (|1.55))
contains the interaction terms with the gauge bosons, and written in the mass eigenstates
from equations and can be separated in a part describing the charged-
currents (CC) and other describing the neutral-currents (NC), depending on weather the
fermions interact with the charged gauge bosons W+ or the Z neutral boson and the
photon.
The charged-current lagrangian only couples the left-handed components of the fermions

to the SU(2)r, gauge fields, and can be written as

Loc = _%WJ’]&L’C + h.c. (1.56)
where
ch = Jl’ép—l—J;:ad (1.57)

with the leptonic and hadronic currents being

Jlep = 7y .M Jh = upytdy. (1.58)
Let’s start with the leptonic charged-current: as the charged lepton field gauge state
is rewritten in terms of the mass state ¢} = Sgﬁ 1, we can redefine the neutrino 172’ ;, field
to be Dé 1 = Sevp 1, and the charged-current for the leptons is written
T =0y 1" = U0, SeSIv L = Doy (1.59)
Thus we find the leptonic charged-current is written in terms of charged lepton fields
with definite mass £y, with £ = e, u, 7. The neutrino fields vy 1, are called flavor neutrino
fields, because each of them couples only with the corresponding charged lepton field in
the weak current (1.59). In the SM, the flavor neutrino fields are also mass eigenstates,
because the linear combination of massless fields is also massless.
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Fermions Jgr JR
vy gy =1/2 g =0
{=e,u,T gt = —1/2 +sin® Oy g%:sinQHW

u,c,t ¥ =1/2—2/3sin? Oy g}iz:—Q/BsinQOW
d,s,b g¢=-1/2+1/3sin?0y g% = 1/3sin® Oy

Table 1.2: The fermion’s NC couplings to the Z boson.

The hadronic CC is affected by the basis change, given that @d’L = ﬁSquldL =
urVdy. In general, S, # Sy, and a unitary mixing matrix V appears. This is the
Cabibbo-Kobayashi-Masakawa matrix Vo [43,/44] that couples every type-up quark
with all down-type quarks. Then the charged hadronic current is written as

T = A A =G PV dsir (1.60)
The charged-current interactions for quarks mix flavors between families: the indices «

and ( indicate the quark family o = u,¢,t and 8 = d, s, b.
In the case of the neutral-currents the lagrangian can be written as

9

Lync = " = JgZH - lefA“ (1.61)
with
Jg = ‘]g,lep + ‘]Z,hacﬁ J’IYL = J'f:,lep + Jéf,had' (162)
Here the electromagnetic current is
JE = n JH _ 2y IJ' A 1.63
v,lep — 7L ’y,had_gu’yu_g Y ( )
and the Z current is
TG 1ep = 9% Tor ¥ ver + 91 O, 4L+ g Tr " LR (1.64)
JY haa = 91 Uy A" UL + gk Ul 4" g+ gf dp A" dy + g dp A dy. (1.65)

The couplings g1, g of the Z boson to quarks and leptons are shown in table . Here e
is the proton’s electric charge.

When changing to the fermion’s mass eigenstate basis, the NC lagrangian keeps
its shape, as f1 f; = fr.fr and Ef;% = frfr for every fermion f. Therefore in the SM
there are no flavor changing neutral-currents. This phenomenon is known as the GIM
mechanism (for Glashow, Iliopoulos and Maiani) [45] and it is a consequence of treating
equally every fermion with the same electric charge.
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e Ve

(a) Neutrino SM Charged Current (CC)  (b) Neutrino SM Neutral Current (NC)

Figure 1.1: Example of charged (W) and neutral (Z) neutrino-quark currents in the
SM. The diagram (a) is produced by the interactions in (1.59)) and ([1.60). The diagram

(b) is produced by the interactions in (|1.64]) and (1.65).

1.4.4. Anomalies and B-L conservation

As a consequence of mass generation, only a very small subgroup of the [U(3)]°
symmetries we had found in (1.37)) remain valid, corresponding to baryon number

QL — ?3qQL (1.66)
uzé — eie/SufR

dip — €3d,

and lepton number

L ey (1.67)
i — e,

Baryon and lepton number are accidental global symmetries of the SM, in the sense
discussed in secT.2.4l

Baryon number conservation implies that in every process the quantity B = %(nq—nq)
must be the same in the initial and final states, with n, representing the number of quarks,
and ng of anti-quarks. A baryon -made of three quarks (like the proton)- has baryon
number B = 1. The lepton number is defined analogously as L = n; — nj, but also, as
lepton flavors do not mix in SM electroweak interactions, leptonic family numbers can
be defined: Le, Ly, L.

However, none of these classical global symmetries is carried over to the quantum
theory: when a symmetry present at the classical lagrangian level is not present upon
quantization, we say it is anomalous. It was pointed out by Adler, Bell and Jackiw
[46/47] that in chiral theories (those involving v° currents) of fermions one-loop triangular
diagrams in general destroy the current conservation which was true at the tree-level.
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In the case of the SM, the conserved quantum number is B — L, the difference between
baryon and lepton number.

The gauge anomalies are also very important for the SM. A quantum mechanical
violation of gauge symmetry leads to the non-decoupling of negative norm states, be-
cause the gauge-fixing constraints cannot be consistently implemented and unphysical
states that would be eliminated classically by the gauge symmetry become propagating,
spoiling the quantum theory’s consistency. Anomalies in a gauge symmetry can be ex-
pected only in chiral theories where left and right-handed fermions transform in different
representations of the gauge group.

The cancellation of anomalies emerging in triangle diagrams in the SM requires that
leptons and quarks appear in complete multiplets with the structure (Lp,¢g, Qr, uR, dRr)
as given in table [[.T], also fixing their quantum numbers as electric charges, hypercharges
and the existent number of quark colors. This set of fields is called a family of quarks
and leptons. The consistency of the theory requires that quarks and leptons appear
in Nature organizing themselves into families in this way. It is remarkable that all the
known elementary fermions can be accommodated in appropriate representations of the
symmetry group of the SM with exact cancellation of quantum anomalies.

1.5. Neutrino mass and the Standard Model: perspectives

So far we have discussed how particle masses are generated in the SM framework:
the Higgs mechanism is introduced in order to give masses to the weak bosons, quarks
and charged leptons, because adding explicit mass terms for fermions and gauge bosons
to the lagrangian breaks gauge invariance, which is necessary for the renormalizability
of the theory.

For the neutrinos the situation is somewhat special: neutrinos in the SM are massless
because only one left-handed helicity state is included per fermion family. Therefore, it
cannot acquire a mass though the Yukawa interaction with the Higgs VEV. This is in
contrast with the masslessness of the photon: it is due to a gauge symmetry, which in
turn governs the dynamics of the electromagnetic interaction.

There is no reason why neutrinos should have no mass, and in fact the discovery of
neutrino oscillations implies they have very tiny masses. In the next chapter I will intro-
duce the most popular mechanism to bring in neutrino masses: the seesaw mechanism
emerging from the addition of the Weinberg dimension five operator, which as we will
discuss in the following, leads to a non-renormalizable lagrangian.

In the end of this chapter I will comment on the renormalization procedure, and how
it leads to our current use and understanding of effective field theories for describing
phenomena occurring in Nature at different scales.

1.5.1. Renormalization

The physical observables we are concerned with in particle physics are (most of the
time) computed from quantum mechanical amplitudes evaluated using perturbative QF T,
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with the aid of the Feynman diagrams tool, which helps us to compute the different terms
in a series expansion over the coupling constants appearing in the classical lagrangian of
the theory. When we calculate physical quantities in perturbation theory, infinities may
emerge as the result of taking into account higher order terms in the expansion (loop
corrections).

In the traditional renormalization procedure one first regularizes the divergent in-
tegrals in the computation of Feynman diagrams with loops, subtracting the infinities
either by putting a cutoff in the momentum dependence of the integrals, or using dimen-
sional regularization. The integrals now depend on an energy (momentum) scale. When
this energy scale is set to infinity the integral diverges. To fix that behavior, one adds a
“counterterm” in the classical lagrangian for each divergent lagrangian term in order to
cancel the infinity, and derives new Feynman rules which lead to finite results order by
order in the perturbative expansion. In removing the ambiguities associated with infini-
ties we introduce a dependence of the couplings on the energy scale at which a process
takes place. One can study how this dependence changes: this is done calculating the
differential equations giving the evolution of the couplings with the energy scale.

One can count how many divergent quantities are present in the theory: this can
be done by counting the number of external legs and vertices a Feynman diagram has,
relative to the space-time dimension considered. The theory will be super-renormalizable
if only a finite number of amplitudes diverge, and renormalizable if one has a finite num-
ber of diverging amplitudes but divergences occur at all orders in perturbation theory.
In these cases the counterterms needed to cancel the divergences have the same struc-
ture as the operators (the interaction terms) already present in the original lagrangian.
Non-renormalizable theories are those in which all amplitudes are divergent at a suffi-
ciently high order in perturbation theory. Also, this criterion can be translated to the
mass dimensionality of the coupling constant: if it has positive or zero mass dimension
(dimensionless), the theory is renormalizable. If the coupling constant has negative mass
dimension, then the theory is non-renormalizable.

In spite of its successes the renormalization procedure presented above can be seen
as some kind of prescription or recipe to get rid of the divergences in an ordered way.
However, the work of Wilson [48H50] allows us to understand the process of renormaliza-
tion in a very profound way as a procedure to incorporate the effects of physics at high
energies by modifying the value of the parameters that appear in the lagrangian.

In this framework one assumes a particular theory (with a certain lagrangian, leading
to a certain action including certain interactions between the fields) is valid up to some
energy scale A, such that beyond it one needs to include new fields or new interactions in
order to describe physics at that new high energy scale. We can regularize the diverging
integrals taking this energy scale A as a regulator cutoff.

If we would like to compute the effective dynamics of the theory at an energy scale
1 < A, we only have to integrate out all physical modes with energies between the cutoff
A and the scale of interest . One begins with a QFT defined by the lagrangian for the
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fields o,
L[pa] = Lolpa) + Zgz-(% [Pa] (1.68)

where Lo[p,] is the kinetic term, and g; are the couplings associated with the interac-
tion operators O;[¢,]. In principle we include all the operators O; compatible with the
symmetries of the theory.

The effective action S[¢),, ] at the scale u can be written in the language of functional
integration as

iSIPhn] — / I, Dy, ¢'Slwah], (1.69)
u<p<A

Here S[pa, A] is the action at the cutoff scale:

Slpa, A = /d4:c {ﬁo[%] + Zgi(/\)@[%]} (1.70)

and the functional integral in is carried only over the field modes with momenta
in the range p < p < A. The action resulting from integrating out the physics at the
intermediate scales between A and p depends not on the original field variables ¢, but
on some renormalized fields ¢/. At the same time, the couplings g;(u) differ from their
values at the cutoff scale g;(A). Therefore the resulting action at scale p can be written
as

Slpn, 1l = /d“x {Eo[%] + Zgz’(u)Oi[@Q]}- (1.71)

The consequence for physics at low momentum is that we have to replace our action
by a new one with different values for the couplings. Our ignorance of the details of the
physics going on at high momentum results in a renormalization of the couplings of the
action describing the long range physical processes.

In this procedure the running of the coupling with the energy scale can be understood
as a way of incorporating into an effective action at scale u the effects of field excitations
at higher energies Y > u. This dependence of the couplings with the momentum scale
is the equivalent to the renormalization group flow in the Wilsonian approach. We can
picture the action of the renormalization group transformation as a flow in the space of
couplings, and thus as a flow in the space of different quantum field theories.

There are QFTs that are fixed points of the renormalization group flow, i.e. whose
properly adimensionalized coupling constants do not change with the energy-momentum
scale. When a scale invariant theory is perturbed with some operator: i.e. if we include
some operator in the lagrangian perturbing an action that is already at a fixed point in
the renormalization group flow, the perturbed theory is not scale invariant anymore but
we may wonder whether the perturbed theory flows at low energies towards or away the
fixed point theory. This can be decided by looking at the scaling dimension E] d of the
operator O used to perturb the theory at the fixed point. In four dimensions the three
possibilities are:

5 At tree-level the scaling dimension coincides with the canonical dimension.
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» d > 4: irrelevant perturbation. The running of the coupling constants takes the
theory back to the fixed point.

s d < 4: relevant perturbation. At low energies the theory flows away from the
scale-invariant theory.

» d = 4: marginal deformation. The direction of the flow cannot be decided only on
dimensional grounds.

The coefficient associated with an irrelevant operator dies away during the recursion
of the integration to lower and lower momentum scales. Instead, the coefficients of the
relevant operators grow. Relevant and marginal operators dominate the dynamics in the
infrared, while irrelevant operators become suppressed in this limit.

One can interpret the relevant and marginal perturbing operators about a free la-
grangian Ly as the super-renormalizable and renormalizable interaction terms described
in the power-counting analysis we discussed above. The irrelevant operators are associ-
ated with non-renormalizable theories.

Since in the Wilsonian approach the quantum theory is always defined with a physical
cutoff, there is no fundamental difference between renormalizable and non-renormalizable
theories. A renormalizable field theory, like the Standard Model, can generate non-
renormalizable operators at low energies such as the effective four-fermion interaction
of Fermi’s theory of nuclear beta decay. They are not sources of any trouble if we are
interested in the physics at scales much below the cutoff £ < A, since their contribution
to the amplitudes is suppressed by powers oiﬁ E/A.

1.5.2. Effective field theories: a foreword

One of the main reasons behind the progress in the understanding of physical pro-
cesses is the fact that at a given length scale and using the correct variables, our descrip-
tion of the physical phenomena is to a large extent independent of the physics at much
shorter distances. The basic ingredients in the building of effective field theories (EFTSs)
are the light degrees of freedom and the relevant symmetries of the problem. The latter
provide the guiding principle to write a lagrangian that would be the starting point for
the calculation of physical observables.

A lagrangian constructed using only relevant and marginal operators defines a renor-
malizable theory, such as the SM, and these operators dominate infrared physics. Ob-
servables can then be computed in terms of a limited number of parameters associated
to the renormalized couplings of the relevant and marginal operators in the action, but
while this description is very accurate in the deep infrared (low energy) region, if we
want to include the corrections due to new physics above an energy scale A we have
to include higher dimension irrelevant operators. These, generically, will appear in the
action suppressed by the necessary powers of the scale A at which the new degrees of
freedom become excited.

6To preserve gauge invariance one has to use another method to regularize the integrals, as dimensional
regularization.
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As we go to higher energies effective theories are replaced by a more complete de-
scription. In general this process is repeated as we increase the energy. In EFTs we are
interested in physical phenomena taking place in a range of energies much below the scale
of new physics F < A, and the contributions of the non-renormalizable counterterms to
a physical processes are weighted by powers of E/A. As it turns out, to a given degree
of accuracy, there are only a few irrelevant operators that need to be taken into account
in the computations. Therefore, non-renormalizable theories are predictive. Frequently
it is experimental information that forces us to introduce higher-dimensional operators
in a renormalizable theory, as is the case with the experimental fact that neutrinos have
non-zero masses, as we will study in the following chapter

The EFT approach has been widely used in order to facilitate the computation of
observables in low energy regimes for theories in which the full ultraviolet renormalizable
theory is well known (such as the Fermi’s four-fermion interaction theory replacing the
full electroweak SM interaction mediated by the vector bosons W, or the treatment of
the interactions of mesons like pions or kaons, with masses well below the scale of QCD,
etc.). In those cases the heavy fields are integrated out to bring the effective operators
by means of the Euler-Lagrange equations of motion. We will present an example of this
procedure for the neutrino mass generation in sec[2.6

Many examples are worked out in reviews and lecture notes such as those in [51-
53]. In those cases, the coefficients accompanying the distinct effective operators, and
containing the information about the high energy physics, are calculated by the matching
procedure: they are fixed to make the observables calculated with the full high energy
theory equal to the effective lagrangian calculation, and then run down back to the
low-energy scale using the renormalization group equations.

In this picture, the physics is described by a chain of different EFTs, with different
particle content, which match each other at the corresponding boundary (heavy thresh-
old). Each theory is the low—energy EFT of the previous underlying theory. Going
backwards in this evolution, one goes from an effective to a more fundamental theory
containing heavier scales.

From now on I will comment on the effective lagrangian extension of the SM, regarded
as a low-energy effective theory deriving from some yet unknown ultraviolet theory in-
volving new physics at an unknown high scale A.

1.5.3. Effective lagrangian extension of the Standard Model

The SM can be extended considering an effective lagrangian with irrelevant effective
operators including just the known SM fields as degrees of freedom (the fermion fields
in table [1.1} the four gauge bosons, and the Higgs field), and preserving the SU(3). x
SU(2)r, x U(1)y invariance, forming the following series:

> 1
ﬁeff = ESM + Z <Ad_4 ZCJO‘dy + h.C) (1.72)
d=5 J



22 CHAPTER 1. THE STANDARD MODEL

where d indicates the canonical dimension of the operator Ofl7, J labels the distinct
operators of the same dimension and A is the new physics scale.

The canonical dimension d for the operators is obtained from its field and derivatives
content. The different field’s canonical dimensions are fixed in the following way: the SM
action S = [ L d*z is dimensionless. Then working in natural unitsﬂ x has dimensions of
[mass]~! and the lagrangian density (which T will be just calling lagrangian throughout
the thesis) has dimension [mass]* or just d = 4. Thus derivatives 9, = % have canonical
mass dimension 1 as well as scalar and vector boson fields, as can be checked from the

terms (1.43) and (1.44). It can be seen from (1.55) that fermion fields have dimension
d = 3/2. Written as in (1.72)) the so called “Wilson coefficients” ¢ are dimensionless.

The only dimension five operator containing the SM fields and invariant under the SM
gauge group is the lepton number violating Weinberg operator [54] we will be considering
in detail in section [2.5] as it provides a mass term for neutrinos. Next come dimension
six operators, which have been thoroughly studied in the literature. A classical paper
containing a pretty redundant but complete operator’s list is [55], later revised by [56].
As one moves forward to higher mass dimension, the calculations of observable quantities
with the use of the effective lagrangian are proportional to a factor (E/A)?* so
for calculations of scattering cross sections or decay rates at a given energy F < A,
which is usually given by the energy scale at which certain experiment is performed, the
contribution of each term comes with a suppression factor and one needs to consider only
the lowest dimension operators for a given desired accuracy.

The idea behind the use of effective lagrangian methods in the case one does not
know the underlying ultraviolet theory is to estimate our ignorance by bounding the
coefficients c7 with knowledge from experiments at the low-energy scale, where the ef-
fective lagrangian use is valid. This allows to get a hint of what kind of new physics is
responsible for the low energy measured effects.

1.5.4. Perspectives

Until now I have reviewed the main features of the SM we will be concerned with in
the rest of the thesis. Although this theory gives a spectacularly accurate description
of most measured high energy physics phenomena, many issues remain unexplained.
Neutrino mass is a conclusive experimental evidence of the need to include beyond the
SM physics. In the following chapter we will be concerned with the problem of neutrino
mass. It starts with a brief description of the neutrino oscillation phenomenon and
how it is interpreted in terms of non-zero masses for the neutrinos, introducing various
possibilities for generating neutrino masses in effective extensions of the SM.

The Dark Matter and the baryon asymmetry problems are frequently addressed in
building new neutrino mass-generating models, as the leptogenesis scenario connects the
neutrino mass mechanism with the matter-antimatter asymmetry of the universe. 1 will

"These units are defined by i = 1, ¢ = 1 for the Planck constant and the velocity of light in vacuum.

In this system [lenght] = [time] = [energy] ™" = [mass] ™"
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not deepen on these and many other open and very interesting possibilities, but it is good
to keep them in mind, as another motivation for studying neutrino physics nowadays.






Chapter 2

Massive neutrinos

This chapter is devoted to the introduction of the physics of massive neutrinos. I start
with a very brief introduction of neutrino oscillations, moving to a detailed discussion
of the typical neutrino mass generation mechanisms, in order to understand the modern
view in which some lepton number violating new physics beyond the Standard Model,
present at higher energies, is invoked to explain the observed neutrino masses.

The presentation of the basic theoretical aspects is mostly based on neutrino physics
textbooks as [3045758] and more recent lecture notes and reviews as [59]. An introduction
to the experimental aspects concerning neutrino oscillations can be found in [60].

2.1. Invitation: neutrino oscillations

It is well established experimentally that the neutrinos and antineutrinos taking part
in the SM charged-current and neutral-current interactions reviewed in secll.4.3| are of
three varieties of flavors. The electron-neutrino v, was discovered in 1956 by Cowan
and Reines in the Savannah River reactor experiment [61]. The muon-neutrino v, was
discovered by Lederman, Schwartz and Steinberger in the Brookhaven National Labora-
tory (BNL) in 1962 [62] and the tau-neutrino v, discovery was claimed by the DONuT
Collaboration at Fermilab in 2001.

It is also well known that relativistic flavor neutrinos v, are produced in weak inter-
action processes in a state that is predominantly left-handed. To account for this fact is
that the v, are described in the SM with a left-handed flavor neutrino field v, 7, and -as
there is yet not compelling evidence for the existence of states of relativistic neutrinos
which are predominantly right-handed- no mass term is written in the SM lagrangian
for the neutrinos, as we discussed in the previous chapter. However, the discovery of
neutrino oscillations has led to the fact that neutrinos have a mass.

Neutrino oscillation is a quantum mechanical phenomenon proposed in the late 1950s
by Pontecorvo [63,64]: neutrinos change flavor as they propagate through the vacuum and
matter. The oscillations are generated by the interference of different massive neutrinos,
which are produced and detected coherently because of their very small mass differences.
In 1962 Maki, Nakagawa and Sakata represented the mixing of two neutrinos by a 2 x 2

25
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matrix [65], and thus nowadays the matrix describing the oscillations is called PMNS
(Pontecorvo-Maki-Nakagawa-Sakata).

The first indication that neutrino oscillations may in fact occur was an apparent deficit
in the flux of electron-neutrinos with MeV energies that originate from the nuclear fusion
chain in the core of the Sun (called solar neutrinos) detected via the charged-current
interactions in (1.56)-(1.58)). In 1968 [66] an experiment proposed by R. Davies in the
Homestake Mine in South Dakota reported an upper bound for solar neutrinos that
was a factor of two or three times smaller than predicted by the Standard Solar Model,
developed by J.N. Bahcall in [67,/68] and explaining the expected neutrino fluxes due to
the nuclear reaction chains in the Sun. Already in 1968 Pontecorvo and Gribov suggested
that the deficit could be due to electron into muon-neutrino oscillations v, — v, [69].
This solar neutrino problem persisted in many experiments until the neutral-current
measurements made in the Sudbury Neutrino Observatory (SNO) first presented in 2001
confirmed the oscillation hypothesis [70-72|. There the combined flux of the three flavor
neutrinos could be measured, exploiting the neutral-current interactions in (1.61]).

The first confirmed oscillations were of GeV-energy neutrinos originated in the weak
decays of pions e.g. 77 — ut + v,, kaons and muons produced by the interactions
of cosmic rays with the Earth’s atmosphere: the so called atmospheric neutrinos. In
the early studies of atmospheric neutrino events by the Kamiokande [73}/74] and IMB
experiments |75, 76|, after 1988, the v, /v, rate was a factor of two above expectations:
a deficit of v, produced in the atmosphere on the other side of the Earth and detected
from the underground direction (upward events) was found, but not for those produced
on the same side (downward events). In 1998 the Super-Kamiokande experiment [77,78|
discovered that muon-neutrinos were oscillating into tau-neutrinos during their journey
through the Earth, consistently matching the dependence with the energy and distance
traveled to the v, — v; oscillation predictions.

The spectacular discovery of neutrino oscillationsE] is a compelling experimental ev-
idence of physics beyond the Standard Model. In this section I will discuss the basic
aspect of this phenomenon: the implication that neutrinos have mass.

Oscillation formula for mono-energetic neutrinos in vacuum

If we consider a neutrino beam created in a charged interaction together with a
charged lepton £7, by definition, the created neutrino has flavor ¢, thus it is called
vg. One can consider that this is not a physically propagating particle, but is rather a
superposition of propagating fields v, with masses m:

ve) = Uralva) (2.1)

where U is a unitary matrix.

'Tn 2015 the Nobel Prize in Physics was given to the directors of the SNO and Super-Kamiokande
experiments, Arthur B. Mc. Donald and Takaaki Kajita “for the discovery of neutrino oscillations, which
shows that neutrinos have mass”.
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Although the momentum p of the different components in the beam are the same and
determined by momentum conservation in the process in which neutrinos are created,
the energies of the components are not the same -given that they have distinct masses-
and E, = /P2 +m2. After a time ¢, the evolution of the initial beam is given by the

Schrédinger equation

|Vf(t)> = Ze_iEathoa|Va>- (22)

Since the E,’s are not equal, this state represents a different superposition of the physical
states |vo) compared to and in general this state has not only the properties of a
vy, but also those of other flavor states. The amplitude for finding a vy in the original
vy beam is

<V€’ | V@(t» = Z<Vﬁ | ngle_iEatU€a|Va> = Ze_iEatUéaUé*/ou (2'3)
aff el

where we have used the fact that the mass eigenstates are orthonormal: (vg | V) = 0ga-
At ¢t = 0 the amplitude is just dg, due to the unitarity of U. At time ¢ the probability
of finding a vy in an originally v, beam is

Py, () = [we | ve@) =D |UaUpoUjsUsl cos|(Ea — Eg)t — puoagl,  (2:4)
aB

where pprap = arg(UgaU}aUg‘ﬁngg). In all practical situations neutrinos are extremely
relativistic, so we can approximate the energy-momentum relation as

2

m
E,.~lp|l+—=, |p|=FE 2.5
L+ g 17 (25)

and we can also replace the time t for the distance traveled by the beamE] L, thus we get

. ox 2nL
Py (t) = Y UeaUpoUpsUps| cos [Lg - @Eé’aﬂ} : (2.6)
af @
ith
) L AnE Am? 2 _ 2 (2.7)
= — mss =ms —m3j. i
af Amiﬁ af e B

The quantities |Lqg| are called oscillation lengths. These give a distance scale over which
the oscillation effects are appreciable. If the distance L is an integer multiple of all
Log one has P, = 0y as in the original beam, but at other distances the effects of
the mixing can be detected. In particular, the dependence of the probability with the
distance is probed in experiments. It can also be rewritten in the usual form

. AmiﬂL
Pl/gl/[/ (t) = Z|U€aUﬁ’aU€ﬂU€/5| COS T — @M’aﬁ . (28)

af

2We work with natural units, in which the speed of light is ¢ = 1, and then ¢ = %, so that ¢ = L.
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So neutrino oscillations, i.e. the flavor change during propagation, imply that neutri-
nos have a mass: the squared mass differences Am? # 0 are needed in order to have a
nomn-zero oscillation probability. In the several current and past experiments on neutrino
oscillations the oscillation lengths, squared mass parameters and the L/FE dependence,
as well as the mixing matrix Uppysns parameters are measured with great accuracy.

All existing compelling data on neutrino oscillations can be described assuming 3-
flavor neutrino mixing in vacuum. This is the minimal mixing scheme which can account
for the available data on the oscillations of the solar (mostly v.), atmospheric (mostly
v, and 7,), reactor (7.) and accelerator (v, and 7,) neutrinosﬂ The existing data allow
the determination of the values of the squared mass differences between the mass states
Amiﬁ. For instance, the best fit value for Am3, is 7.37 x 107 eV? [1]. Data on the
absolute scale of neutrino masses can be obtained by measuring the spectrum of the
electrons in tritium 3H B-decay experiments, and from cosmological and astrophysical
data. The most stringent upper bound myp, < 2.05 eV is given by the Troitzk experiment
[79]. The Planck Collaboration obtained a constraint on the sum of the neutrino masses,
assuming the existence of three light massive neutrinos -and other model dependent
information- which added to baryon acoustic oscillations (BAO) and supernovae data
give the limit >, m; < 0.23 eV [80].

I will not deepen into the neutrino oscillations phenomenology, but start discussing
different historically relevant theoretical models that predict masses for the neutrinos.

2.2. A Dirac mass

A Dirac neutrino mass can be generated with the same Higgs mechanism that gives
masses to quarks and charged leptons in the SM, as we saw in sec][I.4l The only extension
of the SM that is needed is the introduction of right-handed neutrino components vy g
for £ = e, u, 7. Let’s recall, however, that right-handed neutrino fields are fundamentally
different from the other elementary fermion fields, because they are invariant under the
symmetries of the SM: they are singlets of the SU(3)c x SU(2)r symmetry group and
have zero-hypercharge (Y = 0). This is in order to be compatible with the experimental
non-finding of right-handed neutrino states. The right-handed neutrino fields are called
sterileﬁ] because they don’t participate in weak interactions, as well as strong or electro-
magnetic interactions, like any neutrino. Their only interaction is gravitationa]ﬂ The
usual neutrinos, participating in weak interactions, are called active.

Also, it is important to notice that the introduction of right-handed neutrino fields is
completely irrelevant for the cancellation of quantum anomalies constraining the fermion
content in the SM mentioned in sec[.4.4] So the number of right-handed neutrinos

3There have been possible hints for the presence in mixing of one or more additional sterile massive
states, obtained by the LSND and MiniBooNe experiments, and short baseline (SBL) reactor neutrino
oscillation data. We will discuss them in chapter

“The name was first introduced by Pontecorvo in [81].

®Let’s emphasize that right-handedness is not an essential quality of the new chiral fields, because we
could work as well with left-handed chiral fields 7 1 = v i as we saw in The essential characteristic
is that the fields are SM singlets, and hence sterile.
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is unconstrained by the theory, although it is usual to introduce three right-handed
neutrinos (one for each fermion family), but in fact, the presence of only one sterile
right-handed neutrino cannot be excluded.

Thus one can extend the SM with three right-handed neutrino fields v , (the primes
indicating it is not a mass eigenstate) -completing the fermion content in (1.49)- and
generating a Yukawa term that can be added to

Ly ukawa = ~THQL0uf, — T QL ®d}, — TY L/ @0 —TUL v + hee.  (2.9)
which in the unitary gauge can be written as in ({1.52))
h 3/ ! g/ — ) ol ! ! =/ !/ /
£Y = — 1+; [dLMd R+uLMuuR+€LMK£R+VE,LMVKVZ,R:| . (210)

This lagrangian can be diagonalized in the same way we did in sec[1.4.2] generating
a mixing between the three Dirac neutrinos in the same way the Cabibbo-Kobayashi-
Masakawa Vo matrix allows for quark flavor-mixing. Recalling from sec[I.4.2] that
the matrices M, = S, M,), UJE S,L, are diagonal, with the neutrino’s masses as entries, the
massive chiral neutrino arrays are written in terms of the gauge eigenstates as v;; =
SI,ZVZL and v; g = Sy, UWVZR, so the mass terms for the neutrinos can be written as

LP = v, tmPv; r + hc. (2.11)

Here it is made explicit that the massive chiral eigenstates are identified with an index
1 =1,2,3. The superscript D indicates that these mass terms are of the Dirac type.

The neutrino masses we obtain with this mechanism are proportional to the scalar
VEV v and the Yukawa couplings I',, just as the masses of the charged leptons and
the quarks. However, it is known that the masses of the neutrinos are much smaller
than those of charged leptons and quarks. In the mechanism just described, there is
no explanation of the very small values of the Yukawa neutrino couplings. In fact, this
question is also left open in the framework of the SM. For example, for the particles in
the third fermion family the mass values are:

my ~ 173 GeV, my~4.2GeV m;~1.78 GeV m3<0.2x1077 GeV, (2.12)

so the neutrino mass in the third family is 10 orders of magnitude smaller than the
corresponding charged lepton mass, and this concrete cold fact is left unexplained if we
only extend the SM with sterile neutrinos leading to a Dirac neutrino mass term.

As the massive chiral neutrino states are written in the form v, = Sl,eué 1 this
mechanism provides us with a mixing relation between the flavor neutrino left-handed
fields v, 1, and the left-handed component of the Dirac massive neutrino fields v; 1.

3
L = ZSLI/Z"L. (213)
1=1
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This mixing changes the neutrinos electroweak currents we found in sec|1.4.2] The lep-
tonic charged current coupling neutrinos and charged leptons to the charged W+ bosons
in (1.59) is now written in terms of the massive chiral neutrino states v; 1, as

T =0, /" = i LSy A" SiL = D07 Su S}l = T UL (2.14)
Here, in the last step we define the neutrino mixing matrix
Ui = SiS},. (2.15)

This definition allows us to write, as is customary, the left-handed flavor neutrino
fields:

Ve L
ver, =Unviy  ver = | vuL (2.16)
VT,L
and the charged current can be written as in the SM:
T =0 UL (2.17)

It should be stressed that the flavor neutrino fields must be treated with caution: in
practice they are useful only for calculations in which the effects of neutrino masses are
neglected, i.e. in the SM limit.

As in the SM, the unitarity of the charged lepton and neutrino mixing matrices leads
to the GIM mechanism we saw in ((1.61)).

The right-handed components of the massive neutrinos v; g do not enter in the weak
charged-current in . Hence, they represent sterile degrees of freedom, not partici-
pating in weak interactions. That is why we do not define superpositions of right-handed
neutrino fields as in . In the presence of Dirac mixing, the active and sterile de-
grees of freedom remain decoupled, and in particular, oscillation between active and
sterile states is not possible in this formalism.

Total lepton number conservation

For massive Dirac neutrinos the flavor lepton numbers L, L, L, defined in sec. [I.4.4]
are not conserved, as there is no global U(1) transformation on the charged leptons and
neutrino flavor fields leaving invariant the Yukawa and kinetic lagrangians for neutrinos.
But -assuming baryon number is conserved- total lepton number L = n;—njis conserved,
as the lagrangian is still invariant under the global U(1) transformations

vip — €%vin,  vip—e%up (i=1,2,3) (2.18)
Ea,L - eiwfa,Lv EO&,R — ei@ga,R (a =6 U, T)
with the same phase ¢ for the independent chiral neutrino and charged lepton fields.

Neutrinos and negatively charged leptons have L = +1, whereas anti-neutrinos and anti-
charged leptons (with positive electric charge) have L = —1. The lepton quantum number
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is different for neutrinos and anti-neutrinos. Here, the Dirac character of neutrinos -which
implies that neutrinos and anti-neutrinos are different particles- is closely related to the
invariance of the total lagrangian under the transformations in (218}

2.3. Majorana masses

As we saw in sec[I.2.1] one can write fermion mass terms using only one Weyl spinor,
as in equations and . There we introduced the Majorana mass terms as those
made out of only a left-handed or right-handed Weyl spinor. We saw those mass terms
are allowed only for fields that do not carry any charge, as they are not invariant under,
in particular, global U(1) transformations.

The right-handed sterile neutrino v, g we introduced in sec carries no SM charge,
so we can construct a Majorana mass term out of it if we drop the possibility of lepton
number conservation. In fact, if we do not consider lepton number as an exact symmetry
in the theory there is no reason why a Majorana mass term is forbidden for v, p and,
thus, we must include it in the lagrangian.

We saw in sec[I.2.3] that we can use the charge conjugation operation to construct
the left-handed field

Vir=C"vig =Clor)", (2.19)

using the relation given in (|1.31). The Majorana mass term for v, p can then be written
as

, 1 1
Ly = —im%ﬁw C (op)" +he. = —5771%17@,3 ViRt hec. (2.20)

So if we incorporate sterile neutrinos to the SM (this is already physics beyond the
Standard Model) and we do not promote the accidental lepton number conservation to an
exact symmetry in our new extended theory, we are obliged to incorporate both Dirac and
Majorana mass terms in the lagrangian giving mass to neutrinos. This theory preserves
all the SM gauge symmetry. However, if we include both the Dirac and Majorana terms
in our neutrino mass lagrangian, then the v, ;, and vy g do not pair up to form one Dirac
neutrino field, and we will see soon that in fact massive neutrinos are Majorana particles,
following the definition given in (|1.33).

We could also construct a Majorana mass term with the known SM left-handed
ver. A term of this kind is strictly forbidden in the SM, as it is not invariant under
SU(2)r x U(1)y gauge symmetry transformations. However, as we will see later, a term
like this could be generated by new physics beyond the SM.

With the aid of the charge conjugation operator we can construct the right-handed
field

vin =Cyvi =ConL)", (2.21)

5As in the SM, the conserved quantum number is indeed B — L, as we argued in secm
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as we did in (2.19). Thus we can now write a Majorana mass only using the standard
neutrino field vy 1

1 1
EJ[\//[ = _Emyﬂf,LC(D&L)T + h.c. = —§mMﬂg’LV2L + h.c. (222)

2.4. Dirac-Majorana mass term

The most general neutrino mass term which can be built from the flavor left-handed
fields v, 1, and sterile fields vy g has the form

D+M 1 M c - D L M

L = —5lL My Vi = Ver mT VeR = iucgﬁ mpg Vg + h.c (2.23)

One should notice here that the 1/2 factors in both Majorana terms avoid double count-

ing, as 7 ; and 7y 1, are not independent, but v;,; = CEZTL and the same holds for vy g.

This distinguishes the Majorana from the Dirac mass terms. The lagrangian in (2.23) is
usually called the Dirac and Majorana neutrino mass term |82,83].

The matrices mﬁ/l, mP and m%f are non-diagonal, complex 3 X 3 matrices. One can

see the Majorana mﬁ/f p Matrices are symmetrica]lj -taking into account that spinor fields
anti-commute- and that CT = —C (carrying no flavor indices):
I;L m%R C D%,R = —EL’R(m%R)TCTDg7R = DL’R(mLM7R)T C D%:R (224)

Let’s now show that the neutrinos with definite masses generated by (2.23) are Ma-
jorana particles, i.e. they obey the Majorana condition given in ([1.33)).
Defining the column vector of left-handed fields

ng = 74t (2.25)
ViR

and the symmetrical 6 x 6 mass matrix

M D
MP+M ( e oo™ ) (2.26)
by my
the mass lagrangian can be written as
1
LPM — _Zqpp MPTMpS 1. (2.27)

2

A symmetrical matrix can be diagonalized by a unitary matrix U, giving MP+M =
U m UT, with m a diagonal matrix with positive elements. So, we can write

1————
£D+M = _iUTnL m (UTnL)C

=6
l—r——= 1 1
— §(UTnL)C m Ulng, = —5177”1/’” =-3 Zmﬂ?iw.
i=1

(2.28)

"Here 1 drop the flavor ¢ subindex, for simplicity.
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Here the mass eigenstates are

14!
v =Ulnpg + Utn)e=| . |. (2.29)

Vg

Then each field v; has mass m; and satisfies the Majorana condition v; = v = CﬂiT )

So far we have seen that in the case we generate the neutrino masses with a lagrangian
including Dirac and Majorana mass terms the resulting massive fields are Majorana
particles: they are their own antiparticle. Also, we should keep in mind that as we have
included a Majorana mass term this theory violates both individual family and total
lepton numbers. These are both general features taking place every time we include
Majorana mass terms in the lagrangian of our theory.

2.4.1. One generation seesaw mechanism

The seesaw mechanism is the most popular mechanism of (very) small neutrino masses
generation [8HI1]. In this section I will introduce the main idea behind the seesaw
mechanism in the simple case of just one fermion generation.

The Dirac and Majorana lagrangian mass terms are given by the expression

, 1 1
,CD—HW = *§mL17LVE — MpVLVR — §mRDf2VR + h.c. (230)
where we will assume mp, mp and mp are real parameters. As we did in (2.28)), we can
write the lagrangian as

1 ,
Lo+M —§ﬁLMD+Mni + h.c. (2.31)

now with a two row nr, and a 2 x 2 matrix MPTM which is real and symmetric. So, it

can be easily diagonalized by an orthogonal matrix O, giving MP+M = O m/ OT. Here
/

mj; = m;d;; is a diagonal matrix with eigenvalues mj < mj
mi, = %(mR +mr) F %\/(mg —mg)? +4mi,. (2.32)
From the relation
MPM — o m' OT = (2.33)

mr mp \ _ cos@ sinf m; 0 cosf —sinb
mp mpr ) \ —sinf cosé 0 mh sinf  cosd

one finds the mixing angle 6 is defined by

2mp
(mg —mp)

mMpr —M[,

cos(20) =
\/(mR —mp)? +4m},

. tan(20) = (2.34)




34 CHAPTER 2. MASSIVE NEUTRINOS

As the eigenvalues m’L2 can be positive or negative, we can write down m, = m;n;,
with m; = |m}| and n; = +1. Taking the unitary matrix U = O,/f one diagonalizes
MP+M — 7 m UT bringing the mass lagrangian to the usual form

1
£D+M€:—§7nﬂmym (2.35)

with
wzmm+wmf:<“>. (2.36)

V2
Thus, the fields v7, and v§ are connected with the massive v17, and vy, by the following
mixing relations

v, = cosO/nivir + sin0/navar, (2.37)
Vg = —sinfy/nivip + cos 0y/navar.

We have seen that neutrino masses are many orders of magnitude smaller than the
magsses of the charged leptons and quarks, which as we saw in sec. are all generated
by the standard Higgs mechanism of electroweak symmetry breaking. This has been
considered as evidence in favor of a non-standard mechanism for neutrino mass genera-
tion. Now we will see how the seesaw mechanism connects the smallness of the observed
neutrino masses with the violation of total lepton number at a new high energy scale.

The standard (Type I) seesaw mechanism [8-11], is based on the following assump-
tions:

s The Dirac mass term is generated by the Higgs mechanism, so mp is of the order
of the mass of a charged lepton.

s There is no left-handed Majorana mass term in the lagrangian: mp = 0.

s The constant mp -which characterizes the right-handed Majorana mass term for
the sterile vg- is much larger than mp:

mp > mp. (2.38)
From , and , we have:
mi ~ D, mh~mp tan(20) ~ MDD «1. (2.39)
mpg mpR
Since mfl is negative, we have 77% = —1 and thus m; ~ %m[) and my ~ mp.

Then we find the seesaw mechanism generates a light neutrino mass m; which is
much smaller than the Dirac charged lepton masses. In fact, this mass m; gets smaller
the bigger is the heavy Majorana particle’s mass my >~ mpg. The heavy mass mo of s
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is responsible for the lightness of 11, and hence the name seesaw for the mechanism.
Summarizing, the Type I seesaw mechanism gives the relations

my =~ "Lomp (2.40)
mp
mo >~ MR (241)

In the seesaw limit, the mixing matrix U = O,/n takes the form

U_< cosf sinf )\/ﬁ2< 1 mD{mR >\/ﬁ (2.49)

—sin@ cosf —mp/mpg

if we just keep terms up to linear in mp/mp < 1.

The mixing angle given by is very small, thus v; is mainly composed of the
active vy, and the heavy vo is mainly composed of the sterile v, as can be seen from
(12.37)).

The seesaw mechanism is very important, because it provides a very plausible ex-
planation of the smallness of neutrino masses with respect to the SM charged leptons.
The assumption my = 0 is natural, since a Majorana mass term for the chiral field v,
is forbidden by the SM gauge symmetries and renormalizability. The Dirac mass mp
-which can be generated through the SM Higgs mechanism- is expected to be of the
order of the charged leptons mass, or of the order of the type-up quark mass of the same
generation. In any case, the order of magnitude of mp cannot be much larger than the
electroweak scale (which is 102 GeV) because a Dirac mass term is forbidden by the
unbroken symmetries of the SM. This fact is summarized by saying that mp is protected
by the SM symmetries. It can only arise as the result of spontaneous symmetry breaking,
as for the other particles in the SM. On the other hand, since the Majorana mass term
in is a singlet of the SM symmetries, the Majorana mass mpg of the right-handed
chiral neutrino field vg is not protected by SM symmetries, and can be very big.

2.5. Effective Majorana mass and seesaw mechanism

The Majorana mass term for the left-handed standard chiral field v, ;, considered in
is forbidden by the SM gauge symmetries, as we already mentioned in sec.

However, if one considers the SM as a low-energy effective field theory as we discussed
in sec[I.5.2] given the field content and the gauge symmetries of the SM there is only one
dimension five operator first introduced by Weinberg [54] which leads to neutrino masses
after the electroweak symmetry breaking:

s A
L> = —ﬁL&LLg/,LgZﬁ ¢+ h.c. (2.43)

Here A’ is a symmetric matrix, and A represents an unknown high energy lepton number
violating scale. This effective operator has only three renormalizable tree-level high-
energy realizations: all of them lead to a seesaw relation similar to . They are
called respectively Type I, IT an III seesaw mechanisms [84].
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= In the Type I seesaw mechanism, the scalar doublet ¢ and the lepton doublet L, ,
combine into an SU(2)y, scalar, and the intermediate heavy particles are fermion
singlets: sterile Majorana neutrinos.

» In the Type II seesaw mechanism, the product of Ly and Ly 1 forms as scalar
SU(2)r, triplet (LKT’LU"LWVL)(¢T0"¢)/2A. The intermediate heavy particle is a
scalar triplet [83,85-88|.

= In the Type III seesaw mechanism Ly j, and ¢ form a fermion triplet:
(LzLaigb)(Lg,’LJigb)/QA. The intermediate particle is also a fermion triplet [89).

Type I seesaw

In the Type I seesaw mechanism, the Weinberg operator in (2.43) can be explicitly
written as

1
Lo = ﬁw (L{ped) C (¢"€ Ly 1) + h.c. (2.44)
When the electroweak spontaneous symmetry breaking takes place, as in ([1.41)), the
Weinberg operator generates the Majorana mass term

mM’UQ

Ly =—— vip Cvep+he (2.45)

with the Majorana mass matrix of the neutrinos given by the relation

m(f’ )\ZZ’UQ

2.6. “Vanilla” Type I seesaw model

The most popular realization of the Type I seesaw mechanism is usually called the
vanilla seesaw. It is implemented by the addition of three sterile right-handed neutri-
nosﬁ N; r to the SM fields, and writing the most general dimension four renormalizable
lagrangian with Dirac and Majorana mass terms, above the electroweak scale:

L,=-Ty;Ly1€0"N; g — %(N,, r)T'CM;jN; g + h.c. (2.47)

Here, the first term is the Yukawa interaction that will lead to the Dirac mass term, as
we saw in ([2.2)).

If we consider the mass of the sterile fields V; g to be very heavy we can integrate

out these fields by solving their Euler-Lagrange equations of motion taking into account

that in this limit they behave as classical, non-dynamical static fields [90]. Thus we can

81 distinguish the N; g fields from the vy r presented before in order to stress that these new fields
are not related to the standard vy ; by charge conjugation.
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neglect the kinetic term in the lagrangian and the equation of motion reads 8‘?@; ~ 0,

which, switching to an index free notation for simplicity, can be written as
oL,

_ T * T
o = ~LaTed” = NEMC + hc. (2.48)

Solving for Ny [28] gives Ng = ¢'e C 4/°(TM~1)TL%. Plugging this expression back in
L, ([2.47) gives the hermitian conjugate part of the £> Weinberg lagrangian in (2.44) Fj

1
L, = —ﬁ(LTaﬁ*) C (¢Tel}) + h.c. (2.49)
where we must identify the couplings in (2.44)) and (2.47):
A
1= —(C(MHTTTHT, (2.50)

In the end, we find the lagrangian £, of the vanilla model with right-handed sterile
neutrinos given in reduces to the Weinberg operator and thus generates a Majorana
mass term for the N; r neutrino fields, as shown in .

The vanilla seesaw model is the most popular high-energy renormalizable theory lead-
ing to the Weinberg operator, which, as we mentioned in sec[I.5.3] is the only dimension
five operator compatible with the SM gauge symmetry.

2.6.1. Masses and mixing

Taking into account that we have been dealing with flavor neutrino eigenstates, it
is convenient to see how the massive neutrino states appear in this formalism and the
seesaw mechanism takes place. The treatment will be similar to what we did in sec[2.4]

Once the electroweak SSB takes place, the lagrangian £, in (2.47]) generates a Dirac
and a Majorana mass term and can be written as

_ 1——
[,1, = —I/g,LMEIj)Nj7R — §N5RM1']]\'[Nj,R; (251)
with the Dirac mass given in terms of the Yukawa couplings matrix and the scalar VEV

as (MD)gj = ngv/\/ﬁ.
Expressed in the flavor basis n defined as

[ VL
n= ( N ) (2.52)

the neutrino lagrangian can be written in matrix notation as

1 0 MP

°T have used the following relations: CT = C~! = —C, Cy° = —7°C, €7 = —e = €t, and the definition
of the conjugate spinor given in ((1.24).
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The above mass matrix Mgeesaw can be diagonalized as we did in sec[2.4) with the aid of
a unitary matrix U.

If we recall that in the seesaw limit the one-generation mixing matrix took the form
in we can now try to diagonalize the mass matrix considering a mixing matrix U

as
1 A
v ) 250

where A is a 3 x 3 matrix with elements A;, << 1. One can see that (up to linear terms
in A) UTU ~ 1 and the non-diagonal element of the symmetrical matrix U MyeesanwU in
the linear over A approximation is equal to

(MPYT — MN AT, (2.55)

So if we choose AT = (MN)=1(MP)T the matrix UT MyeesawU takes the block-diagonal
form

_aD(asNY=1(asD\T
U Mgty = (M OE)T OO D) (2.56)
and the mixing matrix U can be written approximately as
1 MD* MN —17

Thus we find that the spectrum has three light Majorana neutrino masses, given
by the seesaw relation MP(MN)=1(MP)T after taking into account the phase n and
three heavy Majorana neutrino masses characterized by the scale M of the total lepton
number violating phenomena associated with the existence of the N; g fields.

If we call the light neutrino eigenstates v,, and the heavy ones N, the left-handed
neutrinos of flavor £ vy 1, can be written in terms of mass eigenstates as

v = UpmVin, + Upn N. (2.58)

The matrix Uy, rules the mixing between the flavor-definite vy 1, neutrino states (the
well known standard neutrinos) and the light mass eigenstates v,. This mixing describes
the neutrino oscillation phenomena: it is the Upjsng matrix we encountered in sec)2.1

On the other hand, the matrix U;n describes the only interaction of the heavy Majo-
rana neutrinos N with the standard particles: this mixing rules all the heavy N interac-
tions, as they only take place by the mixing with the standard light neutrinos. Recalling
the approximate form for the mixing matrix U in we find the N — v, 1, mixings
U take values of order Uyy ~ MP(MN)~1. The electroweak interactions of the mostly
sterile Majorana neutrinos N are then governed by the mixings Uy, which enter in the
electroweak charged- and neutral-currents, equivalently to what we saw in sec[2.2]

The leptonic charged-current in (2.17) now takes the form Jl‘;p = UynN~*;, giving
a charged-current lagrangian term for the heavy Majorana neutrinos NV:

Lic= —%UENN’VWLWJ + h.c. (2.59)

10This is the same we did in the one-family seesaw case.
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Here I am not explicitly writing the charged leptons mixing matrix Sy we considered in
, as this can be absorbed in the definition of the standard neutrino flavor eigenstates
vy, exactly as we did in sec. [[.4.3]

The neutral-current term is given by the substitution of the mixed expression for vy 1,
we have in in the corresponding SM Z-boson current in the first term of E]:

g

LN =—— T
Ne 2 cos Oy

UinNY* vo 1. Zy, + hec. (2.60)

From the relation above it can be seen that again the GIM mechanism [45] does not work
anymore, as there can be neutral-current transitions between different massive neutrinos
and thus flavor changing neutral-currents.

In the literature many authors consider this same “vanilla” Type I seesaw, but intro-
ducing a different number of sterile neutrinos often called Ny, with s = 1,...5. The light
massive states v, are still three but the heavy neutrino states are S = 1,2.... This leads
us to a S x S matrix MY, and a 3 x S A matrix in ([2.54). Reference papers for this kind
of treatment focusing on collider phenomenology are [23] and [91]. Also, in a bottom-up
approach the right-handed neutrinos can just be introduced “by hand” as the only new
particles beyond the SM as it is done in the so called neutrino standard model vSM [92].

2.6.2. Phenomenological consequences and shortcomings

The most important phenomenological consequence of the presented Type I seesaw
models comes from the prediction of massive Majorana states. One should stress that
the Dirac or Majorana descriptions of a neutrino have different phenomenological conse-
quences only if the neutrino is massive. If the neutrino is massless, since the left-handed
chiral component of the neutrino fields obeys the Weyl equation in both Dirac and
Majorana descriptions, and the right-handed chiral component is irrelevant for neutrino
interactions, both descriptions are equivalent. One can distinguish a Dirac or Majorana
neutrino only by measuring some effect due to the neutrino mass not of kinematical na-
ture: the neutrino oscillations cannot reveal the Majorana or Dirac nature of neutrinos.

The other striking effect is lepton number violation: the presence of Majorana neu-
trinos induces processes with AL = 2. The most promising way to find the Majorana
character of neutrinos is the search for neutrinoless double beta decay -that I will intro-
duce in secf2.6.3} which is possible only if the massive neutrinos are of Majorana nature.
Also many other AL = 2 processes are being tested experimentally. In this thesis we will
be especially concerned with LNV processes taking place at high energy colliders.

However, one of the major shortcomings of the vanilla Type I seesaw mechanism
is that it in fact predicts an almost negligible interaction between the heavy massive
neutrinos N and the flavor eigenstates v, 1. As we found in the mixings Uyy take
values of order Uyy ~ MP(MN)~1. As the light mass eigenstates v, predicted by the
seesaw mechanism have masses given by the seesaw relation m, = MP(MN)~1(MP)T

' The expression T am writing is indeed the hermitian conjugate of the neutral-current shown in (T.64).
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it is found that the N — vy, mixings take the values

my

MN-

Uin >~ (2.61)
Taking for instance the bound m, < 0.1 eV, the current bound for the mixing in order
to fit this tiny light neutrino mass is

/1
Un <1x107° WT%V. (2.62)

This relation tells us that the observation of lepton number violating phenomena
-which are suppressed by this factor- is practically impossible for My above the EW
scale. This leads one to the conclusion that any LNV signal of a massive Majorana state
N at the electroweak scale would strongly indicate the existence of new physics beyond
the minimal seesaw framework we have reviewed until now.

2.6.3. Current bounds on neutrino mixings

From the above description it is clear that there are two key aspects of Type I seesaw
mechanism that can be probed experimentally: the Majorana mass My of the mostly
sterile neutrinos N and their mixing with the active neutrinos Uyy.

In the literature scenarios with sizable light-heavy neutrino mixings are made possible
by assigning specific textureﬁ to the Dirac and Majorana mass matrices in the seesaw
formula in . The stability of these textures can in principle be guaranteed by
enforcing some additional symmetries in the leptonic sector. But the current approaches
do not assume any relations between the mixing matrix elements, and bounds on the
mixings Uyy are generally imposed considering the contributions of the existence of a
single heavy Majorana neutrino N (with mass My) to various processes [23,93-95].

The heavy neutrino interactions with the standard particles are assumed to be gov-
erned exclusively by their mixing with active light neutrinos via the charged- and neutral-
currents in (2.59) and (2.60)), as well as the corresponding interaction with the Higgs field
obtained from the Yukawa lagrangian in . Although the production of the N is
always considered to happen via the mentioned interactions, some observables depend
explicitly on the possible decay modes and can be severely altered if the N has other
interactions than those obtained from the mixing with active neutrinos, or can decay to
invisible particles like dark matter particles.

Depending on the mass M distinct processes can test or put bounds on the existence
of the N and its mixing couplings.

'2This means: they put zeros, or impose relations between some specific matrix entries, in order to
make the mixings small enough to satisfy the constrains imposed by the active neutrino tiny masses in
(12.62]).



2.6. “VANILLA” TYPE I SEESAW MODEL 41

= Tests of lepton universality.

In the SM charged-current interactions couple to the three lepton families e, u, 7
with a universal constant: g = g = g, = g, as we saw in . Such universality
can be studied at the percent and sub-percent level by measuring the ratios of
decay rates of charged leptons, pseudo-scalar mesons and the W boson. If a heavy

neutrino exists then the measured values of 2-, 4= and 2= can deviate from unity.

e’ g Je
We will be specifically interested in flavor Consgrving charged lepton decays as
T — € Vels, T — p Vyvr and u~ — e ey The current bounds on lepton

universality tests are summarized in e.g. [93].

s Invisible Z boson decays.

Precision measurements of the decay rates of the Z boson into invisible particles
(such as neutrinos) and to charged leptons were made in the ete™ collider LEP by
the DELPHI and ALEPH Collaborations [96,(97]. These experiments can bound
the number of active neutrinos and also give bounds on the mixings for a Majorana
neutrino mass My < my.

= Lepton flavor violating decays.

The presence of a heavy N participating in the loop level contributions to lepton
flavor violating processes -which as we already discussed are very restricted in the
SM- can bound the mixing products |UsnUppn|. This set of processes includes
radiative £ — ¢’y and three-body, i.e. £ — ¢'7¢'~¢~ charged lepton decays, u — e
conversion in nuclei, etc. The most stringent bounds from this group are given by
the p — ey radiative decay [13}98].

This group of measurements together with constraints coming form the unitarity of
the quark mixing matrix Vo (CKM-unitarity bounds) -usually referred as Electroweak
Precision Data (EWPD)- are considered in global fits and give bounds on the mixings
Ugn. Early works can be found in [13,99-102|, updated to the available data at the time
in [103| and recent (2016) fits can be found in [93,104].

In this thesis we will take this constraints into account by following the treatment
made in [91}/105,106] and consider the bounds on the quantities

Qo = UpnUpr . (2.63)

The most stringent bounds for a heavy Majorana neutrino with mass My > myz =
91.2 GeV up to date are yet given by the u — ey radiative decay bounds Br(y —
ey) < 5.7 x 10713 [107] giving |Qe,| < 1 x 1074, These bounds are very weak for masses
My < mwy = 80.4 GeV |13]. In the mass range My < myz the DELPHI bounds on Z
decays [97] give a constraint |Upy|?> < 5 x 1073,

In secB.4] we will discuss how this constraint is taken into account in the results of
this thesis work.
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Figure 2.1: The OvS8pB- decay pro-
cess diagram in the Type I seesaw b
framework. Each neutron n = udd n ;:

undergoes a beta decay through the w o
SM process d — W~ u, becoming a
proton p = wuud, and each W de-

caysas W~ — e” v, where, if neu- \
trinos are Majorana particles, they |28 s —

can unite to form a Majorana vy, +\
mass term. p

» Kinematic constraints.

One can use the energy spectra of visible final-state particles in beta decay, pion,
kaon and muon decays, etc. to search for an invisible massive particle in the final
state. These experiments search for peaks in the final charged leptons spectra,
corresponding to the mass of the expected particle if it is lower than the originally
decaying particle’s mass [108],[L09]. Other kinematical tests include the decay of
heavier mesons like B decays in the Belle and LHCb experiments [110,111]. The
kinematic constraints put bounds on the square product |Uyy|?.

Neutrinoless double beta decay.

The single beta decay is the process by which a neutron decays into a proton
emitting an electron (beta particle) and an electron-antineutrino n — p + et + 7.
Double beta decay occurs when two neutrons undergo a beta decay n +n —
ptpte +e + e+l

Neutrinoless double beta decay (0vff) is the two-unit lepton number violating
process in which there are no final state neutrinoﬁ n+n—p+p+e +e . Itis
only possible if massive neutrinos are Majorana particles, and in the Type I seesaw
framework it is interpreted to happen as depicted in fig[2.1]

Experiments searching for Ov33-decay measure the half-life 79,33 of the process
waiting for it to happen in Germanium, Xenon or other nuclei. From the bounds
on the half-life for the decay, bounds can be obtained for the mixing of the first
family leptons |Uen|?. The most stringent bounds for 7,55 = 1.1 x 10%0 years are
given by the KamLAND-Zen Collaboration [112]. In sec. [3.4] I discuss how this

bound is taken into account in our work.

Neutrino oscillations, cosmology.

Neutrino oscillations provide information on the light mass mixing parameters Uy,
in (2.58) usually called Uppyns as we discussed in sec2.1] However, a heavy neu-
trino with a mass of the order of My 2 10 eV would alter the oscillation pattern,

13For a review see the work by Bilenky and Giunti [59)



2.6. “VANILLA” TYPE I SEESAW MODEL 43

and the oscillations of the three light neutrinos would be “non-unitary”, meaning
the oscillation probability for only three light neutrinos is distinctly different from
the oscillation probability for three light neutrinos and one heavy neutrino.

If a heavy neutrino is in thermal equilibrium in the early Universe, it can have
an effect on cosmological observables, e.g. the Hubble constant, the primordial
abundance of light nuclei, the cosmic microwave background (CMB), supernova
luminosities, baryon acoustic oscillations (BAOs), and the large-scale distribution
of galaxies, as I commented in sec[2.1]

2.6.4. Perspectives

So far we have discussed the different ways to implement neutrino masses: nowadays
neutrino masses are considered to be the first compelling evidence of physics beyond the
Standard Model. The modern treatment considers neutrino mass is generated by some
unknown new physics at a high-energy lepton number violating scale, with the Weinberg
operator we studied in as its low-energy signature.

The vanilla Type I seesaw model presented here -which is widely studied in the
literature- seems to be the most “economic” renormalizable tree-level realization of the
Weinberg operator. However, the heavy, mostly sterile Majorana neutrino (or neutrinos)
introduced by the model are predicted to have negligible mixing with the active neutrinos,
as we found in , if one takes into account the bounds put by the actually tiny masses
active neutrinos are found to have. As the heavy neutrinos interaction with the standard
particles takes place only by their mixing with the active neutrinos these models indeed
predict the decoupling of the sterile neutrinos they introduce.

In the following chapter I will present an alternative effective lagrangian approach
by del Aguila, Bar-Shalom, Soni and Wudka [15] which takes into account the possible
non-decoupling of the sterile heavy neutrinos. The study of various phenomenological
predictions given by this effective lagrangian, which introduces new effective interactions,
constitute the original work developed in this thesis.






Chapter 3

Majorana neutrino effective
lagrangian

In this chapter I introduce the effective lagrangian approach constituting the case
of study in this thesis. It includes the derivation of the lagrangian terms emerging
from the introduction of the Majorana neutrino effective operators made by del Aguila,
Bar-Shalom, Soni and Wudka in their work [15]|, and a discussion on how the exist-
ing experimental knowledge is taken into account to introduce bounds on the effective
couplings.

3.1. An alternative approach

The discovery of neutrino oscillations in the end of the 2oth century -and its inter-
pretation in terms non-vanishing neutrino masses- claims for the extension of the SM
in order to incorporate them. Meanwhile, the discovery in 2012 at the CERN’s Large
Hadron Collider of the SM Higgs boson favors the extensions including the Higgs scalar
doublet. This scenario has favored the Type I seesaw mechanism as a possible explanation
for the tiny but still non-zero neutrino masses.

However, as we saw in the last chapter, the naive “vanilla” Type I seesaw completion
of the dimension five Weinberg operator given by the £, lagrangian in predicts an
almost vanishing interaction of the heavy Majorana neutrino with the standard fields, in
order to accommodate the tiny light neutrino masses, characterized by a vy, — N mixing

100 GeV
Uy <1 x 10—6@/M7Ne. (3.1)

This mixing governs all the interactions of the N with the standard particles, via the
charged and neutral currents

Ly, = _\%UWNWELWJ + hee. (3.2)

45
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g

LNy =——T
Ne 2 cos Oy

UnNY" v 1,.Z,, + h.c. (3.3)

Thus, as stated by the authors in [15], any lepton number violating signal of a sterile
N at or below the electroweak scale would strongly indicate the existence of new physics
beyond the minimal seesaw framework encoded in the £, lagrangian presented in sec2.6

The proposal is to adopt an alternative approach, considering a Majorana neutrino
scenario with a relatively light N with mass my < 1 TeV and negligible mixing with
the left handed standard neutrinos v;,. The purpose is to present a natural and model-
independent formalism that allows a broader view of the expected physics for heavy
Majorana neutrinos, motivated principally by the study of N-mediated lepton number
violating processes at high energy colliders.

This approach departs from the customary viewpoint [23,91], in which the couplings
in and are taken to determine the rate of N-mediated LNV signals, and to
satisfy a fine-tuned value for the mixings Uyy < O(0.1), many orders of magnitude larger
than the value derived from the seesaw mechanism.

3.1.1. New physics parameterization

In view of the discussion above, the authors in [15] choose to depart from the tradi-
tional viewpoint and incorporate an effective lagrangian including the SM fields and the
heavy Majorana neutrino N as the effective degrees of freedom.

The new physics underlying neutrino masses and interactions can be parameterized
as a series of effective operators Oy constructed with the N and the SM fields and
preserving the SU(2)r x U(1)y electroweak symmetry of the Standard Model. These
operators have coefficients suppressed by inverse powers of the new physics scale A, in a
similar way to the SM effective operator extension presented in sec|1.5.3

So the effective lagrangian we will consider can be written as

> 1
Lepr="Lo+ Lo+ (Wzajog+h.c.> (3.4)
d=5 J

with the difference that now the operators include the Majorana neutrino N in their
composition. The term £, is the dimension four lagrangian of the “vanilla” Type I
seesaw realization of the Weinberg operator in , which is considered to be the only
contribution to this operator.

The dominating new physics effects are generated by the contribution of the operators
of the lowest canonical dimension that can be generated at tree-level in the underlying
unknown ultraviolet theory. Here the new physics responsible for the effective interactions
is assumed to be weakly coupled, meaning that radiative (quantum loop level) corrections
are smaller than tree-level contributions, and decoupling, meaning that the unknown
particles responsible for the effective interactions decouple from low-energy physics in
the limit in which their masses become large. The expansion in is useful when
the new physics scale A is larger than all the experimentally available energies and the
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masses of all the new physics spectrum except my, the Majorana neutrino’s mass. In
particular this requires A > my and E, where F is the typical energy of the considered
process. One should notice that there is no compelling argument suggesting my must
be of order A: the new physics scale can be set by the symmetry breaking scale in some
ultraviolet model, completely independent of the Majorana mass scale.

As introduced in sec[I.5.3] the complete list of dimension six operators only including
the SM fields can be found in the classic work by Buchmiiller and Wyler re-analyzed in
the more recent work by Grzadkowski et.al. [55,/56]. Also, some operators constructed
only with the SM fields but allowing for lepton number violation were presented in the
works by Babu and Leung [113] and de Gouvéa and Jenkins [114].

There is only one dimension five N-operator contributing to L.¢s: it can be written
as

Ox = (N°N)(¢'9). (3.5)

The contribution of this operator can be included in the renormalization of the Majorana
mass matrix M. In fact, considering explicitly the contribution of the £, lagrangian
from , the part of the effective lagrangian in contributing at tree-level to the
neutrinos mass, after the spontaneous electroweak symmetry breaking, takes the form

2

Eeff—mass = —ﬁ&RMZI;NR — %Nilc%MNNR — ;}ang\?)Nil%NR (36)
where the first two terms are the contributions from the seesaw lagrangian £, we found
in . Thus we find the effect of this operator can be absorbed in a renormalization
of the Majorana mass matrix!| M.

Another dimension five operator can be constructed at one-loop level in a fully renor-
malizable theory. It is (9](\5,3\,3 = No"™N°B,, [115], where the antisymmetric field
strength is B, = 0,B, — 0,B,. However, it vanishes in the case IN represents one
sterile singlet. Eq.(L.31) implies that N¢ = CNT and (N°)T = (CNT)T = NCT = NC™1.
Thus, N = (N¢)TC. Then, using the relation Co**C = (o)} one can write

No" N¢ = (NC)TCJ’“’C(N)T = (NC)T(U’“’)T(N)T = (]\_/U’WNC)T.
On the other hand

(NO,MVNC)T — _(NC)T(O_/,W)TNT — _NCT(O_;W)chlNc —
_NC(o")TCN® = —No™ N°,

where the minus sign in the first equality comes from the transposition of two fermion
fields. Finally No** N¢ = —No"” N¢ = 0 and the operator vanishes.

Our proposal for this thesis is to consider only the operators leading to new N inter-
actions, and study the possible observable effects of these operators in different scenarios:
electron-proton (ep) and proton-proton (pp) colliders as well as the propagation of tau
neutrinos v, through the Earth.

!We are neglecting the N Nhh interaction given by this operator.
2Tt can be obtained from the relations in
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3.2. Dimension six effective operators

Following the proposed alternative approach, we will consider that the sterile neutrino
N interacts with the light neutrinos by higher dimension operators, and take this interac-
tion to be dominant in comparison with the mixing through the Yukawa couplings. The
dominating effects come from dimension six operators that can be generated at tree-level
in the unknown underlying renormalizable theory.

Following [15] we start with a rather general effective lagrangian density for the
interaction of right handed Majorana neutrinos N with leptons and quarks, including
dimension six operators. The first subset includes operators with scalar and vector bosons
(SVB)

Orng = (#'9)(LiNG), Onng = i(¢'Dug)(NVN), Oneg = i(¢" eDyd)(N76;) (3.7)
and a second subset includes the baryon-number conserving four-fermion contact terms:

Oaunve = (di"us)(Nvuli), Opnn = (fir" fi)(NvuN), Opnre = (LiN)e(Lit;),
Orvgd = (LiN)e(Qid;), Ogunt = (Qiui)(NL;), Ognra = (QiN)e(L;d;),
Oy = |NLi|*, Ogn =|QN|?, Oyy = (N°N)?, O'ny =|N¢N|? (3.8)

where ¢;, u;, d; and L;, Q; denote, for the family labeled ¢, the right handed SU(2)
singlets and the left-handed SU(2) doublets, respectively, as introduced in sec. and
fi represents any of these fields. The antisymmetric symbol € is defined as in (L.15)).

One can also consider operators generated at one-loop level in the underlying full
theory, whose coefficients are naturally suppressed by a factor 1/1672 [15,/116]:

Onp = (Lio"’ N)¢Buy,  Onw = (Lic"' 7' N)$W,,,
Opn = (LiD*N)D,$,  Opy = (DFLiN)D,é . (3.9)

Here the field strength B, is defined as in the last section, and Wlfy =o,W]! - &,Wlf +
ge”KW[L]Wf, where the indices I, .J, K run as I,J, K = 1,2,3 and the 7! are the SU(2)
generators introduced in sec|l.4

We start by writing the effective operators in terms of the scalar, fermion and vector
fields, in order to write explicitly the dimension six lagrangian to extract the Feynman
rules for calculating the different observables we will be interested in.

3.3. Effective lagrangian

We present here the complete effective lagrangian obtained from the operators listed
in (37), (B8 and (39).
Standard vector bosons operators

The first operators subset presented in (3.7)) involves the SM vector bosons, which ap-
pear as part of the covariant derivative for the electroweak sector as given in ([1.44). Here
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1
29
takes the form D, = 0, —i%$ B, — z'gTiWﬁ. After the electroweak symmetry breaking, the
termﬂ D, ¢ is written as in the SM. It depends explicitly on the massive vector bosons

W* and Z, the scalar VEV v and the Higgs field h as:

we explicitly write the hypercharge of the scalar doublet as Yy = 5, and the derivative

MWWt v+ h
DN¢: ( Ouh g iel:)( ) )7 (310)

s + mzﬁ(v +h)Z,

S

where the definitions for the weak boson’s masses and the electric charge given in (|1.47])

and ([1.48) are used.

We have also used the Feynman rule for field derivatives (which can be resumed
in substituting a derivative for the momentum entering the interaction vertex 0,¢ —

—iP,E“O)go) writing explicitly the momentum dependence in the lagrangian.

Labelling the effective coupling for the operator Opng = (¢Tp)(LiN ) as arNg =
ag, the one for Onng = z‘(quDu(Z))(ny“N) as aynNg = az, and the one for Oy =
i(¢TeD,d) (NYHL;) as angy = aw, the SV B part of the effective lagrangian is written
as

ree 1 i 3v? _ v _ 1
ﬁngB = 2 {a((z)) <2\/§ VL,iNR h+ 27\/5 VL,iNR hh + 27\/5 VL,iNR hhh)

2
_ (Nt mz v 1
Oéz< (NR’)/ NR)< U Zﬂ><2 +Uh+2hh

_ 1
+(NrY"Ng) <§P5h>h +3 }/%h))

— a%})(ﬁm“ﬁa,i) (vmw Wi+ \@mWWJh + QQWth) } +hec. (3.11)

V2 2v2

where a sum over the fermions family (or generation) index i is understood. Here one

can see the presence of vectorial interactions in the terms corresponding to the az and

ag/) couplings, due to the presence of the v* Dirac matrices.

3 1 = 'UO,
Taking ¢ = ( ;Eh )
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Four-fermion contact operators

The four-fermion contact operators presented in (3.8)) lead in a straightforward man-
ner to the tree-level lagrangian:
tree 1 (i) 7 o \ (&7 0 \/
Ly = 2 {Oévo driY"uriNrYuLR + oy LRV CRiNRYUNR
+a§2(DL,i’7MVL,iNR’YuNR + 0 YL i NrvuNR)

+04%)0R,WHUR,@NR%NR + 0432

(i)(

driv"driNrVuNR

ariv"ur iNrvuNr + dp " dr i NrYNR)

fq (LiNRlLilri — i Nrvpilri) + afé'f (apup;Nvr;+dpup:NCL;)

fg (VL Nrdrdr; — (i NRrUrLdR;) + ag)(aLiNRZLidRi — dpiNriLidp;)
+al)(Nryp 00 i;NR + Npbp iy iNg) + o) (Ngur itir,iNg + Nrdridr,iNg)
+al) (NeNg) (NNg) + o) |NCNRHNCNR\} + hec. (3.12)

In (3.12)) a sum over the family index i is understood, and the constants ag) are associated
to the specific operators:

@ _ @ @ _ @) @ _ @) @ _ @ @ _ @ (@) _

Ay = Qgune Yy = YNy Yy = Opnny Xy = Qs Yy = Qunns Qyy = QNN
G _ @) @ _ @) @ _ @ G _ @) G _ @) @ _ 0
Qgy = Apngy Y5y = QQunLy XS, = YLNQd Ys; = YQNLd Ysy = LNy A, = g
G _ @ @ _ @®
Qg, = Qnn g, = QNN-

As the notation suggests, one can classify the distinct four fermion operators by their
Lorentz structure in vectorial (those involving the Dirac v*) and scalar.

One-loop level generated operators

The last operators subset, presented in , includes the operators that can only be
generated at one-loop level in the unknown underlying high energy renormalizable theory;,
as is proven in [116] for operators with SM fields only. This means this operators cannot
be produced by dimension four vertices preserving the SM gauge symmetry, and must
be generated by loop graphs in the full theory. Therefore, their couplings are suppressed
by a loop factor 16% arising from the proper normalization of the loop four-momentum
integral in comparison with the operators generated at tree-level.

The operator Onypg = (I_Lia“”N )&BW involves the antisymmetric field strength B,
and the antisymmetric Dirac tensor o*” = Z[y#,~"]. The field strength B, can be
written as

By = cw (0,4 — 0,A,) — sw (0,20 — 0,2,), (3.13)

using (1.46]), and where cyr = cos(fw ) and sy = sin(fy). Replacing the derivatives for
the incoming photon and Z momenta, and recalling the definition of ¢ = e¢*, after the
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O}Vaﬁ OéuNe ObuNL O},NQd OCIQNLd
d U U d
w
o=
o
N (a) N (b)

Figure 3.1: Contribution to Ovgg-decay. In the diagram (a) the solid dot represents the
operator (’) Neo and in the diagram (b) the four-fermion operators (’)duNe, (’)buNL, (’)iNQd

and OQNLd

SSB the operator Onp gives the terms in the one loop lagrangian with the coupling we
have called a(L? = ag\zf)B.

The operator Onw = (I:iJ“”TIN)qEWIfV leads to the combination
U’“’TIWl{V = 20" 9, (T" W) —igat (r" W) (rEWE). (3.14)
Here the product TIWI can be written, using eqs. and - as:

V2 W* —W3 2 VoW —ewZy — swA, ) (3.15)

2

The terms in the lagrangian (3.18) with coupling a(Lig = ag\i,)w are the ones generated by
this operator.

The remaining two operators are Opy = (L;D*N)D,¢ and Opy = (DHL;N)D,,é.
These can be written using the following expressions for the covariant derivatives, derived

from the definition in[f] (T.44):

. Ouh _ -my
Dup=| V2 ,Z\/EZ“ s Sl : (3.16)
—imw W, — %W h

EWV@—Z Z“—igW+“
r V2 ) (3.17)

DRL; = i g 7 I cw g wy,
_ZﬁW +0 ELJ—FZCSWZ £L7 + jeA ELJ

and DEN = 9PN — —iPHN) N |

“Here we take the hypercharge values Y; = —1, Y7 = —% and Yy = 0.
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Their lagrangian parts in (3.18) correspond to those with couplings a(Lig = ag)N and

oz(Lii = a%)N respectively.

Then the complete one-loop level lagrangian is the following:

(i)
(0%
Lopf™ =+ (—i\@chP}LA) L0 N Ay + iV 2vsw P2 o ;0" N Z,+
~iv20w PV 1,30 Ni Ah+ V28w P2 01,10" Ny Z,h)
oty (my
A2\ 2
V2my
[
o
— AL; (Z'\/EUCWPL(LZ) ﬁL’iUMVNR Z, + ’L'\/§USWPI£A) ﬂL,iO‘IWNR A,,
+i2V2my 7y, 0" Ng WIW, +ivV2oPM") [}, ;0 Ng W,
+tdmyy cw gLyiU‘uVNR W;ZV + idmy sy ZL,Z‘O'!WNR W;AV
+iv2PM™) 01, ;0" N W, b+ i2gew ;0" N W, Zuh
+i2gsw L1,,0" N W, Auh + iV 2ew PP by, 0" Ng Z,h

V2w PYY 710" Ny Auh + /29 01,40 Ng WEW,h)

P;SN) ﬂL,iNR ZH + miQZP‘LSN) DL,iNR ZFrh + melSN) gL,iNR W—H
v

1

PWN) 7, Np W ER +
Yz L, R \/§

_|_

PPNk 5 i Ng h)

(i
[0 — —
——Ls <mZ P 01;Ng Zy + —Z (PP — PM) by ;N ZVh

A2 ﬁ o M B
1 B 2 2 2
+EP(’1)“PIS’) oLiNr h— V2miy vriNg WHWF — % v, :Ng Z,2"
1m2 V2m?, _
—50—22 v1LiNR Z,2"h — — Wb iNr WIW ™ Fh
+myy POW ™ 0 ;Ng + mTW(P/S )~ PMYWH T Ng h

+emw ZLﬂ'NR W_MAH +emygsw EL;L'NR W_“ZH
eEmycw

V2v

eEMmySw

+ ZL,z']VR Z,WHh 4 ELJ'NR A#W_uh> + h.c. (3.18)

where P(®) is the four-moment of the incoming a-particle and a sum over the family index
¢ is understood again.

The lagrangian terms corresponding to the operators Onp with coupling ar,, and
Onw with coupling az,, have a tensorial Dirac structure, given the presence of o#”.
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3.4. Bounds on the effective couplings

The effective coupling ozg) associated to each effective operator Oy can be bounded
exploiting the existing constraints on the sterile-active neutrino mixings Uyy in seesaw
models T reviewed in sec2.6.3

In the effective lagrangian framework we are studying, the heavy Majorana neutrino
couples to the three fermion family flavors ¢ = e, u, 7 with couplings dependent on the
new physics scale A and the coefficients ozf;).

We can interpret the current experimental bounds comparing the effective couplings
with the general structure of the interaction between heavy neutrinos with the standard
gauge bosons, which I introduced in sec[2.6.1] In the “vanilla” seesaw models, the modified
charged-current and neutral-current are taken into account in the calculation
of the different bounds on the mixings Uyy. In the effective theory, we saw the Onyg
operator induces a lagrangian term in which can be directly related to the CC
interaction in (2.59)):

1 D) UVMw - g _
Lsyp D —FO&%/) \/5 (NR’}/MERJ)W:_ + h.c. Egc = _EUZN(N'YNEL)WJ + h.c.
(3.19)
One can then relate the effective coupling ag/) with the mixing Uyy taking
2 2
) o 9N o A 2
ayy =~ v Uy = 2 Uin, (3.20)

where the second equality follows form (|1.45]).

This is not the case with the neutral currents in : the effective operators we
are considering do not lead to any lagrangian term (vertex) sharing their Lorentz-Dirac
structure, nor at tree, neither at one-loop level. The gauge invariant effective dimension
six operators do not lead to a vectorial coupling between the N, vy, and Z fields. However,
as some terms in the one-loop lagrangian in contribute to a NvZ coupling, in some
applications we have calculated explicitly the possible bounds for their couplings, coming
from Z decay experiments, although they are suppressed by the 1/1672 loop factor.

We then take a conservative approach, and in order to keep the analysis as simple
as possible, but with the aim to put reliable bounds on the effective couplings, we relate
the mixing between light and heavy neutrinos and the effective couplings as

CMUQ
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and we use it to infer bounds on ozf;) from the existing bounds on Upy [15].

In the different applications presented in this thesis we have taken distinct approaches
in order to consider the existing bounds for the effective couplings: in our early works
we took all the couplings to satisfy the same and most stringent constraints, but in the
most recent works we considered bounds on sets of effective couplings depending on their
Lorentz-Dirac structure, thus making all the scalar, vectorial or tensorial sets of couplings
obey the most stringent bounds found in each case. The details on the treatment made
in the different works will be presented in the corresponding chapters.

Uy ~ (3.21)
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Electroweak precision data bounds

As T reviewed in sec2.6.3] there is a stringent set of bounds on the neutrino mixings
put by electroweak precision tests as lepton universality, Z decays and lepton flavor
violating decays. Following the treatment made in [91.{105,/106|, we consider the bounds
on the quantities

Quer = UpnUpr iy, (3.22)

and use them to put bounds on the effective couplings, as we explained in the previous
section.

For the Lepton-Flavor-Violating processes (LFV), e.g. u — ey, which are induced
by the quantum effects of the heavy neutrinos, we have several bounds [13,1175119] but
the most restrictive one comes from Br(u — ey) < 5.7 10713 [13,98]. This bound is the
most stringent for the higher mass range my > my and imposes |€,| < 0.0001, which
can be translated to the constants « as

2\ 2
Qep = Uan Uy = <‘;‘ZQ> < 0.0001,
and for A =1 TeV we have
abeund < (.32 . (3.23)

In the case of the low mass range my < myz the most stringent bounds come from
the DELPHI Collaboration and give |Uyy|? < 5 x 1073, which can be translated to the
effective couplings as:

alound < 9.3 (3.24)

Neutrinoless double beta decay bounds

One common constraint for all our results stems from the neutrinoless double beta
decay bounds discussed in secf2.6.3] The Ov 35 experiments put the most stringent limits
on the mixings U,y for the fist fermion family ¢ = e. The four-fermion operators with
u and d quarks and the e charged lepton OclluNe, OiNde (’)buNL and Oé?NLd -as well

as the SV B operator OJ(\2¢' contribute to the Ov58-decay process depicted in ﬁg via

the interactions in fig[3.1]

We take into account the bounds for the Ov58-decay following the general treatment
made in [120], where an effective interaction Hamiltonian for the udeN interaction is
considered:

H =Geppul'd eI'N + h.c. (3.25)

Here I' represents a general Lorentz-Dirac structure. We find the G¢rs constant can be

parameterized as depending on the Majorana neutrino mass my as

1/2
Gepp < Ax 1078 (mg”ﬁ) GeV 2, (3.26)
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where the numerical constant A depends on the nuclear model used and the lifetime for
the Ov3p-decay. We take the most stringent limit 79,,, > 1.1 X 10%6 years obtained by
the KamLAND-Zen Collaboration| [112].

The operators in ﬁg contribute to the effective Hamiltonian , with Gepr =
Az, which is related with the mixing angle between light and heavy neutrinos as we
stated in . We find that the value A = 3.2 fits very well the bounds obtained for
the mixings [93,122] in the most recent literature.

We can translate the limit coming from Gs; on this set of first family operators

al) which, for A =1 TeV, is
ovBp

my )1/2

Oégloj%%d < 3.2 X 1072 (m

(3.27)

3.5. Perspectives

The effective operators presented in this chapter lead to a very rich phenomenology:
its study in the context of high energy colliders and also in neutrino telescopes constitutes
the purpose of the original research presented in this thesis.

I would like to emphasize that the effective operators presented here cover a wide
variety of well known renormalizable new physics models as extended scalar and gauge
sectors, vector and scalar leptoquarks, heavy fermions, etc. and as discussed in sec[I.5.2]
one can try to get a hint of what kind of new physics is responsible for the low energy
measured effects by studying their phenomenological implications. In the next chapters
I present the contributions we have made during this period towards this direction.

°In our first works [2}/4] this limit still came from the GERDA result [121] giving 7o,,, > 2.1 x 10%
years.






Chapter 4

Effective Majorana neutrino decays

I start the presentation of the different results obtained in the study of the phe-
nomenology of Majorana neutrinos in the framework of the effective lagrangian approach
introduced in chapter [3] This chapter is devoted to the calculation of the Majorana
neutrino decay width and the branching ratios for its different decay modes, introducing
the work leading to the publications in [2,3].

4.1. Introduction

The study of sterile Majorana neutrino decays is an issue of great interest in differ-
ent areas of high energy physics, as the search strategy or the discovery of new effects
for heavy neutrinos often rely on their different decay channels to detectable particles.
Besides the heavy Majorana neutrino detection in colliders by lepton number violation
processes -subject we will address in the following chapters- other kinds of searches ex-
ploiting the displaced vertex and delayed photons techniques have been proposed and
are taking place at the LHC [123-130] in the framework of “vanilla” and “inverse” Type I
seesaw scenarios. Also, searches in neutrino telescopes like IceCube [131,|132] have been
proposed, and the new decay modes and their relation with the explanation of several
anomalies as the sub-horizontal events detected by the neutrino telescope SHALON [133]
or the anomaly in the MiniBoone accelerator-neutrino experiment [134] are being investi-
gated [135]. In astrophysical environments, the cosmic and the diffuse supernova neutrino
backgrounds can be used to probe possible radiative decays and other decay modes of
cosmological interest [136,(137].

With these motivations in mind, in this chapter we study the decays of heavy Majo-
rana neutrinos in a general, model-independent approach in the context of an effective
theory. This chapter includes the work made in two papers, studying the N decays in
two mpy regimes: a first paper [2] restricts to the case of my < myy, and a following
paper [3] treated all the available decay modes into standard particles.

I will first present the general results we obtained for the decay widths and branching
ratios for all possible two-body and tree-body N decays in section and our numerical

57
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results for the high mass (sec. and low mass (sec regimes, explaining how the
constraints on the effective couplings are taken into account in each case.

In our work [2] we studied the decay modes of a relatively light Majorana neutrino
in the context of the general effective framework. We focused in a mass interval below
the standard massive vector bosons mass (my < myy) as this reduces the possible decay
channels, letting us concentrate on the phenomenology of the neutrino plus photon decay
mode. This heavy neutrino decay channel has been introduced as a possible answer to
some experimental puzzles, like the MiniBooNE [138,|139] and SHALON [140| anoma-
lies, considering sterile heavy neutrinos created by v, neutral current interactions and
decaying radiatively due to a transition magnetic moment [141]. We revisit here the
mentioned anomalies in the light of an effective lagrangian description for the heavy Ma-
jorana neutrino decays in secf.4] and comment on its possible detectability in colliders
like the LHC.

4.1.1. Decay widths and branching fractions

In this chapter we deal with the calculation of the decay widths and branching ratios
of the possible unpolarized decay modes of a sterile Majorana neutrino. I will now give
a brief definition of these observables.

The decay rate (or decay width) of an unstable particle into a specified final state of
two or more particles is defined as the number of decays per unit time divided by the
number of available decaying particles, i.e. the probability per unit time of a particle to
decayF_-]. The total decay width is the sum of the decay widths of all possible channels:

Tyor = Y T (4.1)

The lifetime of an unstable particle is the defined as 7 = (T'yr) !, and its half-life as
71n(2).

The branching fraction or branching ratio for a given decay channel is defined as its
decay width divided by the total decay width for the unstable particle:

Ftot '

Br(i) (4.2)

The differential decay width of an unstable particle with 4-momentum p into a final
state with k particles of momentum p;- and phase-space factor d®;, can be calculated as

1
dl' = — | M, ¢|?d®y. 4,
2EP|M—>f‘ k (4.3)

Here the phase-space d®;, factor is defined as in the appendix The two-body phase-
space and the treatment of resonances are briefly introduced there as a reference
to the reader.

'Tn natural units, it is measured in [s7'] = V.
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The matrix element M;_, r gives the transition amplitude between the initial and final
state. This is calculated perturbatively with the aid of Feynman diagrams, and depends
on the different momenta of the final state particles, to be integrated in order to calculate
the decay width. In this work we are considering only the tree-level contributions to the
N-decays, taking into account the diagrams shown in the different figures for each possible
decay channel, and integrating the phase-space factor in each case. In the case of two-
body decays the phase-space can be eagily integrated, giving analytic expressions for the
decay widths. For three-body decays, the phase-space integration is more involved, and
in some cases has to be done numerically, using Monte Carlo techniques. The differential
decay widths are usually expressed in terms of a dimensionless variable x representing
the quotient between the momenta of one of the product particles and the rest-mass of
the decaying particle. Many examples can be seen in specialized textbooks like [142] and
for reference I have worked out a detailed calculation of a three-body decay phase-space
integration in the appendix [A.2]

4.2. N decays

An unstable particle can decay into other particles if the process is kinematically
accessible: this requires that at least the sum of the decay products rest-mass must be
smaller than the rest-mass of the parent particle.

A heavy Majorana neutrino N with sufficiently high mass my can decay to any
combination of standard particleﬂ We chose to analyze in two different papers the
possible decays of the N: in a first work [2] we studied the possible decay channels
for a Majorana neutrino lighter than the W, Z and Higgs bosons mass (my < my =
80.4 GeV') and focused on its decay modes to fermions and the novel decay channel to
an ordinary neutrino and a photon. In a subsequent paper, we completed the calculation
including all two-body and three-body decay channels, for a sufficiently heavy N [3].

Both mass regimes are tested by different experiments, and then the experimental

bounds we have to take into account for the effective couplings ag) in each case are
different. I will comment on the considered bounds for the ag) and how we implement
the numerical calculations separately for each case.

4.2.1. Two-body decays

The two-body decay channels for the heavy Majorana neutrino N are shown in fig[d.1]
They receive contributions from the lagrangian terms originated in operators involving

gauge bosons and the Higgs field presented in (3.7) and (3.9)) that lead to the effective
lagrangian terms in (3.11)) and (3.18).

The analytical expressions obtained for the decay widths of channels N — vZ, N —
"W~ and N — vh shown in figlt.1] are:

5 -
“In processes allowed by conservation laws.
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1% s v
N N N—(l//
N
(a) A Z (b) W (o) ~ A

Figure 4.1: Two-body decays with gauge bosons and Higgs field.

v; my my\4 i i
phoze = (@) <T) (1—yz)? [(Q(Li - a(Li)z(l —yz)*+
8(a) — Dy ew — o sw) (1 - yz)vizwe +
16(2 + y2)yv (e ew — Oé(L?SW)ﬂ

with yz = m%/m% and y, = v?/m3..

o w (L= yw)* (1 + 2yw)ye

with yw = m, /m3,.

I9m v\4 (;
(N—)l/zh) _ N e (Z)2 _
r = 128x (A) oy (1= yn)

with y, = m3 /m3,.
Finally we have the decay mode to a photon and an ordinary neutrino N — vA:

» 1 [ v mn\*, i
i L () () ol + s (4.4

This decay mode leads to an interesting phenomenology to be discussed in sec[4.4]

It is important to take into account here that the W and h resonant contributions
to other decays, as can be seen in figs. (a) and (b) were already included in those
decays and will not be added to the total width.

4.2.2. Three-body decays

Gauge and Higgs bosons

The three-body decays of the heavy Majorana neutrino N involving gauge bosons and
the Higgs field receive contributions from the lagrangians presented in (3.11)) and (3.18]),
whereas the decays to three fermions come also from the operators presented in (3.12)).
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The effective model we are working with also gives tree-level contributions to four-body
decays, but as their contributions are very small -mostly due to the phase-space volume
factor, as I comment in the appendix sec. they are not presented in this work.

The three-body decay channels involving gauge bosons and ordinary neutrinos are
shown in figt.2} (a) and (b) N - vW*W~, (c) and (d) N — vZZ, and (e) N — vZA.
The differential decay rates are expressed in terms of x = %, with p® being the energy of
the lepton (charged lepton or ordinary neutrino) in the N-rest frame. Detailed examples
of this kind of calculations are included in the appendix sec[A.2

(d)

Figure 4.2: Three-body decays with two gauge bosons and ordinary neutrinos.
The analytical expressions for the differential decay widths are:

dI‘N—)I/iW*W’ 2

- s () g (- 00— =) 2

dx T 614m \ A (1—a)lyw

[1604(522(3 —2)((1—2)2 +4(1 — 2)yw — 8y )+

31aD P2 g?(1—2)((1 —2)? — 4(1 — 2)yw + 1253

where a®) = a(ﬁ + %a((;)l_x_yhffgm, Yrw = F%V/m?v and 0 <z <1—-4yw. In

this process we discard the N — [W followed by the | — vW SM vertex contribution,
because the amplitude is proportional to the intermediate lepton mass, and thus negligible

in comparison with the diagrams shown in ﬁg (a) and (b)rﬂ

3These diagram’s contributions are a factor of 7’:—; < 0.01 shorter than those shown in ﬁg (a) and
(b) in the case of tau leptons (which have the bigger mass) for my > 2mw .
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2

AT N—viZZ m m 4 oemg . 3a(i)yv(1 - — yh)
e« 0 v (J) C s e e
dx 6472\ A ) 82 P (1 =2 — yn)? + ynyr,
3y e\
+ - x

(1 =2 —yn)?+ ynyr,

a? (1 -z —2yz)?
2 2
(1-2) 4y

> (1 -2 —2yz)* — dy3)"/?

with a®™9 = % being the electromagnetic constant, yr, = I‘%/m?\, and 0 <z <1—4yy.
drN—viZA _mpy my\4 (i) \2 (1 —z+2yz)(1 —x—yz)w3
dx T 32m U A ewar, +swag, (1—2x2)3 '

with 0 <2 <1 —yyz.

Figure 4.3: Three-body decays with gauge bosons and Higgs field.

The three-body channels with Higgs fields in the final state are shown in fig.(4.3) (a)
N — vhh, (b) N = ITW~h, (¢c) N = vhA and (d) N — vhZ. The obtained expressions
for the decay widths are:

drN-viih 180\ Py oy 2 (mN>4 o (1 —a —2y;)% — dy}) /2
= — T
dx 204873 \'mpy A (1—x)
with 0 <z <1 — 4y,

dTN—LWh mNa(V%/)Z (mN

dx 76873 A
[(B=2) (1 =2 —wyn)® +yiy) + (6 — 3yp + 2(—11 + 52 + y3))yw |

4
) (L= —yn)? =201 — 2+ yp)yw + 4yiy)'/? x

2

1—a)
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with 0 <z <1 — (yn + yw + 2/Ynyw).

dFN—)ViAh _ my my 4 @) (4) 2 (1 —r— yh)3$3
dx T 10203 VA ) \ W Tswa, (1—2x)3
with 0 < <1 —yp.
dFN—wiZh B 9 my 92 v 4 (i)2
dz o oldg3 (X) A" X
2—-2)A—z4+yp, +2u.)1 -z +yn —y.)(2? — 4yh)1/2
y.(1 — 2 +yn)

with 2,/y, < x < 1+ y, — y,. This decay width is obtained from the diagram shown
in ﬁg(d), as this contribution involves a tree-level vertex coming from the lagrangian
and a SM vertex, and is dominant comparing to the one-loop level term coming
from the lagrangian that would give a vertex as the one shown in fight.3] (c).

The three-body decay channels with two gauge bosons and charged leptons in the
final state are shown in ﬁg. N — ITW~ A, Z. We cannot obtain analytical expressions
for these decay widths, and we have done numerical integrations of the phase space in
the usual way using the numerical Monte Carlo routine RAMBO [143].

Figure 4.4: Three-body decays with two gauge bosons and charged leptons.

Fermionic three-body decay widths

Some of the three-body decays involving only fermions in the final state come from
the four-fermion contact operators presented in leading to the tree-level lagrangian
in (3.12)).

The partial decay widths of a heavy Majorana neutrino N decaying to three fermions
were calculated including the contributions in the effective lagrangians and .
The decay channels are shown in fig/f.5l As was previously mentioned, the diagrams
(a) and (b) show the resonant contributions coming from two-body decays to W and h
bosons.
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% d
N QA{ N Q/
d
(a) (b)

Figure 4.5: Majorana neutrino decaying to three fermions.

The decays to one lepton and two quarks can be written as

dr N=rud) Nt (1= 2 — ) o
—_— = 1— _ |:6 Lu,l 1— 2
dr 5127 ( A ) 1—z+y) {0 =ty — ) [bad (1 2+ )
+ 12052 = 2)(1 — 2 + y)Vigu + o " (223 — 2% (5 + 5y + yu) — 4u(1 4y + 2y0)
+ (34 10y + 3y? + 3y. + 3yya))] + 24041“’“95(1 —x+ yl)Qx/ylyu} (4.5)

with 2y <o <14y —yu, yi = m%/m%\,, Yy = mg/m?\, and the coefficients a4
take the expressions:

Oéilu,il — (agllu)Q + agzzu)Q _ ag’;u)aggu)> 5iu7il

. L l—z+y —yw) i) o (i) i
Qlwit (a(zu)a(zz) yW( — i) L) ) st

2 W -z ty—yw)? +ywyry, P

o , 4 - : (1l —z+y —yw)
it (a@u)z L 4a(zu)2) St 4 4o ()2 Yiv (

3 s3 Vo w (1—:Ii+yl—yW)2+yWyFW
Oéjf“il — aggu)agj(;i) 57:u7il .
qrv-wdd) (mN)4;U2((1—x)(1—a:—4yd))1/2 )
du T 128w\ A/ 4 (1—2)?

{5il,idagiz>2(3 + (=5 + 22 + 2yq))+
6 (al? 4+ alte? - graaiiaal ) (1 - a)(1 -2 — 20}

S3

with 0 < 2 < 1 — 4yg, ya = m2/m3 and

2
aypa? = <6’h“a§2)+a$1)c( 5 yh)) +a§f”262y’£h
2
~i1,0iq 2 _ @e
@2 “% D
L P , 1—z—y,
syt = avieal) ol e Cop Iy g, = 13
3gv>myg
Dy =0—z—y)’>+uynyr, , ¢

- 4\/§m?VmW'
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A

AT NV —vuu) my (mN>4&il,iu2 §a:2 <1— W

- 2 (1—2)

1/2
i = 1287 > (=2 = 2oy

with 0 <z < 1 — 4y, and

(i) Qﬁ 3gvimy,

Fittu2 _ giviu (1) 2 c= —2~ %
¢ Dy’ 42mEmyy
NTW

Q 5 + 2«

The purely leptonic decay gives:

dr (N—lTtleptons)

dx " 153673

my  (my\4 (1 —z+y —yr)? iy iy

(A) I—z+yp ™M lp(x)_%lR(m)}
with 2,/ < 2 < 14y —yr, yi = mi/m3%;, yv =m?/mA and a; 2 and the terms P(z),
R(z) take the expressions:

()2, 2

Qi G (i)2 siviy 4 doyy’ "y

1 - S0 1 _ _ 2

(1—z+y—yw)?+ywyry
-y . i 1— _ o
i _ qgqlinglin =T H : YW i
I—z+y —yw)?+ywyry,

P(z) = 22° —2*(5+ 5y +yr) — 4y (1 +y + 2yr) + (3 + 10y, + 3y7 + 3yr + 3y

R(z) = (2—a)(1—z+y) ()"

4.3. Numerical results

Besides the values for the standard particles masses and couplings, the numerical
values for the N decay widths and branching ratios depend on the my mass, on the new
(4)
(@]

physics scale A considered, and on the values of the «, effective couplings. Here we

consider the benchmark value A =1 TeV.

4.3.1. High my range

Regarding the effective couplings, in order to simplify the discussion, for the numerical
evaluation we only consider the two following situations. In the numerical set we call A
the couplings associated to the operators that contribute to the Ov35-decay are restricted
to the corresponding bound ag%’éd given and discussed in and the other couplings
are restricted to the bound determined by the EW PD constraints and given in (|3.23))
oaonﬁ,"gD = 0.32. In the case of the set called B all the couplings are restricted to the
Ov 8 bound ag%%d which is the most stringent. For the one-loop generated operators we
consider the coupling constant as 1/(1672) times the corresponding tree-level coupling:
al=leor = qtree /(1672). Thus, for the operators Opy, Onw and Opy, which contribute
to Ovf33 we have

® @ @ L pound
ALy Ly O, ™ 1672 040‘;%%
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for fermions of the first family. For the remaining operators we take

o ~ ol ol
in the sets A and B respectively.

The numerical results for the Majorana neutrino branching ratios and total decay
width are presented in the following. In figs[4.6] and we show the results for the
branching ratios for the different decay channels found in the previous section. We
display the branching ratios as a function of the Majorana neutrino mass my calculated
for different numerical values of the constants aly. In all the following results when
ordinary neutrinos are present in the final states we sum the contributions of the neutrino
and antineutrino channels.

In figure we present the branching ratios of the three-fermion and photon-
neutrino channels for the couplings set A. These are the only kinematically open channels
for my < mw. One can appreciate here the dominance of the neutrino-photon channel
for the lower mpy values.

Figure shows the massive gauge and Higgs boson decay channels for the N. The
branching ratio for the N — vhA mode is smaller than 1.0 x 10~7 and is not visible in
the plot.

T T T 10-
lud
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i £ 1031
] m 107 F

A

A=1Tev | 10

L

[ 721 N NA NS TSN NR NS R ! [Tl M N (WA (N N B
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my [GeV] my [GeV]

(a) Three fermions and neutrino-photon decay chan- (b) Massive gauge and Higgs boson decay channels.
nels.

Figure 4.6: The branching ratios for the Majorana neutrino decay in the set A considering
the sum in fermion families.

For completeness we present the branching ratios for the two-body decay channels
in fighl.7l As we explained in the previous section the N — vh, W channels are not
included in the total width, as their contribution has already been taken into account in
the channels where the W and h bosons participate as intermediate resonant states.

Finally, fig/.§8] shows the total decay width dependence on the mass my for both
coupling sets considered, and again a sum over families and channels with particles and
antiparticles in the final state is performed.



4.3. NUMERICAL RESULTS 67

100 T T Lyp— T T T T T T T T T T T

F\ e P LT _

I S— L
Cooew T ]
U f' Fw vh —
10-2 | _

. A _
€ 193 Aol Tev __
m i L_f B :

10-4 | :
I vZ ]

105 — i’/ ------------ :
L | _

107 ' ‘!I 1 | 1 1 1 | 1 1 1 | 1 1 1

’ 200 400 600 800

my [GeV]

Figure 4.7: The branching ratios for two-body decays considering the sum over families.
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Figure 4.8: Total decay width with coupling constants in the sets A and B for A = 1TeV.

4.3.2. Low my range

As will be explained in sec[.4] the relevant Majorana neutrino mass range for consid-
ering this heavy neutral particle as a solution to the MiniBooNE anomaly is 400 MeV <
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mpy < 600 MeV |141]. The experimental bounds for this mass values are exhaustively
discussed in [94] and references therein. Taking into account that the MiniBooNE exper-
iment deals with muon-type neutrinos, we now discuss the bounds on the U,y mixings,
which are not constrained by OvS3-decay and are more restrictive than the existing ones
for the third fermion family.

It can be seen in the review [94] that the existing bounds for the mixing U,y for a mass
my =~ 500 MeV come from beam dump experiments as NuTeV [144], CHARM II [145]
and BEBC [146], rare lepton number violating (LNV) meson decays at LHCb [111] and
from colliders as those from DELPHI [97]. In the case of the heavy Majorana neutrino
with the effective interactions we are considering, the clear dominance of the neutrino
plus photon channel found in makes the beam dump and rare LNV experiments
bounds inapplicable, as this decay mode to invisible particles is not considered in those
analyses and can considerably alter the number of events found for N decays inside
the detectors [94}|118|. In the light of this argument, we consider the bounds from
DELPHI [97] discussed in the previous chapter in sec. and given in abound < 2.3.

For completion we have explicitly calculated the bounds that can be inferred from the
single Z — vN and pair Z — N N “excited” neutrino production searches at LEP [96].
The first process can be generated by one-loop level effective operators in giving
the terms in the lagrangian . As the one-loop level couplings are suppressed by the
factor 1/1672 the corresponding bound for the couplings o' ~/*°Pv2 /2A2 is absorbed by the
(1672)2 multiplying the bounds, so that the value a%’;‘l?d is still more stringent. It
is important to mention that other effective operators (four-fermion operators in ({3.12))
contribute to the ¥N and NN production at LEP, but at the Z peak they give less
restrictive bounds than ag‘?{%d. For the decay Z — N N we have a direct contribution
from the tree-level operator Onng giving

2

aZc? v\4
D(Z = NN) = 220 (K) mz. (4.6)
w

A conservative limit for any my mass is obtained from Br(Z — NN)Br?(N — v(v)y) <
5 x 1077 [96]. This result is model-independent and holds for the production of a pair
of heavy neutral objects decaying into a photon and a light invisible particle. For the
low my values considered in this work, we can take Br(N — v(7)y) ~ 1 and the

corresponding bound is % < 3.0 x 107°. This bound is more stringent than the one
in but it is not taken into account because the corresponding operator does not
contribute at tree-level to the N decay in this low my range.

For the numerical evaluation we consider again the sets A with the bound ag‘l’}éd on
the OvBpB-decay related operators, and the other couplings restricted to the bound ,
oz%?gl?d < 2.3. For the set B and the 1-loop generated operators we take the same values
we considered in sec3.11

In figl.9 we show the results for the Majorana neutrino decay presented in secd.2
for the low my mass range shown. Figure [4.9a] shows the branching ratio as a function
of the Majorana neutrino mass mpy. The decay is calculated for different values of the
constants a%. We show the branching ratios for both sets A and B. It can be seen
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that for low masses the dominant channel is the decay of N to a photon and a neutrino.
Figure shows the total decay width dependence on the mass for both coupling sets
considered.

Taking the values of the couplings o to be equal for every family i and also for
every tree-level coupling /"¢ and taking the one-loop generated couplings as a! /P =
atree /16m2 we derived an approximated expression for the ratio between the widths
I'(N - v(r)A) in and T'(N — [*ad) in ([(@.5):

T(N=v()A) 9 v 2
TO=Fad) 157 <> (ew + sw)”. (4.7)

myn

This limiting value explains the behavior found in figs[4.9) and for low Majorana
neutrino masses, showing the neutrino plus photon decay channel is clearly dominating.
This is an interesting fact since we have a new source of photons, leading to a very rich
phenomenology discussed in the next section.

0,8 L \\\ Zi(vi A)
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Figure 4.9: (a)The branching ratios for the Majorana neutrino decay with coupling
constants in the set A (solid lines) and set B (dashed lines). Only the charged anti-
lepton channels are plotted. The unlabeled curves correspond to the decay N — vuu
and N — vdd. (b) Total width for the two combinations of coupling constants defined
in the text (set A and set B) and A =1 TeV.

4.4. Application to neutrino-related questions

Searches for heavy neutrinos rely on their possibility to decay to detectable particles.
The interpretation of the corresponding results for such searches requires a model for
the decay of the heavy neutrino. Several explanations to different kind of experimental
puzzles seem related to weakly interacting neutral particles, like new neutrinos. In par-
ticular the MiniBooNE [138] anomaly or the observation of sub-horizontal air-showers by
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the Cherenkov telescope SHALON [140| have possible explanations by long lived neutral
particles like the one studied in this work.

The MiniBooNE neutrino oscillation experiment at Fermilab was built to search for
v, — V. conversion in order to confirm or refute the previous results of the LSND oscilla-
tion experiment at Los Alamos, which were inconsistent with global neutrino oscillation
data [147] existing at the time. The MiniBooNE experiment detects the appearance of
electron-like neutrinos v, in a beam originally consisting in muon neutrinos v, pointing
the v, beam into a detector filled with mineral oil in which Cherenkov radiation from
charged particles is detected by photomultiplierﬂ The MiniBooNE anomaly consists in
an unexplained excess of low energy electron-like events in charged-current quasi-elastic
v, events over the expected standard neutrino interactions that would be given by con-
sidering the charged-current standard interactions shown in [138L[139].

This excess of electron-like events could be caused by the decay of a heavy neutrino.
This solution was proposed by Gninenko [141] in a model with a sterile neutrino mixed
with the standard neutrinos by a matrix U,n. He finds that an N neutrino with

400 MeV < mpy < 600 MeV
1072 < |Uun[? <4 x 1072
107Ms < 7y < 107% (4.8)

could explain the anomaly, as the excess of electron-like events appearing in the v,
beam could be caused by the decay of a heavy neutrino with a radiative dominant decay
mode N — vy, where the final photon would be converted into an e*te™ pair with a
small opening angle, indistinguishable from an electron in the detector. This is called
a converted photon. The pair (detected by its Cherenkov radiation) would be counted
as coming from the charged-current interaction produced by a v, appearing in the beam
from v, — v, oscillation and contribute to the registered v, excess.

The Gninenko analysis is based on the assumption that the heavy neutrino radia-
tive decay is dominant. The effect of the mentioned strong radiative decay is the flux
attenuation by N decay and then the decrease of the signal events in the detector. The
consequences are less restrictive bounds on |U,n|? [94,118], as we explained in sec.m
The proposal is then that the excess of events observed by MiniBooNE could originate
from converted photons and not from electrons truly coming from v, charged-current
interactions. The future experiment MicroBooNE will provide a test to this proposal, as
it will be able to separate photons from electrons or positrons [148}149|.

In the context of the effective interactions considered in this work, one has to check
if the N — vA is the dominant decay, by comparing the decay of N to pions, which is
the correct hadronic final state for the low masses studied here. We have found that the

“The detection principle is similar to the one presented for the IceCube telescope in the appendix
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N N

Figure 4.10: Production process of extra neutrino N by effective interactions and their
subsequent decay.

corresponding decay is mainly given by
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with G being the Fermi and f; the pion-decay constantﬂ

In the mass range proposed in [141] we find that the ratio of the branching ratios
for the different decay channels is Br(N — [fm)/Br(N — v(p)A) ~ 8 x 1075 and
Br(N — leptons)/Br(N — v(v)A) ~ 4 x 107% thus confirming the dominance of the
radiative decay N — vA.

The heavy neutrino N could be directly produced by the v, in neutrino-nucleon
reactions by the effective operators Ogunr, Ornga and Ognra, with the subsequent
decay and photon conversion as we show in fig. {.10]

The excess of v, events is related to the relative magnitude between the Standard
Model Neutral Current (SM-NC) v,N' — v, N process and the effective NC-like N
production v, N' — NN being N a nucleon. For the effective operators we have a
4-fermion contribution with intensity a/A? and for the SM-NC ¢?/(4m3,). Then the
amplitude ratio is K = av?/2A% and the N production is weighed by the factor K2 =
(aw?/2A?)? relative to the SM-NC v, scattering. The constant K? plays the role of the
mixing matrix U 3N in the Gninenko [141] work, and then the value UiN found in (4.8))
is consistent with the allowed value by the collider bound in (3.24) [103].

The constraint for the lifetime of the heavy neutrino in (4.8) must also be fulfilled
in order to consider the N effective radiative decay as an alternative explanation for the
MiniBooNE anomaly. In figd.1T] we show the lifetime 7 as a function of my for the sets
A and B and for A =1 TeV. In the case of A > 1 TeV the allowed region is upwards
the curves. Thus, we can see a region compatible with set A where 7y < 107% s as in
the solution proposed by Gninenko.

STheir current experimental values are G = 1.166 x 107° GeV and fr ~ 130 MeV.
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Figure 4.11: N lifetime as a function of its mass for the sets of coupling constants labeled
A and Bfor A=1TeV . For A > 1 TeV the values allowed for the lifetime correspond
to the region upwards the curves. The horizontal solid line corresponds to the limit value
found in the Gninenko solution for the MiniBooNE anomaly (7y < 107%5s).

As was previously mentioned, this kind of neutral particle which decays dominantly
to a neutrino and a photon could be the explanation for several sub-horizontal air-shower
events detected by the Cherenkov telescope SHALON [140|. The SHALON mirror tele-
scope is a gamma-ray telescope located in the Tien-Shan mountains Astronomical Ob-
servatory in Kazakhstan, that detects the Cherenkov radiation produced by cosmic rays
in the atmosphere. The analysis of the signal at different zenith angles has included
observations from the sub-horizontal direction (6 = 97°). This inclination defines an
Earth skimming trajectory with 7 km of air and around 1000 km of rock in front of the
telescope. In [140] they claim to have detected five air-showers of TeV energies coming
from the sub-horizontal direction, which is a configuration where the signal from cosmic
rays is expected to be zero. In the cited work the authors propose that the solution could
be a neutral and then penetrating long-lived massive particle able to cross 1000 km of
rock and decay within the 7 km of air in front of the telescope, with the same properties
of those found by Gninenko in his analysis of the MiniBooNE anomaly.

In fig. we show the decay length as a function of the heavy neutrino mass for
different energies and couplings in the sets A and B. We can see that there is a region
of the parameter space which could possibly explain the SHALON observations with a
lgecay ~ 1000 km.

Long-lived neutral particles: detectability

To conclude, a few words about the detectability of this particle in colliders like the
LHC. Searches for neutral long-lived particles as the heavy neutrino proposed by [141]
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have been studied in the context of 77 rare decays [135]. The authors propose to search
for events with two vertices, featuring the production and decay of the unstable neutrino
N. The use of displaced vertices has also been proposed to search for sterile neutrinos
at the LHC [124,[127] for N decaying to leptons and quarks or purely leptonically. Early
displaced vertices searches are reviewed in [150].

As we have shown, for the N masses considered in this work the dominant decay is

the radiative N — v~ channel, which can be observed by the signature of an isolated
electromagnetic cluster together with missing transverse energy:

v + Empiss (4.10)
where the photon originates in a displaced vertex.

New physics searches involving such final states have been performed at the LHC [126,
151] and it has been suggested that this signal could be enhanced with the combined use
of missing transverse momentum plus photons and displaced vertices searching techniques
[128./152]. The use of this technique will allow to probe parts of the parameter space
which are inaccessible by other methods. The use of displaced vertices has the advantage
that for decay lengths of the order of very roughly L € (1073 — 1) m, there is little
standard model background. We find that decay lengths as the above mentioned for

masses between 1 — 30 GeV are possible in this model as we show in figld.12b| for the
sets A and B in the region between the horizontal lines.
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Figure 4.12: Decay length for different neutrino energies as a function of the neutrino
mass for the coupling constant sets A (solid lines) and B (dashed lines) for A =1 TeV.
The energies, E = 10" GeV, vary from left to right with increasing n (1-5). For A > 1
TeV the decay length corresponds to the top right region from the curves.

4.5. Summary and perspectives

Searches for heavy neutrinos often rely on the possibility that they may decay to
detectable particles. The interpretation of the corresponding results of such searches
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requires a model for the heavy neutrino decay. In this chapter we calculated the different
decay modes and branching ratios for heavy sterile Majorana neutrinos in an effective
approach for its interactions. Depending on the Majorana neutrinos mass scale, the
decay can have effects on different physical contexts like solar/astrophysical neutrinos,
collider searches like those taking place at the LHC, neutrino experiments as OPERA
MiniBoone, SHALON, etc. We presented the analytical results for the dominant chan-
nels, discussed the existing bounds taken into account for the effective couplings, and
displayed the different branching ratios and the total decay width for the heavy sterile
neutrino considered.

For a relatively light heavy Majorana neutrino (with my < my) we find that for
magses below approximately 30 GeV the dominant channel is the neutrino plus photon
mode: N — vA. With this decay mode in mind, we explored the plausibility of con-
sidering it as an explanation for the MiniBooNE and SHALON anomalies. We checked
that in the effective model the radiative decay is dominant respect to the lepton plus
pion mode, and leads to values of the effective couplings o which are consistent with the
mixing value |U,n|* found by Gninenko [141] and with collider bounds [97]. Moreover,
we showed that the Majorana neutrino lifetime also fits the limits in [141]. This kind
of weakly interacting long-lived particle has also been proposed as an explanation for
sub-horizontal events in the SHALON telescope [140|, and we find the N decay length
is compatible with the proposed explanation for part of our parameter space. This kind
of particle could also be searched for in the LHC, with the use of the displaced vertices
technique, with little standard model background. We will explore more concretely this
possibility in chapter [6] where we study the N phenomenology in the LHC.

In the following chapters I continue presenting the results we obtained studying the
possible production of Majorana neutrinos in ep and pp colliders.



Chapter 5

Majorana neutrinos production at
the LHeC

In this chapter I present our first work on the collider phenomenology given by the
effective lagrangian for the Majorana neutrinos considered in this thesis. This work leads
to the publication in [4].

The basic concepts on collider phenomenology are presented in an appendix [B] These
include the definition of scattering cross sections, a brief introduction on detectors, and
the most important definitions of kinematical variables to take into account when study-
ing physics in collider environments.

5.1. Introduction

In the case that heavy neutrinos do exist, present and future experiments will be
capable of determining their Dirac or Majorana nature. In particular, the production
of Majorana neutrinos via ete™, e~ 7, vy and hadronic collision have been extensively
investigated in the past [15-23}|153H156].

In this chapter we study the possibility for an e~ p collider at CERN (LHeC: Large
Hadron electron Collider [157]) in order to produce clear signatures of Majorana neutrinos
in the context of interactions coming from an effective lagrangian approach. We study
the lepton number violating reaction e”p — l;-“ + Sjet (l; = e, p, ) which receives
contributions from the diagrams depicted in figl5.1l We have not considered the pure
leptonic decay channels because they involve light neutrinos that escape detection, in
which case the Majorana nature of the heavy neutrinos would have no effect on the
signal, since we should be able to know whether the final state contains neutrinos or
anti-neutrinos.

The lepton number violating process studied here was previously investigated in [158]
159| for the Type I seesaw mechanism, focusing on the DESY experiment and extended

!The jet definition is given in it can be taken as the sequel of an outgoing quark, after
hadronization.

75
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to LEP and the LHC. Recent studies of the seesaw model at lepton-proton colliders like
the proposed LHeC were performed in [160}161].

The principal advantage of electron-proton collisions with respect to proton-proton
colliders is the cleanness of the signal. In the case of the LHeC, the leptonic number
violation by two units is ensured by the presence of a final anti-lepton. Conversely, LNV
detection in hadron colliders implies tagging two leptons of the same sign in the final
state, together with a higher number of jets, making the signal more challenging to search
for.

5.2. Scattering amplitudes

In order to study the production on Majorana neutrinos N in an electron-proton col-
lider we calculate the scattering cross-section for a process where an electron encounters
a “parton” (quark) constituent of the proton, producing an N. This kind of processes are
commonly treated in introductory quantum field theory and particle physics books under
the name deep inelastic scattering. The general kinematical treatment of parton-model
collisions in the case of hadron colliders is introduced in the appendix and can be
found useful in this easiest case.

The production process for an IV out of the scattering of an electron and a light
quark inside the proton can take place by an effective vertex (I) in ﬁg which receives
contributions form the four-fermion interactions we obtained in , and the SM udW
vertex together with the WIN vertex inE] (3-11). The decay vertex (II) also receives
contributions from the same operators.

Figure 5.1: Diagrams contributing to the production of Majorana neutrinos in ep col-
liders.

We calculate the cross-section for the production of the Majorana neutrino according
to the processes shown in fig[5.1] T write here only the lagrangian terms contributing to

2These are the ones depicted in ﬁg contributing to OvB3-decay.
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the studied process, which come from the lagrangian terms in (3.11]) and (3.12)

043/) WTH N pyer, + agg driv"uriNRY.€Ri+

Ltree _ i 7mWU
eff 7 A2 V2

agl)dL’iuRJNeL,i — Ong)éLJNR’L_LL’Z'dR,i + aggﬂL,iNRéL,idR,i} + ...+ h.c. (51)

Taking the center of mass energy /s = /4E.E,, ¢ to be the parton level scattering

cross-section, and with x the usual deep inelastic scaling variable, defined respectively as
in secs. [B.2.1] and [B.2.3] we obtain the cross-section

o(ep — 1T + 3jets) = Z /12 ) dxfi(x)o;(xs) (5.2)

where ¢ = 1 corresponds to the channel eu — Nd and ¢ = 2 to the crossed channel
ed — Nu obtained by the crossing symmetry. The function fi(x) represents the u(x)
parton distribution functionE] (PDF), fa(z) the one for d(z) and the parton level cross-
section is

(}i(xs):/(27r)45 e tpu— S kLR [T & %3 | (5.3)

j=14 j=14

The squared scattering amplitudes in the narrow width approzimation (reviewed in sec]A.1.2))
are:

2 e _
0T = (s ) 30 =m0l POAG P + A5 P) (54)
where
2 4 2
Al = [4(us, (s, — asy) + @) (ka - pu) (kN - pe)+

(4, 22 + g, (s, — as,)) (ka - pe) (kn - pu)
+(asy s, + 4aiy ) (ka - kv ) (pe - pu))

_ 16
AGHE = 5 [T P (b - L) s - La) + o, (o - L) s - L)
4
AGHE = 1 (03, +a¥, — asyas,) (L la) (ki - k) +

(O‘%;), - 04520453)(kl+ : ld)(lu : kN) + Q5,08 (lu : kH)(ld : kN)] (5'5)

with H%,) =mi, [ (=2(py - ka) — M), Hg/) = m3,/(2(ly - lg) — m¥,). The final leptons
can be either of et u™ or 77 since this is allowed by the interaction lagrangian (5.1)).

3 A plot of the z-dependence of the proton PDFs can be found in fig.
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All these possible final states are clear signals for intermediary Majorana neutrinos, thus
we sum the cross-section over the flavors of the final leptons.

The total width (I'y) for the Majorana neutrino decay we used for the numerical
results in this work is the one calculated in [155], only taking into account the fermionic
decays shown in sec{d.2.2] which are dominant in the Majorana neutrino mass region
considered.

5.3. Numerical Results

For the numerical study we assume an LHC-like beam of protons with an energy of
7 TeV, while examining two choices for the electron beam. We consider a low energy
scenario with an electron beam of E, = 50 GeV (Scenario 1), and other high energy
scenario with E, = 150 GeV (Scenario 2). For each experimental setup we assume a
baseline integrated luminosity[ﬂ of L = 100 fb~! which is close to the values discussed for
the LHeC proposal [157].

The branching ratios, cross sections and discovery regions for the Majorana neutrino
in the effective lagrangian approach considered in this chapter depend on the quotient of

the coupling constants 049), associated with the operators in ([5.1]), and the new physics
(

scale A squared i.e. m}) = a\(})/AQ, in addition to the Majorana neutrino mass my. The
considered operators are bounded by LEP and low energy data and we have also taken
into account the bounds on the operators which come from the Ovgg-decay.

We start this section discussing the SM backgrounds, the LEP, low-energy data and
Ovgg-decay bounds, before showing our results for the scattering cross-section for the
process e"p — l;f + 3jets, the different distributions and cuts implemented, and the
Majorana neutrino discovery regions for both considered scenarios.

Standard Model background

The considered signal, being a lepton number violating process, is strictly forbidden
in the SM, assuming that baryon number is also preserved, as we already discussed in
sec[1.4.4] In fact, the SM background will always involve additional light neutrinos that
escape the detectors and generate missing energy. This fact makes the signal very clean
and difficult to mimic by SM processes.

As was pointed out in [160], the dominant background comes from W production,
with its subsequent decay into charged leptons IT (et, u™,77). In particular, the process
e~ p — e ITjjjv is not distinguished from the signal if the outgoing electron is lost in
the beamline. This process is dominated by the exchange of an almost real photon with
a very collinear outgoing electron (py — [T jjjv). This last process, convoluted with the
parton distribution function (p, /) representing the probability of finding a photon inside
an electron, is found to be the major contribution to W production. The simulation of

“The instantaneous luminosity is the number of particles passing each other per unit time through
unit transverse area at the interaction point. The reaction rate, i.e. the number of scattering events per
unit time is directly proportional to the luminosity: R(s) = o(s)L.
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the background processes was done using the program CalcHep [162]. In section m
we discuss different cuts that can be made in the phase space to increase the sensitivity
and improve the signal to background relation.

Effective couplings bounds

The heavy Majorana neutrino couples to the three flavor families with couplings
/if;) = ag) /A2
From the electroweak precision tests bounds discussed in sec[3.4] considering the most
stringent bound in [13] and for a generic new physics scale A we have

KW ED = ABTEp/A? < 0.32/A% (5.6)

By the time this work was published, the neutrinoless double beta decay bounds were
still constrained by the results from the GERDA Collaboration [121], giving:

v 1/2
KovBB = a(j)xfﬁ < 7.8 X 10_8 (%) TGV_Q, (57)

so this numerical value is the one used in defining our benchmark effective coupling sets,
as I explain in the following.

Signal Cross section

We have already discussed in the previous section that some of the operators that
contribute to the Ovgg-decay may be strongly constrained. Therefore, for studying the
Majorana neutrino production cross-section in ep colliders and the following decay N —
[T 4 2jets we analyze two situations: in Set I we consider the case where the effective
couplings for the operators that do not contribute to neutrinoless decay take all the same
value @« = 1. In Set II we consider all those effective couplings to be equal and limited
by the neutrinoless double beta decay bound .

In fig]5.2a] we show the results for the cross-section, as a function of the Majorana
neutrino mass my, for the considered electron beam energies: E. = 50 GeV (Scenario
1) and E. = 150 GeV (Scenario 2) for both Sets I and IT. We have considered /s < A
in order to ensure the validity of the effective lagrangian approach. We display here the
results for A = 2500 GeV'.

The phase space integration of the squared amplitude is made generating the final
momenta with the Monte Carlo routine RAMBO [143]. This allows us to make the
distributions and necessary cuts in the phase space to study the possibility of discovering
Majorana neutrino effects.

5.3.1. Distributions and Kinematical Cuts

The dominant backgrounds for the studied process have been analyzed in |160]. In
particular they conclude that a cut that could be effective to separate signal and back-
ground is to reject events where the outgoing ™ does not have a minimum transverse
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Figure 5.2: Cross section for the process ep — NX with N decaying according to Ref.
[155] (a) and Background dependence with missing Ep (b).

momentumﬂ On the other hand, as the signal only includes visible particles and the
background includes at least one neutrino, another possible cut is imposing an upper
bound on the missing transverse energy. We follow this approach and implement the
mentioned cuts. In fig[5.2b] we show the behavior of the background with the maximum
missing energy Ep for the scenarios where E, = 50 GeV (Scenario 1) and E, = 150GeV
(Scenario 2). A cut of Ep e, < 10 GeV, which is a reasonable value for the detector
resolution, has not appreciable effects on the signal but significantly reduces the back-

ground.
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Figure 5.3: Differential cross-section of signal and background in function of transverse
momentum pp+. The cut in missing Er is included.

®The transverse momentum pr is defined in , and missing transverse momentum and energy in
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In fig[5.3] we show the differential cross-section for the background and the signal for
different values of the Majorana mass as a function of the transverse momentum pp;+
of the anti-lepton. In this figures the cut on the missing energy Er has already been
included. As it can be appreciated, the background is mostly concentrated at low values
of pr+, and a cut imposed on pr_,’"iﬁﬁ could be effective to improve the signal /background
relation.

Finally, in figl5.4] we show a plot comparing the magnitude of the signal for different
values of the Majorana neutrino mass (solid lines), and the background for different
E7 maz cuts (dashed lines), depending on the p%ﬁ cut imposed. In both figures the
arrows indicate the value of the cuts used in the analysis: we impose py;+ > 90 GeV and
E7 miss < 10 GeV in order to reduce the background without appreciably decreasing the

signal.
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Figure 5.4: Comparison between signal and background for different Majorana neutrino
masses, cut in missing Er and the transversal momentum of the final lepton pp;+. The
solid lines show the cross section for the signal, and the dotted lines, for the background.
The arrows indicate the cuts and backgrounds used in the analysis.

5.3.2. Discovery Regions

In order to investigate the possibility of detection of Majorana neutrinos in the process
under consideration, we study the region (discovery region) where the signal can be
separated from the background with a statistical significance higher than 50. We use
the method of the effective significance described in [163,/164]. There they show that the
effective significance is well approximated by

S =2(v/ns + np — Vrp) — k() (5.8)

with k(a)=1.28 for @ = 0.1 where 1 — « is the probability of measuring a number of
events bigger than a value ng, such that the probability (3) that the Standard Model
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Figure 5.5: Majorana neutrino discovery regions at 5¢ in the s, my plane. The hori-
zontal line represents the low-energy and LEP limits discussed in sec.

reproduces such number is rather small, < 3 x 1077 for S > 5 (5o-test). In (5.8)
ng = Log and ny = Loy, are the number of events for signal and backgrounds, being L
the luminosity.

In fig[5.5] we show the discovery regions for different values of the Majorana neutrino

mass my, and the quotient mg) = 045;)/ A%, As we explained in secm we consider the
case in which all the Ov35 contributing coupling constants ozfé) (generically «) are non-
zero and equal, so that k < ko,ag in (5.7). The figure shows that Majorana neutrinos of

masses up to near 700 GeV for Scenario 1 and 1300 GeV for Scenario 2 may be detected.

The maximum allowed value for the Majorana neutrino mass corresponds to the
intersection between the Ov33 bound and the contour of level five for the surface
S (5.8), this is: S(mu,A) = 5. The last equation can be written as ag,gs/A% ~ f(my)
where f is a function of my and the collider energy, but independent of A. Thus, the
intersection and then the maximum possible value for my is almost independent of the
new physics scale Aﬂ

Systematic uncertainties are hard to estimate without a detailed reconstruction of
the detector, but they are expected to be around a few percent [165]. However, the
influence of the background systematic uncertainties in the result is small, because the
background itself is small. In the case of the signal we have calculated the modifications
for the discovery region if the number of events for the signal is changed by +30%. The
results are shown in figl5.6] showing no appreciable change in the region.

SProvided thet the signal is larger than the background.
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Figure 5.6: Sensitivity of the discovery regions to a £30% change in the number of signal
events.

5.4. Summary and perspectives

In order to investigate the possibilities for discovering Majorana neutrinos in an e™p
collider at CERN (LHeC), we have calculated the cross-section for the lepton number
violating process e"p — lj + 3jets in an effective lagrangian approach, complementing
previous analyses for this facility involving typical seesaw scenarios.

While models like the minimal seesaw mechanism lead to the decoupling of the heavy
Majorana neutrinos, predicting unobservable LNV, the effective lagrangian framework
considered in this work parameterizes the new physics effects in a model independent
way, enabling the occurrence of sizable LNV signals for effective couplings af}) of order
one.

We have calculated the total unpolarized cross-section o(e™p — l;-’ + 3jets) for dif-
ferent values of my, the effective couplings af;) and the new physics scale A, and im-
plemented cuts in the phase space that can help to enhance the signal to background
relation. We obtained the Majorana neutrino discovery regions at 5o statistical signifi-
cance, combining the effect of the SM backgrounds with the most restrictive Ovgg-decay
bounds for the effective couplings.

Our analysis shows that the LHeC facility could discover Majorana neutrinos with
masses lower than 700 GeV and 1300 GeV with a 7 TeV proton beam, and electron
beams of E, = 50 GeV and E, = 150 GeV respectively. Thus, we find lepton-proton
colliders could provide a new probe of the Majorana nature of neutrinos, shedding light
on this fundamental unsolved issue in particle physics.

I now move on to introduce our study of the possible Majorana neutrino phenomenol-
ogy in the CERN Large Hadron Collider (LHC).






Chapter 6

Not-that-heavy Majorana neutrino
signals at the LHC

In this chapter I present our work on the LHC phenomenology for the effective la-
grangian approach introduced in chapter . This chapter is based in the preprint [5],
currently under revision.

We consider the possibility of Majorana neutrinos production at the Large Hadron
Collider (LHC) by studying the pp — ljl;“ + 2 jets (I; = e, ) process which, due
to leptonic number violation, is a clear signature for intermediate Majorana neutrino
contributions, as we studied in chapter[2] Majorana neutrinos with masses of a few GeV
are long-lived neutral particles. Following the ideas in sec[d.4] we take advantage of its
measurable decay length: in the same-sign dilepton channel (ss-dilepton), we exploit this
fact imposing cuts that help in rejecting the SM background, and analyze the distribution
corresponding to the angle between the final leptons in the lab frame, using a forward-
backward-like asymmetry to study the effects of the different gauge invariant operators.
We also study the pp — lju’y process, which is dominant for low my masses if tensorial
one-loop generated new physics contributions are present. This channel could be observed
at the LHC with the aid of non-pointing photons observables and cuts on the displacement
between the prompt lepton and the photon.

6.1. Introduction

The inquiry on the Majorana nature of neutrinos has led to dedicated searches for
evidence of lepton number violation (LNV) at hadron colliders in the very well known
same-sign dilepton channel pp — IJ1] + 2 jets [15,]17,21,23,[106,119,166173], and
recently including new production mechanisms [1745176]. Also, the chances to discover
heavy Majorana neutrinos in e*e™, e”p, e~y and v colliders have been studied [|4}/16]
19195, /153-155,|159,/160,(177|. Searches for heavy Majorana neutrinos in the ss-dilepton
channel are currently being performed at the LHC [178-182].

The effective model we are working with [15] has been tested in the LHC [181}/182]

for Majorana neutrino masses above 100 GeV in events with high transverse momentum
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objects including two reconstructed leptons and jets, for /s = 7 TeV. The data are
found to be in agreement with the expected SM background, leading to limits in the
effective couplings and new physics scale for some selected operators. If this kind of
sterile neutrino exists for my < my, the produced jets in the final state l;rl;f + 2 jets
may not pass the cuts required to reduce backgrounds, as pointed out, for example,
in [183].

Indeed, for masses my around a few GeV the Majorana neutrino we are considering
behaves as a long-lived neutral particle, with a measurable decay length, as we showed
in figlf.T2] This gives us a new means for probing the effective new physics at this lower
mass scale, taking advantage of displaced vertices techniques. Recent works use displaced
vertices for studying heavy sterile neutrinos in the LHC [124}[127,/130,(172}/184] and future
colliders [129,/185].

In our previous work [2] presented in chapter f we found that for my < 30 GeV the
dominant neutrino plus photon N — v~ decay channel is given by the contribution of
effective tensorial operators generated at one-loop in the unknown underlying ultraviolet
theory. As this channel cannot shed light on the Majorana or Dirac nature of heavy
neutrinos, we first tackle the LNV same-sign dilepton signals for low Majorana neutrino
masses neglecting the contribution of the one-loop generated operators. This enables us
to test the capability to discern between the different gauge invariant operators contri-
bution to the pp — ljlj + 2 jets process, using a forward-backward like asymmetry, and
imposing displaced-vertices cuts that reject the SM background.

In spite of not being a LNV signal, a study of the dominant neutrino plus photon
decay channel is included in this chapter, motivated by the finding that long-lived neutral
radiatively decaying particles like the Majorana neutrino /N could explain the MiniBooNE
[138/139] and SHALON [140| anomalies [2], following sterile neutrino explanations for
these experimental puzzles [141] as we saw in sec The radiative N — v~ channel
can be observed by the signature of an isolated electromagnetic cluster together with
missing transverse energy, where the photon originates in a displaced vertexﬂ New
physics searches involving displaced photons and missing transverse energy have been
performed at the LHC [123}|151], mainly dedicated to SUSY searches, and searches with
the same final state: lepton, photon and missing Ep [186].

Again, as I mentioned in chapter [ the basic concepts on particle detection and
kinematical variables for hadron colliders are introduced and discussed in the appendix
and the reader is referred there for many definitions not included in the text.

6.2. Effective model

In this chapter we study the well known same-sign dilepton Majorana neutrino signal
pp — ljljjj schematically depicted in ﬁg. and the new pp — l;rwy neutrino plus
photon channel shown in fig]6.7] The relevant effective lagrangian terms contributing to
the studied processes are discussed in the following.

!Hence the name non-pointing photon.
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For the production vertex I in figs[6.2] and and the decay vertex I7 in figl6.2]
we have tree-level generated contributions from the effective lagrangian coming from
the operators in , related to the spontaneous symmetry breaking process, and four-
fermion contributions from the operators in ({3.8)):

1 mwv i — - _
ﬁi}efe = {— Oégfy) WTH N pyer + Oé%dRﬂ“UR,iNR’meR,i—l—
2l Ve
(4

asl)JLJuR’Z‘NeL,i — agQ)éL,iNRaL,idR,i + agzaL,iNRéL,idR,i} + ...+ h.ec (6.1)
where the sum over the families ¢ is understood and the constants ag) are associated to
specific operators according to sec[3.3|

For the N — vy decay vertex I in figl6.7 the considered lagrangian terms are
generated by one-loop level tensorial operators in (3.18)):

1-1 —iV2v, ‘ A) -
Lo = e (a(LZicW - a(insW)(PIE ) 0y 0" Np A)) + ...+ hee. (6.2)
where —P) is the four-momentum of the outgoing photon and a sum over the family
index ¢ is understood again. The coupling constants a(L? , are associated to the specific
operators: '

@ _ @ @ _ @)
&L, = OB %Ly = ONwe
The effective operators can be classified by their structure into scalar, vectorial and
tensorial. The scalar and vectorial operators contributing to the studied processes are
those appearing in (6.1)) with couplings named as, , 3 and aw, v, respectively. They
play a role in the production and decay vertices for the pp — lflj + 2 jets process, and
only in the production vertex for the l;ryfy channel. The one-loop tensorial operators in

(6-2) drive the N — vy decay}

6.2.1. Effective coupling bounds summary

As Iintroduced in sec[3.4] in order to put reliable bounds for the effective couplings,
we take into account existing experimental constraints on sterile-active neutrino mixings,
relating the U;y mixings in Type-I seesaw models with our effective couplings by the
relation (3.21])

9 av?\’

For the couplings involving the first fermion family the most stringent are the Ov35-decay
bounds obtained by the KamLAND-Zen Collaboration [112] which give us an upper limit

aff' <32 % 107 (igep) /7 for A= 1 Tev.

?BEquations (6.1) and (6.2) show explicitly only the lagrangian terms contributing to the studied
processes.
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Concerning the second fermion family, for sterile neutrino masses 2 GeV < my S

~

10 GeV the upper limits come from the DELPHI Collaboration [97] leading to the value
a%’%ﬁ% g1 S 2.3, In the lower mass region the kinematic searches we commented in sec.
also give competitive constraints. The Belle |[110] and LHCb [111] Collaborations
find upper bounds in the 2 GeV < my < 5 GeV region. However, it must be taken
into account that these results depend heavily on the considered decay modes for the
sterile N [187H191]. The bound from Belle is still the most stringent, giving a value
abound <0.3

Belle ~ %"

For higher masses in the range my < my the upper limits come from electroweak
precision data (EWPD) and radiative lepton flavor violating (LFV) decays as p — ey
[13,/93,98,/104] giving a bound a%9¥rd ) < 0.32.

In order to simplify the discussion, for the numerical evaluation we only consider the
most stringent bounds, taking the couplings associated to the operators that contribute

bound

to the OvfBS-decay for the first family as restricted by the corresponding bound ALEH
and the other constants are restricted to the value a**"® < 0.3. For the 1-loop generated
operators we consider the coupling constant as 1/(1672) times the corresponding tree-
level coupling: al~loP = o!¢¢/(167%). Thus, for example, for the operator Oy, which
contributes to OvBS3-decay we have

O _ 1 bound
Opy = 1672 040?,%% :

6.2.2. Low mypy kinematic features

As we mentioned in the introduction, Majorana neutrinos with masses of a few GeV
are found to be long-lived neutral particles that could be searched for in the LHC with
displaced vertices techniques. In this chapter we exploit this long decay length in order
to search for the production of Majorana neutrinos.

In higher my regions the same-sign dilepton (171" jj) signal has been thoroughly
studied in colliders and, as we mentioned in the introduction, this signal has been studied
in the effective framework we consider here [15], and searched for in the LHC [181,/182| for
mpy above 100 GeV. Up to now, all LHC searches for heavy Majorana neutrinos [178-182]
in these final states are performed without considering the possibility of a sufficiently long
heavy neutrino lifetime making the decay vertex to be displaced from the production
point.

The decay length of the Majorana neutrino, and its flight direction in the lab frame
can be determined as:

1/2
LI 3 Ex <(EN/mN)2_ 1) (6.4)
N — = N PN — = . .
kx| kx| Iy

Here ky is the N momentum, 7y is its lifetime, and Sy is the N speed in units of the
speed of light. E2 = |ky|? +m2% and Iy is the N decay width.

In order to make a preliminary survey we study the same-sign dileptons plus jets
and the lepton and neutrino plus photon channels making a parton level Monte Carlo
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simulation with the RAMBO [143] routine. The effective new physics energy scale A in
is taken to be A = 1 TeV and the c.m. energy of the hard processes /s < A to
insure the validity of the effective lagrangian approach. The numerical values for the
effective couplings are taken as explained in secl6.2.1] In this work we only consider
Majorana neutrinos with masses my < 10 GeV because these are the values leading to
an N decay length -and thus a vertex displacement- measurable in the LHC. This was
shown in chapter In figure we found that the decay length of the Majorana
neutrinos, for energies Ey < 5 GeV, lies in the detectable range (1072 — 1) m in the
LHC for massed’| my < 10 GeV.

The measurable decay length of the few-GeV mass Majorana neutrino will be ex-
ploited by counsidering two distinct observables: for the ss-dilepton signal, we find that
the vertex displacement can be measured by obtaining the distance between the traces
(in the detector lab frame) of both outgoing leptons, a prompt one coming from the N
production vertex, and the other originated in the decay vertex. For the neutrino plus
photon channel, we consider the distance between the prompt outgoing lepton and the
displaced photon traces, and also the non-pointing photon observables defined in recent
new physics searches in ATLAS [123}|151].

10° — 10 ——————————————————
Hroy+ X e
etvy+X
100 F 4 r
L ] 107! |- -
s T s . ]
g - T . g
> r b L -
e pt 2+ X i 107 //,/"' e 1 2]+ X .
w07 ] L
102 T S S N T SO NSO SO S SO S S i o S T T T S S S B S S | L
2 4 6 8 10 2 4 6 8 10
my [GeV] my [GeV]
(a) Anti-muon channel. (b) Positron channel.

Figure 6.1: Total cross sections for the pp — [Tvy+ X and pp — 71T +2 j+ X
processes.

In the effective framework we are working with, the dominant decay channel in the
few-GeV mpy mass region is the N — v+ channel. Considering on shell N production, the
cross-section for the ss-dilepton process can be written in the narrow width approximation
as the product of the production cross-section by the decay channel branching ratio:
o(pp — lljj) ~ o(ud — IN)Br(N — ljj). Taking into account non-zero values for the

3for the couplings set A which is the one corresponding to the numerical values considered in this
work.
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scalar, vectorial and tensorial couplings, the cross sections for the (17 jj and the [Ty~
final states are shown in figl6.1] for the final prompt anti-muon (a) and positron (b)
channels, respectively.

The radiative N-decay channel completely dominates the low mass region and is
driven by tensorial one-loop operators. Then, for the study of the LNV same-sign dilep-
tons plus jets signal, we fix the one-loop generated couplings to zero a!~*°? = 0. This
allows us to focus our interest in distinguishing the effects of the vectorial and scalar
operators on the signal, as it is not sensitive to the tensorial operators effect.

In ﬁg. one can also appreciate the diminishing effect of the agloj%%d value on the

[T = eT channel: the cross-section for the second family /™ = uT is appreciably higher,

due to the more relaxed bound a%’;fl?f.

6.3. Same sign dilepton signal

For calculating the scattering cross-section of the pp — ITN — [TITjj process, we
consider the hard scattering of quark partons inside the colliding protons in the LHC
beams. The hard scattering of protons is studied in detail in the appendix There
it is argued that due to the dependence of the parton distribution functions of valence
quarks inside the proton on the scaling momentum fraction x shown in fig. [B.I] one can
consider, in a first approximation, the parton hard scatterings we take into account in
the diagrams in fig[6.2]

Thus, using the effective lagrangian in (6.1, we calculate the cross-section for the
production of the Majorana neutrino for the ud hard process.

Figure 6.2: Diagrams contributing to the process pp — [T17jj.

Considering that the leading contribution to the process takes place when the Majo-
rana neutrino is produced as a resonance, we can treat it in the narrow width approxi-
mation studied in sec. [A.1.2] Then the corresponding amplitude for the process can be
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written as the product of the production and decay amplitudes (see (A.12))):

—im i) - - v T l v
M = B P () {Tw (@)l all)w Prola)az)y” + ol all)w Protla)at)y
+al§] a(l) Pro(la)a(lz) — o) (k) Pro(la)i(la) + o) a(l2) Pro(ia)a() }

x { =T (a)al) 3 Pro () o(pa)y Pru(pa) + o) 5, Pro(i)(pa) 7 Pru(pa)
+al) PLo()o(pa) Pru(pa) — o) Pro(l)o(pa) Pru(py)
+af) Pru(p)o(pa) Prok) } (6.5)

where [; and [ are the four-momenta of the final leptons, p, and py are the four-momenta
of the initial quarks and, [, and [; stand for the four-momenta of the final quarks. The
W propagator is encoded in Ilyy:
2 my
Ow(q®) = 53— 5 @1 =pu+tpis G2=lu+la, (6.6)
q= — My,

and kp is the four-momentum of the intermediate Majorana neutrino, and its propagator
contribution is written as in (A.12):

1
(k3 —m3)? + (mnTn)?

Py (k) = (6.7)

Taking the center of mass energy /s = 14 TeV, 6 and § to be the parton level

scattering cross-section and squared center of mass energy, and x1 and xs the scaling
fractions for the initial partons uw and d respectively, we obtain

1 1
o(pp — 1M1 + 2jets) = / / ) dridza(fu(z1) f7(z2) + fulz2) f7(z1))0i(T1225) (6.8)

where the minimum value for z1 and x5 is @, = m%;/s and the function f,(z) represents
the ¢(x) parton distribution function (PDF), as in sec|B.2.1] The parton level scattering
cross-section is written as usuall

M2
|2; dd,, (6.9)

6i(8§ = x1x98) = /
with M in (6.5)), the four particle phase-space in (A.1]) and m,, the proton mass.

In view of the discussion given in the introduction, we study the few-GeV mpy region
for the ss-dilepton signal taking into account the separate effects of the scalar and vec-
torial operators, neglecting the tensorial operators contribution. To see the effects from
the scalar operators we set the coupling constants corresponding to the vector operators

“The definition is given in (B.2).
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o and oy equal to zero. Similarly, to study the contribution from the class of vector
operators we set the couplings ag,, ag, and ag, equal to zero. Throughout this section
we present our numerical results summing over the final leptons possibilities (lfl; = ey,
pe, €€, fift).

As the considered signal is a LNV process, it is strictly forbidden in the SM, and the
background always involves additional light neutrinos in the final state that escape the
detectors as missing energy. The SM backgrounds have been extensively discussed in the
literature [23,{106},119|173|, and in recent experimental searches [178,179].

The background for these searches can be classified into prompt leptons, charge-flip
opposite-sign dileptons and misidentified leptons. The first are SM events resulting in two
genuine same-sign leptons. These include the following processes. Diboson production
(WZ, ZZ) giving ss-dileptons when both Z and W decay leptonically and one lepton from
Z decay cannot be isolated or is missed out of the detector coverage. Also, tt-plus boson
(ttW, ttW, ttZ) processes contributing to the signal when the tops decay hadronically
and the bosons decay leptonically. Triboson (W*W*WT) and double W-sstrahlung
(WW3jj) as well as double parton scattering (¢q¢' — W). The charge-flip events originate
in opposite-sign dileptons signals in which an electron undergoes bremsstrahlung in the
tracker volume and the associated photon converts into a ete™ pair. Here the opposite
sign electron can be misidentified as the primary electron if it carries a large fraction
of the original electron’s energy. This effect is negligible for muons. The last group
includes objects misidentified as prompt leptons, originated in B-hadrons decayf], light
quark or gluon jets and photon conversions, and mainly ¢¢ in which a top quark yields
a prompt isolated lepton (¢ — Wb — Ilvb) and the other same charge lepton arises from
b quark decay or a jet misidentified as an isolated prompt lepton. This is the dominant
background for the my < myy region [106L[178] and it cannot be easily eliminated in the
few-GeV my region, as the cuts imposed on the final leptons pr in order to reject those
coming from b decays can also affect the signal. Distributions on the invariant mass of
the 13 jj system M (I3 jj) ~ my could help to distinguish the signal from backgrounds
[1711183].

Taking into account the vertex displacement could help to reduce the background,
and this is why we study this very interesting feature for the low mass region. Recent
LHC searches exploiting the long-lived particles displaced vertex feature in final states
with charged leptons and jets [125,[192H194] originally intended for SUSY particles [195]
are currently being used for studying models with right handed massive neutrinos [130].

We calculate the distance between the traces of the charged leptons, which, almost
always, is different from zero since the vertices are displaced. A sketch in fig. shows
the L!'"1" distance definition.

In our parton level Monte Carlo numerical simulation the distance between the
straight line containing the flight direction of the prompt lepton produced in the pri-
mary vertex and the one for the displaced secondary lepton can be found as the length
of the segment orthogonal to and crossing both traces: ﬁlf and ﬁl; in fig}6.3al This line

®The B-hadrons are those containing b quarks.
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Figure 6.3: L' definition and differential distribution.

N . L N R . +t
has the direction of the unit vector A = A+ X A+ /|R+ X 7+ | and the distance L' can
1 2 1 2

be calculated as LT = - Iy, with the definition given in (6.4).

The distribution of the signal distances between the lepton’s fly directions is shown
in figl6.3b] for various few-GeV my masses. In order to reject the prompt ss-dilepton
background, we set this cut up to ot =1 mm, which is approximately the precision
of the detector, discarding events for which the distance between the traces of the final
leptons is less than 1 mm. In this way, we conveniently eliminate the background, since
the distance between the traces would be zero if this final state (up to additional non-
detectable neutrinos) comes from standard interactions. In fig[6.4]we show the scalar and

o [pb]

6 GeV

0.006 0.008 0.01 0.006
L™ [m] L™ [m]
(a) Vectorial (b) Scalar

Figure 6.4: Contribution of the vectorial and scalar operators to the cross-section for

. - . +7+
different my values as a function of the cut in Lﬁm-ln .
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Figure 6.5: Angular distribution of the final leptons for my = 5 GeV and for the
contribution of the vectorial and scalars operators.

vectorial operators contribution to the ss-dilepton cross-section, for different my values,
as a function of the cut in the minimal displacement distance Llrzll; .

Once the displacement between the Majorana production and decay vertices is used
to reduce the background in the few-GeV my region, we are interested in testing the
separated contributions of the vectorial and scalar operators to the process, in order to

obtain information about the new physics behind these effects.

Using the angular distribution do/dcos@ where 6 is the angle between the outgoing
leptons tracks in the lab frame, we construct a forward-backward-like asymmetry Al; El:

as a function of the number of events in each hemisphere:

i Ny — No

A S S
FB-™ N, + N_

(6.10)

where Ny is the number of events 0 < # < w/2 and N_ is the number of events with
m/2 < 6 < 7. This asymmetry does not require the prompt lepton assignment needed
for calculating the usual App for the underlying production process pp — [TN, also
avoiding the identical colliding beams problem [15].

As can be seen in fig[6.5] where we show the angular distribution for a mass of my =
5 GeV, the contributions from both the scalar and vector operators lead to an unbalance.
In order to estimate the chances of disentangling the contributions corresponding to the
scalar and vector classes of operators, we study the angular asymmetry Al;g, taking
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Figure 6.6: Asymmetry in the angular distribution between the final leptons, with the
errors estimates as defined in the text.

into account the error

2 2
8Al+l+ aAlJrH
AALL = (ﬁ) (ANL)? + (aNFf (AN_)2. (6.11)

Assuming the number of events to be Poisson distributed, we write

AN+ = \/N+ and AN_ = \/N_

and a straightforward calculation leads to

1— (Al+l+)2
AALCL — |2 \FB ) 12
i = (6.12)

The results for the Al;g observable for the vectorial and scalar operators cases are
shown in figsl6.6a] and We find that for the scalar set of operators the asymmetry
is compatible with zero, but the vectorial set shows a clear effect, different from zero, by
several standard deviations. All the figures include the LU S 1 mm cut.

6.4. Prompt lepton and displaced photon
plus missing Er signal
As we found in chapter [, the N — v+ decay channel dominates the low my region

and is driven by one-loop generated tensorial operators. If one includes these in the N
decay width calculation, this decay mode would overshadow the ss-dilepton signal. So in
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the case that new physics involving tensorial modes is present, in this section we explore
the chances to observe the pp — [Tvy process in the LHC.

The cross-section for the production and decay of the heavy Majorana neutrino hard
process we study can be written as:

N R 1 —2
U1LJ—>Z+V7(S) = / ?"A/” d®s
5
Here the squared scattering amplitude in the narrow width approximation is

2 ™
M=

— 5 ]{?2 a2 12 112
S — )M

with the amplitude for the production vertex I in fig[6.7 being

4 i
M = 5 |k (papo)lag” + ag(al) — )]

+(lpa) (k) [0l o) + 40l

(1) (pukn) [0 () — o)) + 40l Ty ] (6.13)

(4 is the family index for the final charged anti-lepton [;") and the amplitude for the
decay vertex I being

1602

’MII’2 A4

[(k () ew + a%ﬁsmz} (6.14)

where j = 1,2 is the family index for the final neutrino.

Figure 6.7: Schematic momenta in Eqs.(6.13]) and (6.14)).

The background for the [T v+ final state has been studied in SUSY searches in events
with a photon, a lepton and missing transverse momentum at the LHC |186] for high mo-
mentum regions and considering signals where all final particles are produced promptly.
It is classified as misidentified photons or leptons and SM-electroweak background. The
first arises when electrons or jets are misidentified as photons and comes from events
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where a photon converts into an e*e™ pair and an electron fails to register track seeds

due to detector inefficiencies, or a jet is misidentified as a photon when a large fraction
of its energy is carried by mesons decaying into photons. Misidentified leptons are re-
constructed leptons not arising from W or Z boson decays, and come primarily from
heavy-flavor quark decays and hadrons misidentified as leptons. The SM-electroweak
background is dominated by Z, W — ~ events that have the same signature as the signal
events: a photon, a lepton and missing transverse energy (E?”SS) from neutrinos. In the
case of the dominant SM-electroweak background, leptons arise mostly from W — vl
decays, and the EF*** peaks nearly at my /2. In our case, for few-GeV my this back-
ground could be reduced imposing a cut on the v — 7 system transverse mass Mp < my
as defined in [186]. Also, the invariant massﬁ of the ey system can be required to be
different from the nominal Z boson mass, to reduce the background in the [T = e™
channel.

beamline x=y=20

Figure 6.8: Schematic representation of the pp — [Tv+ process and the zpc 4 observable.

For our signal, the smoking gun for the production and flight of the N is its decay
length, that leads to a finite separation between the primary and secondary vertex. We
are mostly interested in exploiting this distinctive displaced vertex feature, in this case
measuring the distance between the prompt lepton track and the displaced photon flight
direction, in order to reduce the backgrounds in the low mpy region.

In the LHC, observables using non-pointing photons have been defined and new
physics searches were performed involving photons originating from a displaced vertex
due to the decay of a long-lived particle into a photon and an invisible particle. This
non-pointing photons and EI’I”SS final state searches [123,/151| are oriented to the discov-
ery of long-lived SUSY particles, but as it is the case for this work, they could also serve
to the purpose of discovering heavy Majorana neutrinos as well. The analysis technique
developed exploits the capabilities of the ATLAS electromagnetic calorimeter to make
precise measurements of the flight direction of photons. This direction can be determined
by measuring precisely the lateral and the longitudinal positions of the photon-originated

5The invariant and transverse mass variables are defined in the appendix secm
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shower in the front and middle layers of the EM calorimeter. The variable used as a mea-
sure of the degree of non-pointing of the photon is called zpc 4, the difference between the
z coordinate of the photon extrapolated back to its distance of closest approach (DCA)
to the beamline (i.e. x =y = 0) and zpy, the z coordinate of the primary vertex [196],

as can be seen in figl6.§]
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Figure 6.9: zpca distribution for the Tvvy channel, for different my values.

The distance of closest approach of the displaced photon can be calculated using the
decay length of the Majorana neutrino defined in . Taking zpy = 0, in ﬁg we plot
the normalized differential cross-section as a function of the distance of closest approach
2pca for the [T = e™, u™ channels.

We find our signal leads to zpca values comparable to those measured in ATLAS
[123,/151] (for a very different studied signal consisting of a diphoton final state) and
could be searched for, with the aid of other my-dependent mentioned cuts suitable for
our signal’s final state.

Indeed, as suggested in sec, cuts on the displacement distance L™ between the
prompt lepton and the displaced photon traces could also be implemented, helping to
reduce the backgrounds. In figl6.10| we show the normalized differential cross-section of
the signal for the [T = et u™ channels as a function of the displacement distance L
defined equivalently as in secl6.3] for different Majorana neutrino masses.

We find that a cut L™ > 10mm would not seriously affect our signal in both flavor
charged lepton channels, for my up to 5 GeV'.

6.5. Final remarks and perspectives

In this chapter we studied the effects of a heavy sterile Majorana neutrino in the
processes pp — ljljjj and pp — l,fy’y in the LHC, modeling the N interactions with
the standard particles by the effective lagrangian studied in chapter [3] As the effective
model we consider has already been tested in the LNV ss-dilepton signal for Majorana



6.5. FINAL REMARKS AND PERSPECTIVES 99

masses over a hundred GeV, and in fact the model predicts that a low mass N behaves
as a long-lived neutral particle with a detectable decay length, in this chapter we focus
on the complementary study of the ss-dilepton channel for low my, using displaced
vertices observables to diminish the backgrounds. As for a few-GeV mpy masses the
dominant decay channel for the N is N — v+, driven by tensorial one-loop generated
operators, for the study of the ss-dilepton signal we assume the new physics does not
involve tensorial contributions, and study the differences between the vectorial and scalar
operators using a forward-backward-like asymmetry in the angle between the outgoing
leptons. Making a statistical analysis we find the contributions from the two operators
groups could be distinguished, and the vectorial operators give an asymmetry clearly
distinct from zero. Including all the operator’s contributions we study the dominant low
my regime pp — lj vy process, finding the signal distribution in the non-pointing photon
observable zpca could allow for the discovery of the signal in the LHC, with the aid of
cuts in the displacement between the prompt lepton and the outgoing photon to reject
the backgrounds.
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Figure 6.10: L'™ differential distribution for the [Tv~y channel, for different my values.

Our findings suggest to deepen this preliminary parton level study in order to ac-
curately model the signals and backgrounds in the LHC with Monte Carlo simulations
including hadronization and detector simulation techniques. The not-that-heavy Majo-
rana neutrinos could be discovered at the LHC in the case the triggers and analyses for
Run II dedicated searches keep reconstruction thresholds sufficiently low to efficiently
tag displaced vertices form signal processes.






Chapter 7

Effects of Majorana Physics on the
UHE v; Flux Traversing the Earth

Neutrino astrophysics is the newest frontier in the field, and neutrino telescopes will
map out the sky in the following years, probing further back in time and deeper into
the ultra high energy astrophysical neutrino sources. In this chapter I present a study
on the phenomenology of the effective Majorana neutrino model we are working with in
connection to neutrino astrophysics, searching for the possibility to detect its effects in
the IceCube neutrino telescope: a huge array in the south pole, covering 1 km3 of ice
with photomultipliers that detect the Cherenkov radiation of charged particles produced
by incoming high energy neutrinos. A brief introduction on the IceCube experiment,
its detection principles, the relevant observables, and the incident neutrino fluxes on the
Earth can be found in the appendix [C]

In this chapter we study the effects produced by sterile Majorana neutrinos on the
v, flux traversing the Earth, considering the interaction between the Majorana neutrinos
and the standard matter as modeled by the effective lagrangian introduced in chapter
The surviving tau-neutrino flux is calculated using transport equations that take into
account the Majorana neutrino production and decay. We compare our results with the
pure SM interactions, computing the surviving flux for different values of the effective
lagrangian couplings, considering the detected flux by IceCube for an operation time of
ten years, and Majorana neutrinos with mass my near the tau lepton mass m,. This
chapter is based on the paper [6].

7.1. Introduction

The discovery of neutrino flavor oscillations still remains as one of the most com-
pelling evidence for physics beyond the SM. While many proposals have been posed to
explain the tiny ordinary neutrino masses, the seesaw mechanism stays as one of the
most straightforward ideas for solving the neutrino mass problem, as we saw in chapter
This mechanism introduces right-handed sterile neutrinos that can have a Majorana
mass term leading to the tiny known masses for the standard neutrinos, as long as the

101
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Yukawa couplings between the right-handed Majorana neutrinos and the standard ones
remain small, and this fact leads to the decoupling of the Majorana neutrinos, due to
a negligible left-right neutrino mixing U;y. Thus, as suggested in 15|, the detection of
Majorana neutrinos (V) would be a signal of physics beyond the minimal seesaw mech-
anism, and its interactions could be better described in a model-independent approach
based on an effective theory, considering a scenario with only one Majorana neutrino N
and negligible mixing with the vy, as we introduced in chapter

Oun the other hand, in the recent years the observation of ultra high energy (UHE)
astrophysical neutrinos in the IceCube telescope [197], with a yet unknown specific origin,
energy spectral shape and flavor composition, as well as the non-finding of tau-neutrinos
in still primary searches performed within these data [198|, raise the question on tau-
neutrino detection in neutrino telescopes.

Moreover -as we introduced in chapter 4} anomalies found in short baseline (SBL)
neutrino oscillation experiments like LSND and MiniBoone [138}/139.(147,/199] have driven
the introduction of light, almost sterile neutrinos which mix poorly with the known light
mass states and could help to accommodate the oscillation data introducing a third
mass splitting. The IceCube Collaboration has searched for these sterile neutrinos [200]
probing light sterile neutrino 3 + 1 models [201,[202] and recently led to new bounds for
the sterile-active muon-neutrino mixing.

As the mixing parameters for the second fermion family with a sterile Majorana
neutrino v, — v, are strongly constrained within the framework of 341 scenarios [93,203],
and motivated by the lack of tau-neutrinos in the UHE cosmic flux in IceCube, in this
chapter we study the possibilities that UHE tau-neutrinos from astrophysical sources may
provide a signature for Majorana neutrino production by giving a surviving flux after
traversing the Earth which may differ from the standard one. In particular the non-
observation of v, going up signal could be a manifestation of a sterile neutrino modifying
the v, flux.

We study the possibility that the existence of Majorana neutrinos coupled to the
tau-neutrinos modifies their interactions with nucleons in matter, and thus change the
surviving v, flux after traversing the Earth. We have studied the bounds on the effective
Majorana neutrino coupling strengths obtained from different experimental data, and
we find these couplings can have appreciable effects on the v, flux attenuation at high
energies. This fact may have an impact on the detection of astrophysical v, flux. IceCube
has recently analyzed high energy neutrino events [204,205|, and found, although with
large uncertainty, consistency with equal fractions of all flavors, but without including a
specific tau-neutrino identification algorithm. If v events are finally found, due to the
increase of detection time augmenting the statistics, then the data can be used to place
bounds on the heavy Majorana neutrino effects we are showing in this chapter.

Many recent papers have studied the IceCube UHE astrophysical events with expla-
nations involving dark matter models with right-handed neutrinos [206-209] and non-
standard effective interactions |210|, and also the chances to probe sterile- tau-neutrino
mixings have been considered [211]. The effects of dark matter and new physics on v,
propagation has been studied by our research group in [212-214].
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In sec[7.3.1] we discuss the relevant processes and the results obtained for the cross-
sections and decay rates. In Sec[7.3.2] we review the passage of high energy tau-neutrinos
through the Earth using transport equations including the effects of Majorana neutrinos.
We solve these equations taking into account the neutral-current regeneration and the
regeneration by the decay of the Majorana neutrino, for different values of { which, as we
will define in the next section, is a combination of the effective couplings and the energy
scale associated with the new interactions. This enables us to compare the surviving flux
with the one obtained using SM physics only. In particular we go to a Majorana mass
region where the effective couplings are less constrained, maximizing the effect on the
survival flux. Finally, in sec[7.4] we present the results and in sec[7.5| a short discussion
with our conclusions.

7.2. Effective model summary

In order to study the effects on the v, propagation through the Earth due to the
existence of Majorana neutrinos N, we consider the dominant processes responsible for
the change in the v, 7 and N fluxes. Besides the SM processes involving ordinary
neutrinos, we have new contributions related with the production and scattering of the
Majorana neutrinos N interacting with matter nucleons (N):

vN — NX, NN — IX, NN — vX, NN — NX. (7.1)

As we studied in chapter [3] the effective lagrangian terms contributing to this pro-
cesses are mainly four-fermion interactions in and those mediated by W and Z
exchange, combining the SM electroweak charged and neutral-current vertices in (|1.56))
and with the SV B lagrangian terms

vmy

L, = % {az(Nuy"NR) (P522,) = ol (Ney'i,) <“$§ij> +---+h.c.}.

In this chapter we make a change in our four-fermion effective couplings, allowing for
family mixing, in order to probe the interactions between the Majorana neutrino N and
first family quarks u, d in matter nuclei in the Earth, the tau lepton and tau-neutrinos
and how their fluxes are modified. Thus, we allow for family mixing in the interactions
involving two or more SM leptons, writing the corresponding effective couplings in (3.12])
as a7 with the indices i, j representing the three different lepton families.

Also, we will take into account the Majorana neutrino decay contribution to the
different fluxes. For the low Majorana neutrino mass region, the dominant decay was
found to be N — 7 v, as we saw in chapter [l For completeness we include in figl7.1] a
plot with the N branching ratios in the low mass region, where the numerical values for
the coupling constants are those given in (|7.16)).

The shown reactions contribute to the transport equations to be presented in
sec|7.3] where the relative relevance of the different terms for the considered mass region
will be discussed.
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08l _
Figure 7.1: Branching ratios - ]
for the Majorana neutrino - .
decay channels in the low oer 3
mass region. The labels rep- & i
resent the decays 0,4
@ N — vyvy, ) N — i
dCZVi(DZ‘), () N — wuv;(p;), 0'2__
(@ N — leptons and (e) i
N — udl;. Here we sum in L
families for ¢ = 1 — 3. Oo '

Experimental bounds on the effective couplings

As we discussed in sec[3.4] the current experimental bounds on the Uy mixings can
be re-interpreted in terms of the effective couplings considering a particular combination
of the couplings and the new physics scale A which we call {p:

apv? 2
0= () (72
where v = 250 GeV represents the Higgs field vacuum expectation value.

For our analysis in this chapter we will consider the three sets of operators called
OsvB, Os—f, O1_j00p, defined as the sets of couplings coming from operators in each
set, as we introduced them in sec[3.3] and the existent bounds on their values. In this
chapter we refine our treatment, calculating explicitly the contributions from different
experiments to the values of the couplings in the three sets of effective operators. We
found that for a Majorana neutrino with mass near the tau lepton mass value my ~ m,
the bounds on the couplings allow for a sizable effect on the tau-neutrino surviving flux
®,_, as we will show in the following.

The couplings (syp can be bounded taking into account LEP and 7 lepton univer-
sality tests results. We consider the LEP bounds on single Z — vN and pair Z - N N
sterile neutrino production searches [96]. Conservative limits for any my mass [96] are

Br(Z — NN)Br* (N — v(7)y) <5 x 1075 (7.3)

Br(Z — vN)Br(N — v(p)y) < 2.7 x 107°. (7.4)

This results are model-independent and hold for the production of a single and a pair
of neutral objects decaying into a photon and a light invisible particle. For the decay
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Process / Coupling CSVB C47f <17loop
Z — NN 1 <7.56 x 10~% - -
ete” - vN 7T - <2.85x 1071 -
ete” - NN - <2.63x 1071 -
Z —UN { - - <6.75 x 1077

Table 7.1: Experimental bounds on the effective couplings.
LEP Ref. [96].

Z — N N we have a direct contribution from the tree level operator Oy g, giving

1 azv? Qm%

For the low my values considered here, we can take Br(N — v(v)y) ~ 1 and then the
corresponding bound is

Cz < 7.56 x 1074, (7.6)

The process Z — v N has no contributions from the operators Ogy p.

Another observable that can put restrictive bounds on the Ogy g is the universality
test from the 7-decay, in the mass range m, < my < m,. Following [93] we define the
quotient R, in the effective model as

L(r = v (N)+ev.) (1 —vr+ebe)+1(1r — N +eb)

R = -
T I'(pu— 1/#4—6176) I'(p— Vu"’elje)
_ (™M ° (gly:)  h(yn,Cso,Cw)
a (%) <g(yu) T S ) (77

The function g(z) = 1 — 8z + 823 — 2% — 1222 In(x) is the SM result for the 7 — v, + ev,
and 1 — v, + ev, decays, with y; = (me/m.)? and y, = (me/m,)? respectively. The
T — N + ev, process receives O4_y and Ogyp contributions, encoded in the function

h(yn,Cso,Cw) = (1= ya)(9¢so(1 + yx) + 12 Csolyn — 1)* + 2¢w (yar — 8yn + 1))
+12 yn In(yn)(3¢s0 — 2¢w) (7.8)

with y = (mx/m.,)?. The observed value for the quotient is R%* = (1.349+0.004) x 10°
[93,|107]. This imposes stringent bounds on both the SV B (y and the four-fermion (go
couplings, but if we take the mass of the sterile NV to be right below m,, these bounds
can be relaxed because the partial decay width is kinematically canceled.

We study now the case of the effective four-fermion interactions. Here we have again
contributions to the LEP process e"e™ — vN and e"e™ — NN but in this case without
the Z resonance, and then we expect weaker bounds than those imposed on the (syp
couplings.
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We consider first the reaction e™e™ — v N calculated at the Z-pole
127 + —
ouN = —5Br(Z — e"e”)Br(Z — vN) (7.9)
myz

where Br(Z — ete™) ~ 3.4 x 1072 and the upper bound for the branching ratio for the
channel Z — vN obtained from (7.4)) is Br(Z — vN) < 2.7 x 107° [96]. Thus, we have

ouny <41 x1079GeV 2 (7.10)

and, as the four-fermion contribution to the cross-section is

e v? 2 2
S SoV my
v 2A2 48mvt

the bound for the corresponding coupling is (g9 < 2.85 x 1071,
On the other hand, we have the reaction e"e®™ — NN with the bound obtained by
LEP and shown in (7.3). Using the general expression for the cross-section at the Z-pole
12
ONN = —5-Br(Z — e*e™)Br(Z — NN)
mz

and in the low mass limit where Br(N — v()y) = 1 we have
ony $82x 1077 GeV 2 (7.11)

In the effective theory we are considering, the operators that contribute to the Majorana
neutrino pair production are the four-fermion operators Opn, Oc.nny and Opyn and the
corresponding cross sections are

o (200)" (7.12)
7 T\ 2az bomvt’ )

where beny = 24, bpyny = 24 and by = 96. Thus, using (7.11) the most restrictive
bound obtained is ¢4 < 2.63 x 1071
In the case of one-loop operators we have contributions to the Z-decay Z — vN

o 1—loop,,2 2 (ew — SW)2 m3
I(Z = vN) = ——Z 1
(2 = vN) ( oA? > 6r 2 (7.13)
and with the experimental bound for the Branching ratio [96]
I'(Z - vN) _5
Br(Z N)=————=527x10 7.14
"2 = vN) = m Sy ST (7.14)

we obtain I'(Z — vN) < 6.7 x 107° GeV/, and thus

CYlfloopUQ 2 B
Cl—loop = <2A2> S 6.75 x 10 4. (715)
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For the Lepton-Flavor-Violating processes e.g. u — ey, 4 — eTe e and 7 — eTe e
induced by the quantum effect of the heavy neutrinos, we have very weak bounds for
my < mw [13,095]. As we already discussed in sec[d.3.2] and sec[6.2.1] there is a clear
dominance of the neutrino plus photon decay channel. From fig[7.I] we can conclude that
the beam-dump and rare LNV experiments bounds are inapplicable, beacuse this decay
mode to invisible particles is not considered in those analyses and it can considerably
alter the number of events found for NV decays inside the detectors [93,94].

The results on the bounds for the different sets of coupling constants (p are summa-
rized in table In consequence, for the Majorana neutrino mass around m, we can
avoid the most stringent bounds, and we will consider for simplicity the following set of
limits for the operators of the respective sets:

Csvyp S T.6x 1074
C4—fermion 5 2.7 x 10_1
Clotoop S T.0x 1074 (7.16)

7.3. Neutrino propagation through the Earth

7.3.1. Relevant processes

In this section we study the different reactions taking place in the transport of tau-
neutrinos in their journey through the Earth. We classify the produced effects as absorp-
tion and regeneration processes.

Absorption effects are all the processes that take out of the flux tau-neutrinos of
energy F/, and regeneration effects are those adding tau-neutrinos with energy F to the
flux. We must consider that beside ordinary neutrinos we have Majorana neutrinos and
tau-leptons produced by the former when they pass through the Earth.

The standard interactions of ordinary neutrinos with the nucleons A forming the
Earth are v,/ — [*X and v, A/ — v, X. Here the charged-current and neutral-current
reactions contribute to the absorption effects of ordinary tau-neutrinos and neutral-
current reactions contribute to the regeneration effects as we will discuss in the next
section.

The production of Majorana neutrinos is driven by the collision of ordinary neutrinos
with nucleons in the Earth, v, N' — NX. This reaction absorbs ordinary tau-neutrinos
producing Majorana neutrinos.

Next, we have to take into account the interaction of Majorana neutrinos with the
nucleons forming the Earth, NN — NX, NN — [*X and NN — v, X. In the same
way as for the ordinary neutrinos, these reactions produce absorption effects of Majorana
neutrinos, as well as regeneration effects for ordinary neutrinos and charged leptons.

Finally we have the Majorana neutrino dominant decay: N — v v causing Majo-
rana neutrino absorption and ordinary neutrino regeneration, and the standard 7-decay
leading to 7 absorption and v, regeneration.
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As we will discus in the next section, only some processes are relevant for the v,
propagation in the Farth. We do not show explicitly expressions for the different cross-
sections because it is a standard calculation. We prefer to show the results as plots for
the interaction and decay lengths for the SM scatterings v, N — I X, v,N' — v, X, the 7-
decay, the Majorana production process v;N — N X, and the N-decay, as they give the
relevant contributions to the transport equations. In the case of Majorana interactions
the dominant contribution is given by the four-fermion operators O4_;.

These lengths are defined in terms of the associated process cross-sections as:

™) =
Ly(B) = W
L™(E) = o
LI (B) = oo (.17)

Here (p,,) is the average number density of nucleons along the column depth on the path
with inclination 6 with respect to the nadir direction, as it will be shown in . The
number density is defined as p, = Nap where Ny is the Avogadro constant and p is the
Earth mass density. The decay functions Xy () are defined in ([7.27).

In fig[7.2] we show the corresponding interaction and decay lengths, along the nadir
direction, as a fraction of the Earth radius, when the couplings take the upper values
shown in (7.17).

In order to take into account the contribution of the N decay to the regeneration
through the N — v~y channel, we follow the approach of Gaisser [215], which is developed
in the appendix sec[C.4l We also take into account the regeneration effects coming from
the 7-decay according to expressions obtained by Gaisser [215] and also shown in [216]. In
fig[7.2b| we show for comparison the interaction length for the other interactions involved.

In the following section we will discuss the relative importance between the different
contributions to the v, propagation.

7.3.2. Surviving neutrino flux

The neutrinos traveling through the Earth may suffer charged-current (CC) and
neutral-current (NC) interactions with the nucleons in their path (see [217,218| and
references therein). Neutrino oscillation within the Earth can be neglected for energies
higher than 1 TeV [219]}

As we mentioned above, the change in neutrino flux ®,_(F,x) as it traverses the
Earth can be divided into two effects: absorption and regeneration. In the SM we have
the total cross-section oy, (E) = occ(E) + onc(E), which represents a probability of

tot v,

!This is because the oscillation length (2.7) is greater than the Earth’s diameter for energies above
this value.
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(b) Interaction lengths for different Majorana neu-
trino processes: (1) NN — IX, (2) NN — v X,
3) v+N — NX and (4) NN — NX.

(a) Interaction lengths: (1) for the SM v, scatter-
ing process (Lfot’SM), (2) for the Majorana pro-
duction process v N — NX relevant for the v,
absorption (qua]) Decay lengths: (3) for the lep-

d
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Figure 7.2: Comparison between the interaction and decay lengths for different neutrino
energies as a fraction of the Earth radius.

CC or NC standard tau-neutrino interactions. When neutrinos pass through an amount
of matter dy = p,(2)dz in a distance dz along the neutrino beam path, where p,(z) is
the Earth’s number density, the change in the flux ®,_(E, x) due only to absorption is
proportional to ®,_(F,x) and to the cross-section:

d®, (E,x)
i o v (E)®y (E, X). (7.18)

Here x(z) is the amount of material found up to a depth z, that is,
@ = [ dn), (7.19)
0

where the number density is the Avogadro constant times the density, p,(2) = Nap(z').

In order to consider the complete transport effect for UHE neutrinos, we have to add
to the effect of regeneration, which accounts for the possibility that neutrinos of
energies £/ > E may end up with energy E due to NC interactions with the nucleons,
adding neutrinos to the flux of energy E. Then the SM transport equation for neutrinos

reads

a(I)V'r (E7 X) _ SM (E) E X +

1
dy dO_l/-,—N%l/-,-X(E, y)
=— q),, (E/(1— .
aX UtOt Vr J T /( ) X) dy

(7.20)
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Here the usual change of variables y = (E' — E)/E’ has been made.

On the other hand, taking into account the sterile Majorana neutrinos production and
decay processes, we have new contributions to the absorption and regeneration effects on
the v -flux. Also, if we consider the v, transport, it is important to take into account
the transport of the 7 lepton which regenerates the v by 7-decay. In the same way,
the Majorana neutrino decay can regenerate the v, flux. So in principle one needs to
simultaneously solve a system of three coupled integro-differential equations:

0®, (E,x) t t 1
T = —O'VT<E)q)l/T(E7 X) + UVT(E)/(; (1 _ y)

1 1

= ap) [ G2 B KB +ohB) [ 2
1 1

L S(E) /0 &@(Ey,x)K:‘EC(E,y)mN(E) /0 “‘i@’wmwy,x)m“(ﬂy)

(7.21)

dy

(I)l/'r (Ey7 X)KI/NTC(Ev y)

(I)N(Eya X)K%N*)VTX(Ea y)

(B)0,(B.x) ~ 2o, (B, ) + Ao (BB(E)D () +

t ! dy NC ! dy cc
UT(E)/O (1 . y) (I)T(EZNX)KT (E7y) + UVT(E)/O (I)VT(EWX)KVT (E7y)

(1-v)
dy

1
+ou(B) [ (B 0K N (E) (7.22)

5 = —oW(E)oN(E,x) — En(E)ON(E, X)

1
dy v
+ UiT(E)/O (1 _y) q)UT(Ey7X)KV:N_>NX(E7y)

1 dy N
+ Uf—(E)/O W(ET(Ey?X)KTN%NX(Evy)

1
+ oh(B) /O ““lyy)wa,x)K%NﬁNX(E,y) (7.23)

In the right hand side terms correspond to the absorption, neutral-current
regeneration, charged-current regeneration by 7 interaction, regeneration by Majorana
neutrino interaction, and regeneration by 7 and N decays.

Equation corresponds to the 7 transport with absorption by interaction and
decay, and regeneration by 7 neutral-current, v, charged-current and by the interaction
of Majorana neutrinos through the NN — 7X reaction. The third term represents the
energy loss due to electromagnetic interactions.
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In eq.(7.23) we have absorption terms by interaction and by N decay. The other
terms represent the N-flux regeneration by the v, 7 and N interactions with nucleons.
In the above equations the cross-sections in the absorption by interaction terms are

o, (E) = opr . (B)+olV 7NN (E) (7.24)

vr

and 0% (F) and ¢t (F) include all the Majorana neutrino interactions in ([7.1)).
The different cross-section regeneration kernels are

1 dUVTN%VTX(Ey’ y)

KEC(Ea y) = ot (E) dy
Vr
KCC(E ) 1 dUTN_WTX(E >y>
T ’y = t
ol(E) dy
1 d NN—=v: X E
K]l:T[N—WTX(E’ y) _ . (E) o - ( y y)
UN Y
KNC(E ) B 1 dO.T./\/‘—VrX(Ey’ y)
A () dy
KCC(E ) 1 dO.VTN—>TX (Eya y)
1Z ’y = t
T oy, (E) dy
1 d NN —=1X E
KRI;N_)TX(E’ y) _ . (E) o v ( s y)
1 d v N—=NX E
KZII/ZJ\/’%NX(E’ y) _ g (E) g y ( Y y)
7 Yy
1 d TN—-NX E
K;'N—)NX(E’ y) _ g (E) o - ( ) y)
Or Yy
1 d NN—-NX E
KRT,'N_)NX(E’ y) _ g (E) o - ( s y)

(7.25)
with B, = E' = E/(1 — y).

The decay kernels for the Majorana neutrino N or 7-lepton are calculated in the
appendix sec[C.4 and in [216] respectively:

an(‘r) (1 - y)

K (Bry) = (1-y)—p (7.26)
and the decay-length functions are
E -1
S (E) = ) TN (r 7.27
v ) = (oo (7:27)
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where Ty (- = ([, N(T))_1 is the N (1) lifetime in its rest frame, with
tot 1 [ ; ; 2| v2 my\4
Liest N = in Z (aZLlCW + 041[/331/[/) miN (T) (7.28)
i=1

as for the N low mass range the dominant decay is N — v7.

Some of the terms in the equations above can be neglected in the considered energy
range. The 7 and N interactions are neglected against their decays. The 7 interactions
begin to be dominant at an energy around E,_ = 108 GeV [216]. For the N interactions,
the contributions of the different processes are compared in figf7.2] as a plot for the
ratio between the interaction and decay lengths and the Earth radius. We neglect the
regeneration terms coming from the 7 and N interactions, which are proportional to the 7
and N flux, in comparison with those due to NC interactions of v; and those originated in
the 7 and N decay. Under these conditions, for the v, transport equation we take
into account the absorption and neutral-current regeneration terms and the regeneration
by 7 and N-decay. For the 7-transport equation, we consider absorption by 7-decay
and regeneration by v, scattering by nucleons, which is the source of the appereance of 7
leptons. In the case of the Majorana neutrino transport equation, absorption by N-decay
and also regeneration by v, scattering by nucleons are included, the last process being
the source for the N-flux.

Finally, the equations we need to solve are

0%, (EX) _ o Loy NC
P = ol (B (B0 + 0 (B) [ G (B ) KN (Ey)
1
+ 2(B) [ G (B OK(Ey)
1
+ 2(B) [ RO B K () (7.29)
00.(E) e [y o
G = =S BB +04, () [ s (B 0K By (730
8(1) (E7X) _ t ! dy v N —
P - ey B (B0 + L (B) [ R (B0 K ()

(7.31)

The system of transport equations — must be solved with the initial con-
ditions @, (E,x = 0) = ®) (E,0), ®,(E,x = 0) = 0 and ®x(E,x = 0) = 0, where
@Y (E,0) is the initial neutrino flux, as introduced in the appendix sec.

Taking the column depth on the path with inclination 6 respective to the nadir
direction taken from the down-going normal to the neutrino telescope as 7 (6):

2R cos 0
T(0) = x(2Rcosb) = / pn(2)dz,
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Figure 7.3: (a) The nadir angle 6, and the traversed matter distance z = 2R cos(f). (b)
Earth density as given by the PREM [220].

with R as the Earth radius, we define (p,) as the average number density along the
column,

(on0) = 10 (72

The Earth density is given by the Preliminary Reference Earth Model (PREM) [220]. In
fig[7.3b] we present the Earth density profile.

In accordance with [221], and following the treatment in [213,216),222], we solve
€eqs. and considering the terms dependent of the v, flux @, (E,x) as
non-homogeneities, and replace those solutions in (7.29)), dividing by @, (E,x). Then
we make an approximation, taking the fluxes quotient as the ones solving the
corresponding homogeneous equations [221]. Finally, we write the solution for the sur-
viving 7-neutrino flux traversing a path of length 7(0) through the Earth in terms of
oet(E,T(0)) as

B, (B, T(8)) = B, (E, 0) expl—oe(E, T(6)) T(6)], (7.33)
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with

1
ot (B T(0) = o (E)— ol (E) /0 dye(E,y)KNC(E, y)D(E,, E)

1 SH(E)K&(E,y)dt (B,)KSC(E,,y
/ dydy' (B, y)&(Ey,y) ) <A ?z 7 Pg y; By y/)
» =Yy

)
r(Ey
(D(Eyy, E) — D (Ey, E))
YN (E)K (B t (B YKV N=NX (o
- /dydylﬁ(E,y)ﬁ(Ey,y’) N(E)KN(E,y)o,, (Ey) KT (Ey,y)

AN(Ey, Eyy)
(D(Eyy ’E) DN(Ey’ E))

(7.34)
Here E,y = E/((1 —y)(1 —¢')) and the flux quotients are
1 o) (Ey) n_ 12 (Eyy)
ED=ayagm e )= iy e ) (73
with
[1 — exp(—A(Ey, E2)T (6))]
D(E4, E») (EI’EJ (2) . A(Ey, Ey) =0l (Ey) — o}, (E»)
D, (E1, B») (L= exp(=Ar(Fn, B5)T(0)) A (Ey, Ey) = $.(Ey) — o', ()

AL (Ey, E)T(0) ’

Dn(FE1, E) = [l_exifv_(gljv;f%?z))T(em, AN (Ey, Eo) = Sn(E1) — o), (Es).

7.4. Numerical results

In this section we present our results assuming a Majorana neutrino contribution with
mpy ~ my. In order to obtain numerical results for the surviving v, flux including Majo-
rana neutrino effects, we consider a particular choice for the effective coupling constants
¢, with the upper values presented in . Also, for the initial v, flux we have consid-
ered the best fit of IceCube @) = 2.3 x 107'8(E/100TeV )26 GeV ' ecm™2 s~ sr~!
[2041205].

The idea is to see whether the effect of the Majorana neutrinos modifies the v,
surviving flux and to what extent it should be distinguishable from the standard surviving
flux when a detection is performed in a neutrino telescope, which will clearly depend on
the uncertainty involved.

First, in fig]7.4] we compare the surviving v, flux with Majorana neutrino effects,
taking into account both absorption and regeneration, with the SM prediction. In fig[7.4a]
we show the comparison with the SM, showing the quotient RSM(9,E, ) = @, /®5M
for different nadir angles . We also include a figure (ﬁg. with the quotient between
the surviving flux and the initial flux, R%(0, E,,) = @, /), .
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Figure 7.4: Ratio between v, fluxes for different angles.

In order to calculate the capability of IceCube to detect the effects of Majorana
neutrinos physics, we have considered an approximated number of eventf] as given by

N = nT/dt/dQ/dE o, (E,0) oS (E) (7.36)

where np is the number of target nucleons in the effective volume, and ag ¢ is the charged-
current cross-section, adequate in order to consider v double—bangﬁ] events. The function
o, (E,0) is the T-neutrino flux in the vicinity of the detector. We consider the number of
events in the region 0° < 6 < 60° around the nadir direction, for an observation time of 10
years. We have taken the energy interval binning as AlogioF = 0.25. To appreciate the
size of the effect of Majorana neutrino production, we consider the percentage deviation
between the non-standard and the SM event numbers (Ay, = 100 X (Nsm — Nuaj)/Nsm),
with Nypaj the number of events including the Majorana neutrino effects, and we compare
it with the percentage relative error (do; = 100/4/Ngn) for Poisson distributed events.
The results are shown in fig[7.5a for different values of the dominant coupling ¢4 s. The
solid circles indicate the center of each energy bin. We consider the variations in this
effective coupling due to the dominant contribution of the four-fermion interactions to
the deviation in the @, flux. As we can see from this figure, there is a region in the
parameter space where the effect of Majorana neutrinos would be distinguishable from
the SM background, i.e. the percentage deviation A is bigger than the SM error dy;.

2The definition of this observable is given in the appendix sec

3The double-bang topology is defined in the appendix sec.
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(a) Percentage deviation of the number of events (Ay) (b) Region in the (E,, {4—s) plane where the studied
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Figure 7.5: Parameter-space region where the studied effects could have an impact in
IceCube observations.

In ﬁg. we show the region in the (£,,(4—f) plane where the phenomena studied
could have a detectable impact. The region is limited by the curve for which A equals
the SM error d¢; and the horizontal straight line, representing the upper bound for the
four-fermion coupling. As the Majorana effects decrease with lower energy, higher values
for the (4—f coupling are allowed. On the other hand, due to the spectral index (—2.6),
the incident flux strongly decreases with growing energy, and this reduces the number of
events, thus increasing the SM error. This gives bigger values for the effective coupling
at higher energies, in order to have Ag = dy.

7.5. Final remarks

We have studied how the production of sterile Majorana neutrinos would affect the
attenuation of cosmic v, neutrinos when they pass through the Farth. For the propaga-
tion, we considered a system of transport equations for ordinary and Majorana neutrinos
and the 7 charged lepton, presenting our results for the flux attenuation with and with-
out Majorana effects, and we show the percentage deviation between the SM flux and
the flux with Majorana attenuation. Our results can serve as a complementary tool to
explore the effects of sterile neutrino physics, by directly studying the effects of UHE
neutrino interactions with the nucleons of the Farth using neutrino telescopes. Over
the coming years, new neutrino telescopes are planned to be working in the Northern
hemisphere. In particular the European project KM3NeT [223-225|, originated from the
projects ANTARES, NEMO, and NESTOR will be installed in the Mediterranean sea
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with an instrumented volume of several cubic kilometers. This telescope along with the
Baikal-GVD upgrade [226,227] will improve the statistics, increasing the significance of
the observations to bound new physics effects as the ones we discussed in this chapter.






Chapter 8

Conclusions and perspectives

This thesis was dedicated to the study of distinct phenomenological consequences
of the introduction of an effective lagrangian approach to model the interactions of a
heavy sterile Majorana neutrino. We consider that the sterile N interacts with the
light neutrinos by higher dimension effective operators, and take this interaction to be
dominant in comparison with the mixing through the Yukawa couplings, in contrast to
the usual viewpoint in which the mixing with the standard neutrinos is assumed to govern
the N production and decay mechanisms.

The lagrangian parameterizes the effects of new physics beyond the SM by a set
of dimension 6 operators constructed with the SM and the Majorana neutrino fields as
effective degrees of freedom, satisfying the standard SU(2), xU(1) gauge symmetry. This
offers a model-independent and broader view of the kind of physics leading to massive
neutrinos and lepton number violation phenomena.

The aim of the thesis was to study the possibility to produce and discover Majorana
neutrinos through lepton number violating signals in high energy colliders and also to
explore the possible effects of the existence of Majorana neutrinos in the propagation of
tau-neutrinos through the Earth, which can be detected in neutrino telescopes.

We calculated the total decay width and branching ratios for the Majorana neutrino
in two distinct mass regimes: first restricting ourselves to a mass region below the SM
weak bosons mass: my < myy [2], which reduces the possible decay channels, and for a
broader mass interval my < 1 T'eV in [3|, where the decay width to known particles was
obtained. For the lower mass region, we found the neutrino plus photon decay channel
N — vy is clearly dominating. This decay mode is due to tensorial terms in the effective
lagrangian, which are generated at one-loop in the unknown underlying full theory. This
kind of radiative neutrino decay modes have been invoked in the literature [141] as an
answer to the puzzle posed by the MiniBoone oscillation experiment results [138}/139],
which do not fit in the three-neutrino oscillations framework. We found that the excess
encountered by MiniBoone in v, — v, conversion could be explained by the existence
of Majorana neutrinos with a dominant radiative decay mode in which the final photon
would be converted into an eTe™ pair with a small opening angle, indistinguishable from
an electron in the detector, which fakes a signal not coming from v, charged-current

119
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interactions. Also, this kind of neutrino could explain the appearance of unexpected sub-
horizontal air-shower events in the SHALON telescope [140]. This results were presented
in chapter [

The production of Majorana neutrinos in high energy colliders was studied in chapters
and [6] In a first work [4] we investigated the possibility of detecting Majorana neutri-
nos at the Large Hadron-electron Collider (LHeC), an electron-proton collision mode at
CERN, studying the l;r +3jets (I; = e, p, 7) final states which are, due to leptonic num-
ber violation, a clear signature for intermediate Majorana neutrino contributions. We
presented our results for the total cross section as a function of the Majorana neutrino
mags, the effective couplings and the new physics scale in the effective lagrangian. We
also showed the possible discovery region as a function of the Majorana neutrino mass
and the effective couplings values. Our results showed that the LHeC may be able to
discover Majorana neutrinos with masses lower than 700 GeV and 1300 GeV for electron
beams settings of energies F, = 50 GeV and E, = 150 GeV, respectively.

In the case of the LHC [5] we studied the well known same-sign dilepton signal
pp — l;rl;-r + 2 jets (l; = e,p). As Majorana neutrinos with masses of a few GeV
are long-lived neutral particles, we took advantage of their measurable decay length,
exploiting this fact to impose cuts that help reject the SM background. We used a
forward-backward-like asymmetry in the distribution of the angle between both final
leptons, in order to distinguish the effects of vectorial and scalar operators. For the
scalar contributions, the asymmetry is found to be compatible with zero, but in the
case of vector operators, we found a clear non-zero contribution. We also studied the
pp — l;ryfy process, which is dominant for low mpy masses if tensorial one-loop generated
new physics contributions are present. We found the signal distribution in the non-
pointing photon observable zpc 4 [123L151] could allow for the discovery of the signal in
the LHC, with the aid of cuts in the displacement between the prompt lepton and the
outgoing photon to reject the backgrounds.

Finally, our work on the effects of the existence of a Majorana neutrino on the v,
propagation in the Earth [6] was presented in chapter 7] This effect could be measured
in the IceCube neutrino telescope as a deviation for the number of v, detected events
from the SM-only expectations. The surviving tau-neutrino flux was calculated using
transport equations including Majorana neutrino production and decay. We compared
our results with the pure SM interactions, computing the surviving flux for different val-
ues of the effective lagrangian couplings, considering the detected flux by IceCube for an
operation time of 10 years, and Majorana neutrinos with mass my near the m, mass.
We showed the region in the (E,,(4—¢) plane where the Majorana physics effects could
be detectable by the IceCube experiment.

Regarding our working perspectives, in the case of the study of the Majorana neu-
trino phenomenology for the same-sign-dilepton and displaced-photon signals in the LHC
studied in chapter [ an interesting and challenging task is to be able to give quantitative
predictions for the experiment’s sensitivity to these signals. Our next goal is to be able
to simulate signal and SM background events in a format that allows us to implement
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kinematical cuts in the final phase-space, in order to perform a detailed study of the
efficiency of our studied signal, in a similar fashion to what we did in chapter [5| This is
a much more involved task for proton-proton collision simulations, due to QCD and elec-
tromagnetic showering effects related to the process in which our theoretical final-state
partons, leptons and photons actually convert into the observed particles in the LHC
detectors.

During the years of this thesis work, the big experimental collaborations in the LHC
and theoretical research groups in the associated universities have developed very sophis-
ticated software for the numerical simulation of scattering events in the LHC, comprising
a coherent set of physics models for the evolution from a few-body hard-scattering process
to a complex multi-particle final state, including the parton’s hadronization process, and
the development of decay showers for leptons and photons after the primary collision,
between other features as detector simulation. The use of this kind of software allows for
passing from purely theoretical predictions from distinct new physics models, to concrete
simulated events, bringing them closer to the format in which truly experimental data
are analyzed in new physics searches.

Our current working perspective is to implement the Majorana neutrino effective
lagrangian model in the software package FeynRules [228]229] and move ahead to inter-
phase it with sophisticated Monte Carlo event generators as MadGraph5 aMCQ@NLO
[230] in order to simulate our signal. Then, we plan to implement the simulation of
showers for leptons and photons in the final states, as well as the hadronization into jets
of the outgoing quarks using programs like Pythia [231,1232]. The aim is to be able to
make precise numerical predictions, regarding the implementation of the displaced ver-
tices observables in the fashion we presented in our analyses for the LHC in chapter [6]
and include the reconstruction efficiencies for the displaced vertices observables, which
would need a detector simulation to be correctly taken into account.

The use of this simulation software will allow us to broaden our research. One possible
direction is to deepen the study of the phenomenology of the Majorana neutrino effective
lagrangian we studied in this thesis in order to include new signals in new experimental
facilities and also perform more dedicated studies on the possible constraints to the
effective couplings.

The program of experimental research in neutrino physics extends beyond 2030. In
the coming years a wealth of new data is expected from the energy, intensity and cosmic
frontiers. This new information is expected to shed light on the fundamental aspects of
neutrino physics: the nature -Dirac or Majorana- of massive neutrinos, the status of CP
symmetry in the lepton sector and the baryon asymmetry of matter, the absolute neutrino
mass scale, the origin of the observed patterns of the neutrino masses and mixing, and,
eventually, on the mechanism of neutrino mass generation. Just as the past history of
neutrinos physics has been full of surprises, I look forward for more!






Appendix A

Kinematics and phase-space

In this appendix I introduce the basic tools for the calculation of the decay rates and
scattering cross-sections presented in chapters and[6] It includes a discussion on final
state phase-space integrations and basic kinematical definitions, which can be found in
the PDG review [1].

A.1. Phase-space

The Lorentz-invariant phase-space element for an n-particle final state can be written
as
n

n 3_,4
d®, = (2m)* 5 <p - Zpi> H (2;)3 C;gf. (A1)
i=1 ¢

i=1

The 6% imposes the constraint on the phase-space by the four-momentum conservation
of the initial state total momentum P. The phase-space factor gives the properly nor-
malized “number of final states” to have final particle’s momenta p;- in a volume element
d3p, ..., d®p), around (p71, ...,p_’,;). Each final state particle satisfies an on-shell condition
p? = m? and the total c.m. energy squared is s = P? = (Z?:lpif .

The phase-space element for one-particle final state is

d3p o S 2 m
APy = (2m) 584 (P = p1) = il dine® (P = ) = =~ 0(1 - 7;» (A-2)

Here the variable E has been integrated out, which leads to E{"™ = /s in the c.m. frame.
The coefficient of the phase-space element is called “phase-space volume” after integrating
out all the variables. Here it is 27 for one-particle final state in our convention.
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A.1.1. Two-body kinematics

For a two-particle final state with the momenta pj, po respectively, the Lorentz-
invariant phase-space element is given by

_ Iy
dd, = )2 0 (P —p1 —p2)

d*py 3y A2 (s,m2, m2)

2FE, 2B, " 32725

where the “two-body kinematic function” is defined as
My, 2) = (x —y — 2)* —dyz = 2* +y* + 2% — 2wy — 222 — 2y2. (A.3)

The two-body phase-space element is dimensionless, and thus no dimensionful vari-
ables remain unfixed. The two-body phase-space weight is constant and the magnitudes
of the energy-momentum of the two particles are fully determined by the four-momentum
conservation. As we mentioned in the introduction for the case of the beta nuclear de-
cay, in two-body final states the particle energy spectrum is monochromatic. So in the
c.m. frame the momenta and energies are fixed to
s+m3 —m3

N

While the momentum magnitude is the same for the two daughter particles in the
parent rest-frame, the more massive the particle is, the larger its energy is.

>’Ei’m: — ’Egm:

From (A.2) and (A.3) one can see that the phase-space volume of two particles is
scaled down with respect to that of one particle by a factor
d®, 1

~
~

sd®;  (4m)%

(A4)

One can roughly consider that the phase-space volume with each additional final-state
particle (properly normalized by the dimensionful unit s) scales down by this similar
factor. This explains why most of the time the three-body decays have lower widths
than two-body decays, and so on. It is interesting to note that it is just like the scaling
factor with each additional loop integral.

A recursion relation can be written in order to decompose the n-body phase-space
into phase-spaces of less particles:

d(I)n(Papla ’p’ﬂ) = d(I)nfl(P;plv "'7pn71,n) X
dm?_
dQ)Q(pn,17n;pn,1,pn);7ﬂm, (A5>

: 2 — 2 2
with mp,_y , =mgy_q +mg.

This recursion relation is particularly useful to write the intermediate mass integral
for a resonant state (see next section).
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A.1.2. Breit-Wigner resonance and the narrow width approximation
(NWA)

The propagator contribution of an unstable particle of mass my and total width I'y
is written as

1
B(s) = (s —m2)2+T%mi’ (4.6)

This is the Breit-Wigner Resonance.
Consider a very general case of a virtual particle V* in an intermediate state,

a— bV* = b p1ps. (A7)

An integral over the virtual mass can be obtained by the reduction formula in the last
section (A.5)). Together with kinematical considerations, the resonant integral reads

(M) =(ma—m,)?
/ dm?. (A.8)
(mirm)2=(m1+m2)?

The integral is rather singular near the resonance. Thus a variable change is effective for
the practical purpose,

2 2
my —m
tanf = ———V A9
an a— (A.9)
resulting in a flat integrand over 6
(mmaac)2 d 2 gmax d0
/ o, - / , (A.10)
(mirLirL)2 (m - mV) +]._‘va min vav
where 0 = tan~!(m2 — m},)/T'ymy. In the limit
(m1 +m2) + Ty <K my < mg — Ty, (A.11)

then ™" — —7 and 6™ — (. This is the condition for the narrow-width approxima-
tion (NWA) [233]:

! T Sm2 —m2). (A.12)

(mz ) + vav vav

The NWA allows to neglect non-resonant as well as non-factorizable amplitude contribu-
tions, thus leading to significant simplifications for calculations.

The phase-space recursion in together with the narrow width approximation
in allows us to write the partial decay width of an unstable particle decaying
as in (A.7) as the product of the first decay width and the branching fraction for the
considered V' decay channel:

I'(a = bV* = b pipa) ~T'(a — bV).Br(V — b pip2) (A.13)

with V being the real boson.
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A.2. Three-body decay phase-space integration

Let us examine here the phase-space integration for three-body decays, as those
presented in chapter 4l In order to fix ideas, consider the decay N — ¢ 1 2 depicted in

fig[A Tl

Recalling section we see the differential decay width in this case is written

1
E(QW)%%Q —p—p1 — p2)|M|?

d*p dpr dPpo

drN—012 :
(2m)32p° (27)32p) (27)32p)

As is customary, we choose to integrate over the p; o momenta, and define the variable

x = %, where pU is the lepton’s energy in the c.m. frame. There the N is at rest, and

its energy is Eny = my. Taking d*p = 4r|p|*dp and |p]? = (p°)? — m? we can write

my dspl/dpz 4
= 5% ( A.14
e (S ou) [G8 [SEMEs G- - (a0

dFN—>£ 12

where yp = m?/m3.

For each decay process, the squared matrix element |M|? will depend on the distinct
scalar products ¢ -p1, q-p2, (¢-p1)(q-p2), (p1-p2) or the identity matrix. Then we will
encounter the following integrals:

_ d3p1 & p2 4
= q —pP—P1— pz)
2p1 2p2

pi d3p2 .
o= pm Yg—p—p1—p2) i=1,2
2p1

d3pi d3p2 .
Iij, af :/ 2p1 / 2 0 pzap]ﬁé (q p—p1— p2) i, =1,2. (A15)

These are manifestly Lorentz-covariant, due to the invariance of the §* and the relation

d*q — [ d*as(? 2y9(4"
2q—/ q6(q” —mg)O(q").

When integrating over p; and ps2, due to the momentum-conservation delta, the in-
tegrals in will only depend on the four-momentum k£ = q¢ — p = p1 + po.

In order to show an example of the general procedure, let’s calculate explicitly the
integral I{. It will be needed when integrating the terms where the scalar product g.p;
appears. The integral will be written

d*pi [ dPps
i = [ S [ S gt 8 a—p—pi =)
1

As I¢ will only depend on k® = (q — p)* we proceed making the ansatz k,I{ = Ak?,
with A being some constant. As k? > (0 we can move to a reference frame where the
four-momentum k takes the form k =k = (k°,0), so that kol = Ak?> = Ak>.
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Figure A.1: Three-body decay N — £ 1 2.
Particle 1 (2) has four-momentum p; (p2)

N /\/,E/ P and mass my (mg). The lepton ¢ has four-

> i momentum p and mass my. The decaying

q \/\.\ particle N has four-momentum ¢ and mass
P2 mpy.

The expression for I is

~ a3 d3
I?:/ p1/ P2 P06 (k — p1 — p2),
2p1

where the delta function can be factorized as 0*(k — py — pa) = 6(pi + p2)(p) + p3 — k).
Writing [p1 2> = (p) 5)? — m3 5 we find

~ d3 — d3 N B ) N

I? = /pl/?(S(pl +p2)5(p[1] —|-p(2) _ k.O)

/dgq/\/m pi +p2)5(p1+\/m—/;‘0).
2 2

When integrating over p3, we substitute |p2| = |p1| and we are left with

01 d*pi

I
! V1B +m2

A last step, putting [p1]? = (p?)? — m? and d3p1 = 4n|p1|2d|p1| = 47/ (P))% — mIpdp?

allows ws to write everything in terms of p{:

5(pY +\/Ipi|? + m3 — k).

VOO —m2 -
R=n VpD? i p1dp5p1+\/ 2—mi +mj — k).
\/ 2 —mi +
The delta function can be rewritten using the property d6(f(z)) = 3,9 ff(fl , with
0)2 2
f(z;) = 0. So imposing f(p}) = 0 leads us to the value p? (k)-;# and the

derivative is

df ()2 —mi+m3+pf

—= =

i V)P = mi+m3
Finally the integral can be written as

VR — mt m®5< @W+ﬁ—@>

11_71'/ =
V(P2 = mi +m3 + pf 259
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and thus
o _ T (K92 +m2 —m2\ [ (%2 +m2 — m2)? o 1/2
1 KO 2k0 (;};0)2 1
i k%) +m? — m3 -
=40 <(k) J(FI%O); 2) (((k0)2+m%+m2) A(m )1/2.

Recalling that kol? = Ak? = Ak? and in this frame (k°)? = k2, we change back to k and
find the constant

17 (k?+m?—m} 1/2
PR <k;2) (6 = m2 — m3)? — 4m2m3) .
This finally leads us to the integral

d3p d3p 0
/2 ! 2 54(q pP—p1— pz)
pl

k? +m? —m2 1/2 o
::4<ké2>(%2—nﬁ—n%f—4m% Y2k (A16)

Performing a similar calculation, the integral 112 o in can be obtained making
the ansatz 12, o = Bk29a5 + Ckqykg, with B, C constant. Since the variables p; and po
are integrated over, only the second rank tensors g,s and kqkg can occur in the result.
Then we can construct the following invariants:

%Ly 0p = (4B +O)K?
kPl o5 = (B+C)k* (A.17)

We can calculate explicitly the invariants in (A.17)

Bpi [ d3ps
9“51—12, af = /2p / o Pla DY 6 q—p—p1 —p2)
1
d? d3
kP Lo, 0p = /2;)1/2;2 )(p2 - k) * (g —p —p1 — p2)
1 b

going again to the reference frame where k = k = (ko 6) and performing the integrals,
which allow us to calculate the constants B and C.
The final result is given by

, o (m1 + mg)? 1/2 . (m1 — ma)? 1/2
12, af = u | T T k2 Tk
(mq + ma)? m2 + m3 (m? —m2)?
x Fwﬁofﬁz+%¢51+ e

X @(kQ - (m1 + m2)2) (A.18)
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where the step-function assures four-momentum conservation. The other integrals in

(A.15) can be obtained in a similar fashion.

The integration over the z variable in has to be done between the kinematically
allowed limits. If we analyze the situation in the rest-frame of the decaying particle N,
where its four-momentum is ¢ = (my,0) so that k2 = m%; +m? — 2my p°, we have

k.Q
rx=1+ Yo— —5 -
My

The minimal value of k% occurs when the particles 1 and 2 are produced at rest, so

k2.
k?mn:m%—’—mg and mmawzl"i_yf_ﬁ:l'i‘yf_(yl"‘yQ)
N

with y19 = m%z/m?\,. On the other hand, the maximum value of k% occurs when p° is
minimal. This is when the lepton is produced at rest: p¥ . = my. This gives us

2
min_zmg
— =2—

k2
my my

2 2 o 2
ar = M + My — 2mNpi, = (my —myg)” and Tppin = 1+ yp —

Thus, the integration interval for x is

2Vye <z <14y —y1 — yo. (A.19)






Appendix B

Collider phenomenology

In this appendix I collect the basic concepts on collider phenomenology used in chap-
ters[fl and [6] They are mostly based on the notes [234] and the textbook [235].

B.1. Scattering cross-sections

If we collide two beams made of particles with momenta p; 2 and masses mj 2, the
differential scattering cross-section is the number of collision events leading to a particular
final state of n particles with momenta p, (k = 1,...,n) divided by the flux of particles
in collision. After the proper normalization of states and the flux, it can be written, for
two incident beams with collinear momenta pi and p) asf_-]

‘Mi%f‘Q
4/(p1.p2)? — mim3

Here, the phase-space factor d®,,, defined as in (A.1)), includes a momentum conservation
delta 6*(P— "7, p}) and gives the properly normalized “number of final states” to have

docon = d®,,. (B.1)

final particle’s momenta p), in a volume element d®p}, ..., d*p), around (p_’;, s pzl), given
the incoming momenta P = p; + pa. The matrix element M; s gives, as in sec[d.1.1]
the transition amplitude between the specific initial and final states.

Using the Mandelstam variable s = (p; + p2)? and the A function defined in (A.3)),
the total cross-section can be put in the usual form

dﬁz/mm=/2M@Z Mol (B.2)

s, mi, ms

where the integration takes place over the whole phase-space.

B.2. Hadron colliders

A collider like the LHC at CERN performs proton-proton collisions. Protons are
hadrons composed by quarks and gluons (partons), which are the fundamental degrees of

1This is the situation in the laboratory and the center of mass (c.m.) reference frames.
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freedom participating in strong interactions at high energies. I review here the treatment
of parton collisions.

B.2.1. Hard scattering of partons

The QCD factorization theorem states that the cross-sections for high energy hadronic
reactions with a large momentum transfer can be factorized into a parton-level “hard scat-
tering” convoluted with the parton distribution functions (PDFs). A parton distribution
function can be defined as the probability density for finding a parton with a certain
momentum fraction = at a factorization scale Q2.

For scattering of two hadrons A and B to produce a final state F' the cross-section can
be formally written as a sum over the sub-process cross-sections from the contributing
partons

0(AB— F X) = Z/dmldazQ Pyya(z1, Q%) Pyyp(w2, Q%) 6(ab— F), (B.3)
a,b

where X is the inclusive scattering remnant, and Q? is the factorization scale (or the typ-
ical momentum transfer) in the hard scattering process, much larger than the QCD scale
AéCD ~ (200 MeV)2. The parton-level hard scattering cross-section can be calculated
perturbatively, while the parton distribution functions parameterize the non-perturbative
aspects of the collision and can only be obtained by some ansatz and by fitting the data.

Fig. shows the parton momentum distributions versus the energy fractions z,
taking the CTEQ-5 parton distribution set [236], which is the one used in the calcula-
tions in this thesis. In the figure the QCD factorization scale is chosen to be Q*=10
GeV? and 10* GeV? in the two panels, respectively. It is important to notice that the
valence quarks u,, d,, as well as the gluons carry a large momentum fraction, typically
x ~ 0.08 — 0.3, and the “sea quarks” (& = Ugseq,d = dgea, S, ¢, b) are concentrated in
small x values, and are significantly enhanced at higher Q2. This implies that heavy ob-
jects near the energy threshold are more likely produced by valence quarks, and higher
energy processes (compared to the mass scale of the parton-level subprocess) are more
dominantly mediated via sea quarks and gluons.

B.2.2. Particle detection at colliders

A modern particle detector is an electronic complex, which typically consists of a sec-
ondary displaced vertex detector, a charge-tracking system, electromagnetic calorimetry,
hadronic calorimetry and a muon chamber, etc. The detection of the different particles is
based on their interactions with the matter of which the detectors are made. A simplified
layout is shown in fig.

The theoretical calculations are made considering the fundamental degrees of freedom
in the lagrangian, namely the quarks, leptons, gauge bosons, etc. But most of them are
not the particles directly “seen” in the detectors. Heavy particles like Z, W, t will
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Figure B.1: Parton momentum distributions for the proton versus their energy fraction
x at two different factorization scales, from CTEQ-5 |236].

promptly decay to leptons and quarks, with a lifetime 1/T' ~ 1/(2 GeV) ~ 3.3 x 1072 s.
Other quarks will fragment into color-singlet hadrons due to QCD confinement at a time
scale of tj, ~ 1/Agep ~ 1/(200 MeV) ~ 3.3 x 1072* 5. The individual hadrons left
after fragmentation may behave rather differently in the detector depending on their
interactions with matter and their lifetimes. The clusters of hadrons formed from the
outgoing quarks from the hard scattering event are identified as jets. Stable particles
such as p, p, e*, v will show up in the detector as energy deposit in the hadronic and
electromagnetic calorimeters or as charge tracks in the tracking system.

Depending on their lifetime, particles behave in the detector in different ways.

» Quasi-stable: fast-moving particles of a life-time 7 > 107!% s can be considered
quasi-stable. Those include the weak-decay particles like the neutral hadrons
n,A,K%, ... and charged particles p*, 7%, K+, ...

s Short-lived resonances: particles undergoing a decay of typical electromagnetic or
strong strength, such as 70, p%*... and very massive particles like Z, W+, ¢ will
decay “instantaneously”. They can only be “seen” from their decay products and
hopefully via a reconstructed resonance.

» Displaced vertex: particles of a lifetime 7 ~ 10712 s, such as BO*, DO+ -+

may travel a distinguishable distance (¢7 ~ 100 pum.) before decaying into charged
tracks, and thus result in a displaced secondary vertex.

s Things not “seen”. those that do not participate in electromagnetic nor strong
interactions, but long-lived as least like the quasi-stable particles will escape from
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Figure B.2: Modern multi-purpose detector at colliders [234].

detection, such as the neutrinos v. Their presence can be inferred from the measure
of missing energy, as we will see soon.

The different parts of the detector and the electronic system allow to measure the

energy, momentum, and other particle’s properties, and record the events data.

Tracking: the tracking chamber determines the trajectories of traversing charged
particles and their electromagnetic energy loss. When combined with a magnetic
field they can be used to measure a charged particle’s momentum, by measuring
the trajectory’s curvature.

Electromagnetic calorimeter: high energy electrons and photons lead to cascade
electromagnetic showers due to bremsstrahlung and pair production. The ECAL
measures this energy deposit.

Hadron calorimeter: The HCAL measures the showers of subsequent hadrons de-
veloped from the high energy incident hadrons (the jets).

Triggering: The trigger is the decision-making process to keep or reject events to be
recorded. It can be designed with many criteria: particle identification, multiplicity,
kinematics, event topology, etc.
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B.2.3. Kinematics at hadron colliders

In performing parton model calculations for hadronic collisions like in the par-
tonic c.m. frame is not the same as the hadronic c.m. frame, e. g. the lab frame for the
collider. Let’s consider a collision between two hadrons A and B with four-momenta
Py =(FE,4,0,0,p,) and Pg = (E,,0,0,—p,) in the lab frame. The two partons partic-
ipating in the subprocess have momenta p; = x1P, and ps = x2Pp. The fractions x1
and x9 are called scaling variables. The parton system moves in the lab frame with a
four-momentum

Pem = [(m1 + 32)Ey, 0, 0, (21 —22)pa] (Ea = pa), (B-4)

or with a speed fBem = (21 — x2) /(21 + z2), or with a rapidity yem = %ln %

Let’s consider a final state particle of momentum p* = (E, p) in the lab frame. Since
the c.m. frame of the two colliding partons is a priori undetermined with respect to the
lab frame, the scattering polar angle 6 in these two frames is not a good observable to
describe theory and the experiment. This is why one needs to define kinematical variables
that are invariant under unknown longitudinal boosts.

Transverse momentum and the azimuthal angle

Since the ambiguous motion between the parton c.m. frame and the hadron lab
frame is along the longitudinal beam direction (%), variables involving only the transverse
components are invariant under longitudinal boosts. It is convenient to write the phase-
space element in cylindrical coordinates as

d’p dp

— = dpdp

dp-
E v = Prdprd¢ — (B.5)

where ¢ is the azimuthal angle about the 2" axis, and

pr = /P2 +pj = psind (B.6)

is the transverse momentum. Both p, and ¢ are boost-invariant, and so is dp,/E.

The invariant mass variable

Consider an unstable particle V' produced by a + b and decaying to 1 +2 + ... + n.
One can find this particle by discovering a resonant signal in the s = (p, + pp)? channel.
For a weakly coupled particle I'y < My and according to the Breit-Wigner resonance
, the amplitude develops a kinematical peak near the pole mass value at

(Pa +pp)? = ( ipz )? ~ M. (B.7)

This is called the invariant mass, and is the most effective observable for discovering a
resonance if either the initial momenta or the final momenta can be fully reconstructed.
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The transverse mass variable

When the momenta of the outgoing particles cannot be fully reconstructed, as is the
case with final-state neutrinos, one needs to define new suitable variables. An important
example of a two-body decay in this thesis is the pure leptonic decay W — ev. The
invariant mass of the leptonic system is

mgy = (Ee + El/)2 - (ﬁeT + ﬁI/T)Q - (pez + puz)2- (BS)

The neutrino cannot be directly observed by the detector and only its transverse mo-
mentum can be inferred by the imbalance of the observed momenta,

]b} = - Zp}(observed), (B.9)

called missing transverse momentum, identified as pr = p,pr. Missing transverse energy
is similarly defined, and Fr = E,,.

In the case of final states with neutrinos, we find the invariant mass variable cannot be
reconstructed, so one needs to ignore the (unknown) longitudinal motion of the leptonic
system (or in this example the W boson) and define a transverse mass of the system [237|

mguT = (EeT + EVT)2 - (ﬁeT + ﬁI/T)2 (BlO)
~ 2ﬁeT 'ﬁuT ~ 2E6TET (1 — COs (beu)a

where ¢, is the opening angle between the electron and the neutrino in the transverse
plane. When a W boson is produced with no transverse motion E.r = Fr = me,r/2.
The transverse mass variable is invariant under longitudinal boosts, and it reaches the
maximum Me,7 = Mey, fOr Per = Puz, S0 that there is no longitudinal motion for the
electron and the neutrino when boosting to the W-rest frame. In general,

0 < Mmepr < Mgy (B.11)

The Breit-Wigner resonance at m,, = my naturally leads to a kinematical peak near
Meyr =~ myy. In the narrow width approximation (secfA.1.2)), me,r is cut off sharply at
myy. In practice, the distribution extends beyond my, because of the finite width I'yy.



Appendix C

Neutrino telescopes phenomenology

In this appendix I collect some basic concepts on neutrino astronomy, which are used
in chapter [} It reviews the relevant observables in neutrino telescopes, the detection
principles and the incident neutrino fluxes on the Earth.

C.1. Observables

The relevant observable in neutrino telescopes is the number of detected neutrinos,
identifying their flavors, incoming direction and energies, in order to do neutrino astron-
omy and to learn about the neutrino-nucleon interaction cross-sections, where the new
physics could be encoded.

The number of detected neutrinos depends on the number of target nucleons in the
detector volume, the neutrino-nucleon interaction cross-section, and the neutrino flux
reaching the detector.

The aim of our work in chapter [7| will be to probe the effects on the neutrino fluxes
propagating through the Earth, due to the change in the interaction cross-sections pro-
duced by the existence of the Majorana neutrino N with the effective interactions intro-
duced in chapter [3]

C.1.1. Number of events

As will be explained in sec[C.3.1] the IceCube neutrino telescope experiment detects
the Cherenkov light produced by charged leptons created by neutrinos arriving into the
detector volume via the charged- and neutral-current interactions studied in sec]1.4.3

To first approximation, a neutrino of energy E incident on a side of area A = L? will
be detected provided it interacts with some nucleon N within the detector volume, i.e.
within the instrumented distance L (here we think of an L? instrumented volume). The
probability for that interaction to occur can be given as

= L

P(B) =138 = 1o (C.1)
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where the neutrino mean free pathF_-I in the ice is A(E) = (pice Nac,n/(E)) 7L, with pice =
0.9 gr em™3, the Avogadro constant given as Ny = 6.022 x 102 gr—! and o,z (E) is the
neutrino-nucleon cross-section at energy FE.

If a neutrino flux ®(E) (neutrinos per GeV per cm? per second) crosses a detector
area A(FE), then the number of events produced (with an energy detection threshold Ey,)
in an operation time 7T, can be taken as:

Nevents = T/ A(E)P(E)(I)(E)dE = T/ A<E)L piceNAUVN(E> (I)(E)dEa (02)
Ep E

th

where one identifies the “effective” detector volume V,5y = A(E)L [238]. Depending on
the neutrino’s energy considered, and on the neutrino flavor one is interested in detecting,
the effective volume can be taken equal to the instrumented volume (meaning the volume
covered by the photomultipliers) or more, as will be discussed in sec.

As we will be interested in counting the tau-neutrinos flux traversing the Earth, we
will need to take into account the amount of matter traversed by the neutrinos in their
journey. That quantity is related to the nadir angle of detection 6 as schematically shown
in figl7.34]

Then we write the number of events after an operation time T as

Nowro =T np / 90 / dE ®(E, 0) oy (E) (C.3)

taking nr as the number of target nucleons in the effective detector volume considered
(nr = VesspiceNa). The “surviving” flux ®(E, 0) (neutrinos per GeV c¢m? sr s) reaching
the telescope’s volume at angle 6 with an energy E will be our quantity of interest, as it
depends on the distinct interactions the neutrinos encounter while traveling through the
Earth, and on regeneration effects, as well as on the incident neutrino flux on the Earth
from the atmosphere and outer space, as I will discuss in the next section.

In chapter [7] we are interested in the tau-neutrino flux ¢, detected in the IceCube
telescope. As will be seen in the following, the atmospheric v, sources are very feeble
and the only efficient v; source is the oscillation over cosmic distances of the v, and v,
produced in astrophysical sources.

C.2. Incident neutrino fluxes

The incident neutrino flux on the Earth comes from various origins, and 1 will give a
very brief introduction on the subject in this section.
C.2.1. High energy cosmic rays

Cosmic rays (CR) are particles hitting the Earth, mostly composed by ionized nuclei
(90% protons, 9% alpha particles and the remaining 1% are heavy nuclei).

1Or interaction length.
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Figure C.1: Cosmic rays flux versus energy. Taken from [239].

The spectrum of cosmic rays has been well measured up to energies near 10%° eV
(10 TeV in the laboratory frame) where the experiments become limited by poor statis-
tics. The spectrum consists of a series of power laws that change at energies called as
the “knee” and “ankle” as shown in fig]C.1]

Below the knee, it is believed particles can be accelerated principally by supernova
remnants (SNR) in our galaxy. The shock fronts powered by supernova explosions prop-
agate into the interstellar medium, and by repeated scattering processes across the shock
front particles can gain energy (this is called “first-order Fermi acceleration”). Between
the knee and the ankle, the CR origin is less known, and the prevailing explanations claim
they have an extra-galactic origin, possibly gamma ray bursts (GRB) or active galac-
tic nuclei (AGN). Beyond the ankle, in the ultra-high energy zone, the cosmic rays are
believed to be mostly protons (or nuclei) with energies above an EeV, of extra-galactic
origin, given that the gyro-radius of the proton exceeds the size of the galaxy.
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Waxman-Bahcall diffuse neutrino flux

High-energy neutrino production is thought to be associated with the interactions of
high-energy protons that produce energetic charged pions by py or by pp interactions. In
sources that are optically thin to meson-nucleon interactions, the 7+ — p*v, decays and
subsequent ut — et 1, decays (and corresponding 7~ decay chain) lead to high-energy
neutrinos. Assuming that the ultra-high energy cosmic rays are extragalactic protons and
lose their energy in interactions producing pions, as the ones above, Waxman and Bahcall
(WB) [240,241] estimated a neutrino flux from astrophysical sources to be

E2bywp = E2®, <2x 1078 GeV em™2 syt 571 (C.4)

Cosmogenic neutrino flux

Over a 50 x 10'® eV (50 EeV) energy threshold, the cosmic ray protons will un-
dergo inelastic interactions, mainly py — A+t — nat and pr° on the cosmic microwave
background (CMB). This threshold is known as the Greisen-Zatsepin-Kuzmin energy
(Eczr) [242,243|. At these energies the gyro-radius of a proton in the galactic magnetic
field is larger than the size of the galaxy, and therefore it is expected that these cosmic
ray protons are of extra-galactic origin. Since the attenuation caused by this reaction
has a length scale of about 50 Mpc E], a strong suppression in the cosmic ray spectrum
is expected above Egzk (“the GZK cut”). The decays of charged pions produced in the
GZK process are a source of cosmogenic neutrinos, predicted by Berezinski and Zatsepin
(BZ) [244].

Both cosmogenic and Waxman-Bahcall fluxes are considered to arrive at the Earth
with a 1: 1 :1 (electron: muon: tau) flavor composition, due to oscillation during the
traveled distances.

Atmospheric neutrinos

The interactions of cosmic rays with the nucleons A in the atmosphere produce pions
and kaons that decay to v, V. and their anti-neutrinos:

pN = at(KT..) = v — vetrey,
nN =7 (K™..) = vuu~ — vye e, (C.5)

On average there are twice as many v, as v, at GeV energies, although the v, tend to be
at somewhat lower energies since they are produced only on a secondary decay. These are
called “conventional” atmospheric neutrinos. This flux is negligible for neutrino energies
over 10° GeV.

The atmospheric neutrino flux is well understood: the normalizations are known to
20% or better, and ratios of fluxes are known to 5%. For energies beyond 10° GeV,
there are also neutrinos coming from charmed and bottom mesons decays, which can

250 Mpc ~ 150 x 10%2m.
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Figure C.2: Detection principles for muon tracks (left) and cascades (right) in underwa-
ter/ice detectors. Taken from [246)].

produce tau-neutrinos (in a ten times smaller rate than muon neutrinos). This is called
the “prompt” flux [60,2245].

The flavor ratio of conventional atmospheric neutrinos before oscillation is 1 : 2 : 0
(electron: muon: tau). The flux of tau-neutrinos from atmospheric neutrino oscillation
on the baseline of the Earth’s diameter peaks near 25 GeV, which is much lower than
the PeV energy at which IceCube can identify tau-neutrinos. The prompt neutrino flux
has a nonzero tau-neutrino component, but the prompt tau-neutrino flux is an order of
magnitude lower than the prompt muon-neutrino flux, and is below IceCube’s sensitivity.

C.3. IceCube telescope

The IceCube neutrino detector is located at the Amundsen-Scott South Pole Station
near the geographic South Pole. The detector instruments one cubic kilometer of antarc-
tic ice with 86 electrical cables, called strings, deployed on a hexagonal grid one square
kilometer in area. Each string contains 60 Digital Optical Modules (DOMs) deployed be-
tween 1450 m and 2450 m deep. The DOM is a glass pressure vessel containing a 10-inch
photomultiplier tube (PMT) with digitizing and time stamping electronics, and 12 LED
flashers for in situ calibration. Eight of the strings near the center form the DeepCore
sub-detector, with closer string-to-string and DOM-to-DOM spacing than the rest of the
IceCube strings. The IceCube construction was complete as of December 2010, and its
primary goal is to detect astrophysical neutrinos from potential cosmic ray acceleration
sites such as active galactic nuclei, gamma ray bursts and supernovae.

C.3.1. Detection principles

IceCube is sensitive to all three flavors of neutrinos. When a neutrino interacts with
a nucleus in the ice, the DOMs detect the Cherenkov light deposited by the interaction
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and by the daughter particles. The amount of light and arrival time at each DOM are
used to reconstruct the properties of the neutrino. In the case of a charged-current (CC)
interaction, the neutrino flavor determines the event topology.

A muon-neutrino CC interaction inside or near the detector’s instrumented volume
results in a muon which deposits a “track” of light in the detector’s PMTs as the muon
passes through. An electron-neutrino CC interaction, as well as a neutral-current inter-
action of any flavor, results in a spherical “cascade” of light centered on the interaction
point, since the electron quickly interacts with surrounding matter, as is shown in fig|C.2]

Muons from cosmic ray air showers dominate the background in the southern hemi-
sphere sky, which is above IceCube’s horizon. These muons appear as down going tracks
which originate outside of the instrumented volume. Muons cannot penetrate the Earth,
so the neutrinos produced in cosmic ray interactions are the background from the north-
ern hemisphere sky.

Tau neutrinos detection topologies

A tau-neutrino CC interaction above about 1 PeV in energy may produce a “double-
bang” signal; this happens when the initial cascade from the CC interaction producing
a tau lepton and the final cascade from the tau decay can be resolved by IceCube. The
two cascades would be connected by a track associated with the tau lepton. However,
it is likely that only one of the cascades is fully contained in the detector, as shown in
fig[C.3] where several additional tau-neutrino signals are shown. These are explained in
detail in the following [247].

The signal topology for a 7 lepton produced by a v, CC interaction depends on the
energy. One can write the tau decay length as [ ~ 50 m X (mfﬁ) Thus, for energies
beyond 20 PeV the tau lepton saturates the detector size. Depending on the energy
of the produced tau lepton, its production or decay vertices can be observed, or both.
As the tau lepton can decay leptonically through the channels 7 — evev, (~ 18%) or
T — uvuvr (~ 18%) or mostly hadronically to neutral and charged pions and kaons
(~ 64%), the topology of the produced events will also depend on the tau decay modes.

In the “double-bang” topology, an hadronic shower occurs when the tau is produced
by CC interactions, then it travels a certain distance within the detector, and decays
producing another shower, 82% of the time if it decays to e or hadronically. The “lol-
lipop” topology occurs when the tau is produced outside the instrumented volume, and
the penetrating track along with the decay shower are detected. The inverse is called
“popillol” topology. A “sugardaddy” topology occurs when the tau is created outside the
detector, but decays into a muon inside the detector, and the muon track is recorded.
The only topology that is a clear signal of tau-neutrinos, almost without background, is
the double-bang.
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Figure C.3: Summary of v, channels possibly accessible to IceCube, shown as a func-
tion of energy and approximate tau decay length, with indications of background level,
acceptance, angular and energy resolutions, and specific anticipated background. Taken
from [247].

C.4. N decay in the laboratory

Here in this section we follow the development shown in the book of T.K. Gaisser |215],
in our case for the N — v decay, used in chapter [7} First we obtain the N decay width
in its rest frame, and then boost the result to the laboratory frame. In the N rest frame
we have the following expression:

1 drrest
et 9 _p ), |
T dzdeosd, — 2Jo(@) = Ph(z)costy) (C.6)

where 6, is the direction of motion of the final v taken from the Majorana neutrino N
moving direction, and P = cos p where 0p is the angle between the Majorana neutrino
spin direction in its rest frame, and its moving direction seen from the laboratory frame.
The variable x represents the quotient between the final neutrino energy in the rest frame
of the N and the mass of the Majorana neutrino: x = k°/my. The functions fo(z) and

fi(x) are
fo(x) =2(1 —z)d(x —1/2)

fi(z) = 2%6(x — 1/2), (C.7)

To obtain the corresponding expression in the laboratory frame, we make the appropriate
Lorentz transformations. Denoting by E, and Ey the laboratory energies of the final
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neutrino and the Majorana neutrino, respectively, we have

z=x(1— fncosb,), (C.8)

with z = E,/Ex and By = /1 — mn2/E% ~ 1.
We implement the Lorentz transformation with the help of the J-function, yielding

1 dlpag
=9 - P L —x(1 D, _
Ting dededeoss, — 2 Jo@) = Phi(z)cosby)dlz =z (1 + By cosdy)] (C.9)

where P = +1 for the right-handed Majorana neutrinos.
We first integrate over 6, and next we integrate over x in the interval (Zmin, Tmaz)
with Zpin = 2/(1 + Bn) and Zpee = min(1l,z/(1 — By)), obtaining

1 dl'pap
I'pap  dz

= 2(1 — 2)0(1/2 — 2(2)min)O(2(2)maz — 1/2). (C.10)

For the low mass range considered in this work the clearly dominant decay channel is
the neutrino plus photon mode, and Ty 5(E) =3, , . I'Y %7 (E). Then we consider
the v, decay channel, leading to the final v; neutrinos distribution in the laboratory

frame:

1 Ay _ dn(z).

A1
et o(E)  dz dz (C-11)

Thus, after the indicated integrations in the evolution equations, the useful expression
that we obtain is
dn(z) dn(l—y) 2

= — A2
dz dy 3y (C.12)

Here y = (1 — 2).
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