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Abstract

In this thesis, we review the motivations for proposing the existence of heavy neutrinos
and the so-called seesaw mechanism. In particular, we show how this mechanism provides
a natural explanation for the small masses of the Standard Model (SM) neutrinos.

We study three specific realisations of the seesaw mechanism; two with heavy neutrinos
that couple to SM bosons with the neutrinos being either Majorana or pseudo-Dirac
fermions, and one version of the Left-Right Symmetric Model (LRSM) with heavy
Majorana neutrinos. For each of the models we perform simulations of heavy neutrino
production at the LHC, considering the three lepton and missing energy final state for
the Majorana and pseudo-Dirac models and the two-lepton plus two jets (2142j) final
state for the LRSM. For the Majorana and pseudo-Dirac models, we study neutrino
masses my in the range 200 GeV to 1200 GeV, while for the LRSM we look at models
with Wg boson masses My, from 3 TeV to 6 TeV, and neutrino masses that are between
MWR/2 and MWR-

We study the kinematics of the simulated events for the different masses, and for
the three lepton final state we develop a method of identifying the lepton pair from the
production and decay of the heavy neutrino that is up to 50% more efficient than simply
ordering the leptons by their transverse momenta pr. For the 214+2j final state, we find
that the invariant mass of the four objects in the final state can be used to reconstruct
My, and that the pr of the leptons can be used to estimate the mass difference between
Wpg and the heavy neutrino.

We then perform a sensitivity study for the ATLAS detector at the LHC for the
three signal processes after the current Run 3 and the future HL-LHC. For the Majorana
and pseudo-Dirac signals we find that they are very difficult to discover and impossible
to exclude even after the entire HL-LHC run, due to the strict constraints on the mixing
between the heavy neutrinos and the SM neutrinos. For the LRSM models, we find
that we can improve on results from previous studies. For the case My, = 3 TeV we
are able to put a 95% CL expected upper limit on the relative right-handed coupling
strength kr of kg =~ 0.2 if no signal is seen after Run 3, and an upper limit of less than
0.1 after HL-LHC. We also find that models with masses as high as My, = 5 TeV and
mpy = 4 TeV can be discovered at 50 during HL-LHC. If no signal is seen after HL-LLHC,
it will be possible to expand the current 95% CL excluded region in the (M, my)
parameter space up to at least (5 TeV, 4.5 TeV) and the 90% CL excluded region will
extend beyond (6 TeV, 4 TeV).
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Chapter 1

Introduction

Although the neutrinos have been known to exist for over 60 years [1], they are arguably
the particles in the Standard Model of particle physics (SM) that we know the least
about. The reason for this is their very weak interaction with other particles, making
them difficult to study experimentally. Among the most important mysteries of the
neutrinos are the origin of their masses and what type of fermion they are; Dirac or
Majorana. The answers to these questions will open doors to new and unknown physics.
In fact, the first decisive evidence for physics beyond the SM came from measurements of
neutrinos, when the observation of neutrino oscillations in 1998 showed that the neutrinos
have non-zero masses [2]. Even before this was shown experimentally, many theoretical
models for the mass generation of the neutrinos had been conceived. Among these is the
so-called seesaw mechanism, which attempts to explain the small non-zero masses of the
SM neutrinos by introducing new heavy neutrinos.

In this thesis we will perform a phenomenological study of a few different versions of
the seesaw mechanism. We will simulate particle collision events that can produce the
associated heavy neutrinos within the framework of each model, and analyse the results
with the goal of learning how to distinguish between the models. We also want to use
our simulated events along with simulated background events made for the current Run
of the ATLAS detector at the LHC to perform a sensitivity study for this detector to
these models. With this analysis, we hope to say something about whether the heavy
neutrinos are possible to detect currently or in the future, and which models or parts of
parameter spaces can be excluded based on not having observed the expected signals yet.

The thesis is divided into two parts. In the first part, we give the theoretical
background needed for our study. In chapter 2, we give a short review of the SM,
and in particular how the fermions in the SM get their masses. We also present the
evidence for the masses of the SM neutrinos being non-zero, and why this leads to the
so-called neutrino mass problem. In chapter 3, we introduce the three versions of the
seesaw mechanism that are the focus of our study. Finally, in chapter 4, we give a brief
introduction to the LHC, particle collider kinematics and the ATLAS detector.

In the second part of the thesis, we present the methods we used in our analyses
and the results of our work. In chapter 5, we present the specific signal processes we
will study within each of the three versions of the seesaw mechanism that we cover, and
how we simulated these processes. We also give an overview of some important SM
background processes that are similar to the signal processes. In chapter 6, we study the
kinematics of the signal processes in detail to learn about their characteristics. In chapter
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7, we perform the aforementioned sensitivity study for the ATLAS detector during Run
3 of the LHC and the High Luminosity LHC to each of our simulated signals. Finally, in
chapter 8, we summarise our main results and present possibilities for future research.



Part 1

Background






Chapter 2

The neutrino mass problem

In this thesis we will use natural units, setting ¢ = h = 1, meaning that mass, momentum
and energy are all given units of energy. We will use the energy unit ”electronvolt”,
or eV, which is defined by 1 eV ~ 1.6 x 107!? J. We use the metric sign convention
g" = diag (+1,—-1,—1,-1).

In this chapter we will introduce the main motivations for the search for heavy neutrinos
and the study of the seesaw mechanism, from both theoretical and experimental points
of view. When no other references are given, the information in this chapter is largely
based on the textbooks by Peskin and Schroeder [3] and Thomson [4].

2.1 Introduction to the Standard Model

The Standard Model of particle physics (SM) is the model that describes all the currently
known elementary particles and their interactions. The SM is a quantum field theory,
meaning that the dynamical variables of the theory are fields, and we think of each field
as having an associated particle. The ”equations of motion” for the fields in a quantum
field theory can be derived from the Lagrangian £ of the theory, which contains the
space-time dependent fields and their derivatives. The Lagrangian of the SM therefore
gives all the information we need to predict the behaviour of the elementary particles.
The SM Lagrangian is built on the principle of gauge invariance. This means that
the Lagrangian is made to be invariant under certain symmetry transformations. The
symmetries of the SM are defined by the so-called SM gauge group

SUB)c@SUR2)L,®U(1)y. (2.1)

Here U(n) and SU(n) are the unitary and special unitary groups of order n respectively,
which are continuous groups with elements that can be represented as n by n unitary
matrices. The multiplication symbol between each subgroup of the SM gauge group
represents a direct product, while the subscripts C, L and Y are labels that remind us
that only certain types of SM fields are charged under each group. Any element of one
of the three subgroups can be written using the exponential map and the generators T,
where a is an index labelling the different generators, of the group as

g = eaT”, (2.2)
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Here 0, are parameters that can be chosen to produce the specific group element g, and
there is a sum over all values of a. Each subgroup of the SM gauge group then acts on the
SM Lagrangian by transforming some fermion field ¢ in a so-called gauge transformation

P — 1 = e 0a(@)Ty, (2.3)

where 6,(x) are parameters which are now space-time dependent, and ¢ is the charge of
the field ¢ under the specific subgroup. We therefore see that only fields with non-zero
charges under a group will transform under a gauge transformation.

The Abelian group U(1) only has one generator, which can be taken to be 1. The
groups SU(n) in general have n? — 1 generators, which in the so-called fundamental
representation can be written as Hermitian n by n matrices. For SU(2), the generators
in the fundamental representation are the three Pauli matrices 7%, a = 1,..., 3, while
for SU(3) they are the eight Gell-Mann matrices A%, a = 1,...,8. This means that
fields that transform under SU(2);, and SU(3)¢ need to be placed in two- and three
component vectors respectively in order for equation (2.3) to make sense. These vectors
are called SU(2)r, doublets and SU(3)¢ triplets.

Now we can finally introduce the particle/field content of the SM. First, there are the
fermions, which are characterised by their spin of 1/2 and their fields taking the form of
four-component "spinors”. The fermions of the SM include the leptons, which come in
three generations and electrically charged and neutral types. The charged leptons are
the electron e, the muon u* and the tau 7. The neutral leptons are the neutrinos
with flavours of the same name; the electron-, muon- and tau-neutrinos v,, v, and v;.
The remaining fermions are the quarks, which also come in three generations and two
types with different electric charges. There are the down-type quarks down d, strange
s and bottom b with charges of —1/3, and the up-type quarks up u, charm ¢ and top
t with charges of +2/3. All of these fermions have left-handed fields! that are charged
under the SU(2), group. These left-handed fermion fields are therefore placed in SU(2),

doublets, as follows ' '
; u} ; e’

QZ:(ZL) EZ:<1L)7 2.4

L dL L v ( )

where ¢ is a generational index, such that QiL represents the doublets of the quark fields
of each generation, with for example uZL being the left-handed field of the up-quark,
charm-quark and top-quark for ¢ = 1,2, 3 respectively. Similarly, E’L are the three
generations of SU(2), lepton doublet, with €% being the fields of e*, u* and 7+ for
1=1,2,3.

All of the quark fields are also charged under SU(3)c, which means that they are
additionally placed in SU(3)y triplets

q1
q=19], (2.5)
q3

where ¢ can be any of the six types d, s, b, u, ¢ and ¢.

To make the SM Lagrangian invariant under the general gauge transformation of the
fermion fields shown in equation (2.3), we need to add new fields for each of the gauge
groups to cancel the fermions’ transformations. These are the so-called gauge (vector)

We will explain what left-handed fields are in the next section.



2.2. A PROBLEM WITH FERMION MASSES IN THE STANDARD MODEL 7

bosons. There is one gauge boson associated with each generator of the SM gauge groups,
meaning that there are eight gluons Gf, @ = 1,...,8 connected to the SU(3)c group,
and there are the four electroweak bosons Wj , W, Z,, and the photon A, connected to
the SU(2), and U(1)y groups. The connection between the last four gauge bosons and
the associated groups is actually slightly more complicated, since the gauge symmetry
of SU(2)r, ® U(1)y is "broken”, which we will come back to in subsequent sections.
These gauge bosons, which have fields with indices ¢ = 0, ..., 3 that indicate that they
transform as vectors under Lorentz transformations, mediate the interactions between
the fermions in the SM that are charged under the gauge group associated with the
boson. We therefore get the group of interactions between quarks mediated by gluons,
which is described by the theory of Quantum Chromodynamics (QCD). There is also the
theory of Electroweak (EW) interactions between the leptons, quarks and the bosons of
SU(2)r ®U(1)y. As mentioned, this gauge symmetry is broken in the SM, which occurs
at an energy scale of around 100 GeV, and has the consequence that at lower energies
there is the theory of Quantum Electrodynamics (QED) which describes the interactions
between the photon and all electrically charged fermions.

Finally, the last field of the SM is the scalar field called the Brout-Englert-Higgs
(BEH) field ¢, with the associated scalar boson called the Higgs h. This field is also
charged under SU(2)y, and therefore forms a doublet

6= (%) (2.6

2.2 A problem with fermion masses in the Standard Model

To acquire mass for the fermions in the Standard Model is surprisingly non-trivial. For
any SM fermion with a Dirac spinor 1, the most natural attempt would be to, analogous
to the Dirac Lagrangian, add the term

L~ —mip (2.7)

to the SM Lagrangian. Here m would be a constant with mass dimension one, as is
expected for a mass, and ¥ denotes the Dirac adjoint of 1, defined as

P =9, (2.8)

where 7° is the time-like gamma matrix. However, terms like the one in (2.7) are not
allowed in the SM Lagrangian due to the requirement that the Lagrangian must be
invariant under the transformations of the SM gauge group SU(3)c ® SU(2), ® U(1)y.
To show that the term in (2.7) is not invariant under this SM gauge group, and specifically
not under the transformations of SU(2)r,, we decompose the spinors into their left- and
right-handed chiral components using the projection operators

1

Pp=5(1-7),
. (2.9)
Pp =3 (14+79%),

where ~° is the chirality operator, also referred to as "the fifth gamma matrix”, and is

defined by

7° =iy (2.10)
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The four gamma matrices v*, p =0, ..., 3 are defined by the anticommutation relations

{27} = 2¢" 1, (2.11)

where I is the four by four identity matrix. Using the properties of the four gamma
matrices, one can show that the operators P; and Pr have the standard projection
operator properties

PL—‘rPR:l, PRPR:PR, PLPL:PL and PLPRZPRPLZO. (212)
Using this we can write

Y =1y = (P, + Pr) = 91, + Y, (2.13)

where 11, and ¥p are now the left-handed and right-handed chiral components of .
Since the Dirac adjoint is linear, it follows that

V=15 +Ug (2.14)

Using the fact that 4° is hermitian and anti-commutes with all four gamma matrices, we
can also write these as

¥p, = (PL) 20 = v PIy° = TPy = 4 Pg,
U= (Pry)T 7" = 1/1TP1T3 0=y Ppy® =Py

Now we can expand the Dirac Lagrangian mass term from equation (2.7) in terms of
chiral spinors

L~ —m (g +vg) (L +r) = —m (YPr + Y Pr) (P + Pry)

= —map (Pg + Pr) (Pp + Pg)¢ = —ma) (PrPr + PLPL) 9 (2.16)
—m (@L¢R + %wL) .
Now we can see the problem with this term in the SM Lagrangian. The left-handed

chiral spinors of fermions in the SM are part of SU(2); doublets, that are transformed
under the SU(2), group as

(2.15)

LI =ewba@™r and T o1 = fe_igwe“(z)Ta, (2.17)

where L is any SM SU(2)r, doublet containing two left-handed fermion fields, gy is the
weak coupling constant, a is an index that is implicitly summed over, 6, are space-time
dependent parameters of the transformation and 7%, a = 1,...,3 are the hermitian
Pauli matrices. The right-handed spinors, on the other hand, are singlets under SU(2)y,
meaning they have no charge and do not change at all under SU(2) transformations.
This means that the Lagrangian term in equation (2.16), which came from the proposed
mass term in equation (2.7), cannot be invariant under SU(2), transformations, as it
has a non-zero charge. In other words, the right-handed fields are unable to cancel the
transformation of the left-handed fields, since they do not transform at all.

This is one of the main reasons why fermions must be massless as long as the
symmetries of the SM are upheld. But there is no doubt that we observe massive
fermions in nature. So how can the SM explain this? The answer is to break the
symmetries of the model.
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2.3 Spontaneous symmetry breaking, the Brout-Englert-
Higgs mechanism and electroweak unification

In addition to the difficulties we have demonstrated associated with writing down fermion
mass terms in the SM, there is also the problem that all gauge boson fields must be
massless in any gauge theory. The reason for this is that the natural gauge boson mass
term?

1
2
where M is a constant of mass dimension one and V), is a gauge boson field, is not gauge
invariant. However, we know that the mediators of the weak interaction, the W=*- and
Z bosons, have masses. This is another indication that the symmetries of the SM need
to be broken, and it gives us a reason to suspect that the symmetry breaking mechanism
is related to the weak interaction in particular.

There turns out to be a convenient way to give mass to the gauge bosons of a gauge
theory, by coupling a scalar field with certain properties to the gauge bosons. This
can allow the symmetry of the theory to be broken spontaneously by the scalar field,
while keeping the explicit symmetry of the Lagrangian. This method of giving mass
to gauge bosons was discovered almost simultaneously by Robert Brout and Frangois
Englert [5], and Peter Higgs [6] in 1964, and is therefore called the Brout-Englert-Higgs
(BEH) mechanism. In order to give the desired results, the scalar field must have a
potential with a set of degenerate minima. The minima of the potential correspond to
the lowest energy states of the field, which are often called its vacuum states. However,
at any given space-time point x the field can only be in one of these vacuum states.
This ”choice” of the physical vacuum state spontaneously breaks the symmetry of the
Lagrangian.

A few years before the BEH mechanism was conceived, Glashow proposed a unification
of the weak and electromagnetic interactions [7], forming an electroweak interaction
with gauge group SU(2)r ® U(1)y. In 1967, this unified gauge theory was combined
with the spontaneous symmetry breaking of the BEH mechanism in what is now known
as the Glashow-Weinberg-Salam theory. This theory completed the main theoretical
foundation of the Standard Model as we know it today. In this theory, the scalar field
that is introduced to spontaneously break the gauge symmetry is called the BEH field.
The BEH field is coupled to the electroweak gauge group to give the weak gauge bosons
masses. In order to give the W bosons and the Z boson masses, the BEH field needs
to “give” one degree of freedom to each of their fields®. There needs to be at least one
degree of freedom remaining in the BEH field corresponding to the massive Higgs boson,
so the BEH field needs at least four degrees of freedom in total. The simplest way to
do this is to make a SU(2);, doublet of complex scalar fields, meaning the field has a
weak isospin charge of Iy = % The doublet needs to contain one electrically charged
field and one electrically neutral field to give mass to both the electrically charged W
bosons and the electrically neutral Z boson. We therefore get the following form of the

Standard Model BEH field
_ ¢+> 1 <¢1 + icbz)
4 <¢0 V2 \¢3+i¢a)’ (2.19)

1
2

2
L~ —-MPVIVE, (2.18)

2This is the form of the mass term for neutral bosons. For charged bosons the factor
3Massive vector bosons have three degrees of freedom, while massless only have two.

disappears.
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where ¢1, ..., ¢4 are the real valued component fields of the two complex fields ¢™
and ¢°. In order for the electroweak unification to give interactions that agree with
observations, the following relation between the weak and electromagnetic charges must
be fulfilled for all fields

Y =2 (Q - Iéf;)) : (2.20)

where (@) is the electric charge of the field, I‘(/I:i) is called the third component of weak
isospin and it is —I—% and —% for fields in the upper and lower part of a SU(2), doublet
respectively, and Y is the weak hypercharge of U(1)y and must be the same for both
component fields of a SU(2), doublet. Using this relation, we see that the BEH field
must have a weak hypercharge of Y = 1.

The BEH field is then given the potential

V(g) = 16T o+ A(919)?, (2.21)

where ;2 and X are real constants with mass dimensions two and zero respectively. If 2
is negative while X is positive, the potential has an infinite set of minima for

b6 = = (62 + 03+ 63 + 2) - v (2.22)
2 2\ 2
where

v = ;‘2 (2.23)

is called the vacuum expectation value, or vev, of the BEH field*. In the four dimensional
space where each coordinate axis corresponds to one of the component fields of ¢, such
that any point in the space corresponds to a particular value of the BEH field, these
minima form the three dimensional surface of a four dimensional hyper-sphere with
radius v. This symmetry of the minima is not accidental, but a consequence of the fact
that the BEH potential in (2.21), and in fact the whole Lagrangian, is invariant under
SU(2), transformations

¢ — ¢ = etgwla@) g (2.24)

which are exactly the transformations that keep the inner product ¢¢ constant. We can
see this by computing

¢/T¢/ _ (bTe—igWGa(:c)T“eigWOG(x)T“¢ — ¢T¢’ (2.25)

where we used that the generators 7% of SU(2)y are hermitian. This shows that the
symmetry of the hyper-sphere surface is simply a representation of the symmetry of
SU(2)r, and that a SU(2)r transformation like the one in (2.24) will move the state of
the field along this three dimensional surface.

Since the theory is supposed to be invariant under local SU(2), transformations, this
means that we can choose the vacuum state of the field at all space-time points to be
any point on the hyper-sphere surface without any physical consequences. In this case,
we choose the vacuum expectation value to be only in the ¢3-direction. This choice of a
direction in the four dimensional space represents a breaking of the SU(2)y, symmetry of

4Another common convention puts a negative sign in front of x? in the definition of the potential,
making p? itself positive, in which case the negative sign in the expression for v disappears. In any case,
v is a positive real number of mass dimension one.
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the system, which is exactly what we wanted. With this choice of the vev, the BEH field
can be re-parameterised around the vacuum value as ¢3(z) = v+ n(x), where 7 is a field
that represents the deviation of ¢35 from the vev. The BEH doublet can then be written
in terms of real scalar fields that all have a vacuum expectation value of zero

_ L[ ¢ +id

Writing out the Lagrangian for the BEH field in this form and coupling it to the
electroweak gauge group SU(2);, ® U(1)y gives the desired mass terms for the gauge
bosons. However, the component fields ¢1, ¢2 and ¢4 also enter the Lagrangian as
un-physical massless scalar fields called Goldstone bosons. To remove these from the
theory, we can perform another gauge transformation (still not changing the physics
described by the Lagrangian!) to transform the BEH doublet into the form

0= 75 (o +9) = 72 ohia) (220

where we have renamed 7 as h to indicate that this is the physical BEH field. The gauge
in which the Goldstone bosons are removed from the Lagrangian and the BEH doublet
takes this form is called unitary gauge.

In unitary gauge, the Lagrangian for the BEH field coupled to the electroweak
interaction has almost all the desired properties. Due to the vev of the BEH field, the
kinetic part of the Lagrangian gives terms that are quadratic in the boson fields, just
like the mass term in equation (2.18). From the potential part of the Lagrangian, the
BEH field itself also gets a mass due to the non-zero vev. The only thing that remains
is to take linear combinations of the four bosons of SU(2);, ® U(1)y to get the correct
interactions of the physical photon, W¥*- and Z bosons, and make sure that the photon
remains massless. These requirements give relations between the weak and electric
coupling constants, and the masses of the W and Z bosons, usually parameterised by
the weak mixing angle fy,. These are some of the main predictions of the theory of the
BEH mechanism and electroweak unification, and they are verified experimentally to
high precision.

2.4 Fermion masses in the Standard Model, revisited

Armed with the knowledge of the BEH mechanism, we can now explain how, at least
most of, the fermions in the SM get their mass. We have introduced the BEH field in
the form of a SU(2), doublet and with weak hypercharge Y = 1 to the SM Lagrangian.
This allows us to write new gauge invariant interaction terms between fermions and the
BEH field, called Yukawa terms. They are

Lyuk = —)\izjﬂ.LQﬁdgz + )‘Zj@iLW“;% - Aijflaﬁe?z + h.c. (2.28)
where 7 and j are generational indices that are summed over in each term, )\ilj, N and
)\f are complex constants with mass dimension zero, QiL is the ith generation of SU(2)p,
Quark doublet, dlé and u’é are the SU(2), singlet fields of the quarks in the lower and
upper part of Q7 , E} is the ith generation of SU(2)r, lepton doublet, €%, is the singlet
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Table 2.1: The transformation properties of the different types of fermion fields and
the BEH field under each of the three SM gauge groups. The first number in the
parenthesis gives the size of the SU(3)¢c multiplet of the fermion (3=triplet, 2=doublet
and 1=singlet). The second number gives the same for SU(2)r. The last number is the
weak hypercharge of the field, as given by the relation (2.20).

Field Transformation (SU(3)¢c, SU(2)r, U(1)y)

QL (3,2, 3)
Er (1,2, 1)
dr (3,1, -2)
uR (3,1, %)
eR (1,1, =2)
VR (1, 1, 0)
b (1,2, 1)

field of the charged lepton in E%, ¢ is the BEH doublet and the field ¢¢ is called the
conjugate BEH doublet and is defined as

¢° = —ioad”. (2.29)

The ”h.c.” at the end of equation (2.28) is short for the hermitian conjugate of all the
previous terms in the equation. To show that the Yukawa terms in equation (2.28) are
gauge invariant, we use the transformation properties of the fields that are listed in table
2.1. We also know that any contraction of two SU(2), doublets or two SU(3)¢ triplets
is invariant, as was shown in equation (2.25) for the case of SU(2)r. The exact same
argument shows that contractions of SU(3)¢ triplets are invariant, since this group also
has hermitian generators. Then we see that the terms containing ¢ are invariant under
SU(2)r, since there is a contraction between the fermion doublet and the BEH doublet.
In the last term, all of the fields are singlets under the strong interaction, so they are
obviously SU(3)¢ invariant. In the first two terms, there is a contraction between the
SU(3)¢ triplets of the two quark fields, so the terms are also invariant. For invariance
under U(1)y it suffices to show that the sum of hypercharges in each term is zero. Noting
that the sign of the hypercharge is flipped when taking the Dirac adjoint of a field, we
see that the sum of hypercharges in the first term is —% +1-— % = 0 and in the last term
itis14+1—2=0. To find the sum of hypercharges of the second term we need to look
at how the conjugate BEH doublet transforms under U(1)y

¢c/ _ —i02¢/* _ —iagefiglye(ﬁ* _ eig’(fY)G (—i02¢*) _ eig’(fY)G(ﬁc' (230)

This shows that ¢¢ transforms just like the un-conjugated field ¢, only with the hyper-
charge multiplied by —1. Thus ¢¢ has Y = —1. Then the sum of hypercharges of the
second term is —% -1 Jr% = 0. Finally, we need to show that the second term is invariant
under SU(2)r. To do this we look at how the conjugate BEH doublet transforms under

a general SU(2), transformation, for which we will need the following properties of the
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Pauli matrices

o} =03 =05 =1, (2.31a)
040y = —0p0a  (a#b), (2.31b)
o] =01, 0= —02, 03=03. (2.31c)

Combining these properties, we find that

"= —0q02 (2.32)

020,

for all three values of a, and

an_a* 2:92+92+92
1 2 3
— 6165 (0’10'2 + 0'20'1) + 0103 (0'10'3 + 0'30'1) — 0503 (0’20’3 + 0'30'2) (2.33)
=07 + 03 + 05 = 0,0".

Using this, the transformation of the conjugate BEH field can be written as

07 = —iogg = —iage_%igwea"a*qb*
1 11 2 11 3
= 09 (1 - iigweaaa* + 5 [Qigwt%aa*] ~3 [Zigwﬁaaa*] + .. ) (—ig")
1. L1 P 11 7° \ .
= 09 (1 - izgweaaa + 3 [2194 0,0% — 8 [2194 0,0°0,0% + .. ) (—ig")

1+ Ligubaot + 2 | L 290“+1 L 399b9 “+ (—io9g*)
2Zgw a0 B 2'ng a 6 2’ng b e 109

1, a
Sigwbao® ic
e2 W 5,

(2.34)

which has exactly the same form as the transformation of the regular BEH doublet ¢, as
shown in equation (2.24). We also note that the hermitian conjugates of terms that are
invariant under a gauge transformation must also be invariant, and thus the the entire
Lagrangian in equation (2.28) is gauge invariant.

2.4.1 Right-handed neutrinos

Interestingly, there is no Yukawa term for leptons involving the conjugate BEH doublet
in equation (2.28). The reason for this is that this term requires the presence of the
right-handed neutrino fields 1/}'% in order for the term to be gauge invariant, and this is a
problem in the Standard Model.

The neutrinos are the only SM fermions that do not interact with either the gluons
or the photon, since they have no colour or electric charge. The left-handed neutrinos
(and their CP conjugate counterparts, the right-handed antineutrinos) only couple to
the W and Z bosons due to their non-zero weak isospin and hypercharge. However,
right-handed neutrinos, which would be singlet under SU(2), would have no weak
isospin or hypercharge either. They would therefore not interact with any other SM
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particle, except to a completely negligible extent through gravity®, or potentially through
mixing. It is therefore not surprising that we have not seen any evidence of the existence
of right-handed neutrinos. For this reason they are not included in the Standard Model.
Thus neither is the Yukawa term for the neutrinos.

2.4.2 Fermion mass terms

When the BEH field now acquires a vacuum expectation value and the Lagrangian is
written in unitary gauge, such that the BEH field is on the form of equation (2.27), the
Yukawa terms become

1 i 1 , 1 o
Lyyk = =N —= (v+ h)dpdly — Ny) — (v + h) upu) — A —= (v + h)eref + h.c. (2.35

Yuk d\/ﬁ( )drdy ﬂ( )ur, z\@( )eLer (2.35)
where d’]': and u}J are the down-type and up-type quark fields the component fields of the
doublet QiL, and eiL is the lower component field of E’L

There are two types of terms in equation (2.35). The first type is for the down-type
quarks

Ld’h = _)\Zd]72de]Rh + h.C., (236)

which has the form of an interaction term between the quarks and the Higgs boson, with
)\fj as coupling constants. The other type is for the same quarks

1
£mass,d = *)\fjjjvd[,d% + h.C., (2.37)

which has a form that is very similar to the infamous fermion mass term shown in
equation (2.16). However, the Lagrangian in equation (2.37) has some issues in its
current state. Since there are a priori no restrictions on the parameters A\Y, it seems to
allow 7off-diagonal” terms of the form d'd’ where i and j are different. But these terms
can not be physical, since they would allow quarks of one generation to turn into quarks
of another generation without interacting with any other particles. To find the mass
terms of the physical fermion fields, we therefore need to mix the different generations to
make fields for which the matrices Ay, A\, and \; are diagonal. The fields for which this
is the case are called the mass eigenstates of the down-type quarks, the up-type quarks
and the charged leptons respectively.

2.4.3 Mixing in the quark sector

For the quarks, we need to diagonalise both Ay and \,. It can be shown® that any
complex 3 by 3 matrix M can be written as

M = UDW, (2.38)

5The gravitational effect of right-handed neutrinos could only be detectable on a cosmic scale. In
particular, right-handed neutrinos could change the effective number of neutrino species, which again
is related to the energy density and expansion rate of the universe, as explained in section 4 of The
Phenomenology of Right Handed Neutrinos [8].

5See for example section 11.3 of Gauge Theory of Elementary Particle Physics [9].



2.4. FERMION MASSES IN THE STANDARD MODEL, REVISITED 15

where U and W are 3 by 3 unitary matrices, and D is a 3 by 3 diagonal matrix with real
and positive numbers on the diagonal. Therefore, we can without loss of generality write

Mu = U D W, Ny = UgDgW], (2.39)

where U,, W, Uz and Wy are all unitary matrices and D, and D, are diagonal with
real and positive eigenvalues. If we then transform the quark fields according to the
linear transformations

, ny , ny , i , i
up = Ufdup, up — Wiuy, dpy —Ujd,, di— W,/ dp, (2.40)

where we keep the same names for the fields for simplicity, we see that all of the unitary
matrices disappear from the fermion-Higgs interaction terms and the fermion mass terms.
For example, the terms in equation (2.37) become

Linass,d = \/»Ude + h.c.

1 , i il
- U;kd,’g) VONIWI L, + h.c.
\@ ( d'""'d
iy
. _Tud““ VU (UaDaW])” Wildhy + hc.
(2.41)
—EUELngZUémDZ”"WJ"J Wildy + h.c.
L=k pl
= —E'UdLDd dR + h.C.
1 VA -
In the last line, there are only terms containing fields of the same generation. In fact,
looking at equation (2.16) from section 2.2, we see that we can write this last line using
the complete fields of the quarks given by

d' = d +dy (2.42)
as 1 '
Lmassa = =500 (d d ) : (2.43)

This shows that in the mass eigenstates of the quarks, we get terms that are exactly like
the standard Dirac fermion mass terms shown in equation (2.7). Comparing equation
(2.43) with equation (2.7), we see that the masses that the down-type quarks get from
the BEH mechanism are

. 1 y
The corresponding masses for the up-type quarks, which can be found in the same way
by inserting the ulL and uﬁé fields in the mass eigenstate basis into the Lagrangian in

equation (2.35), are

‘ 1 g
An interesting thing to note about the quark masses is that they depend on both the
BEH vev v and the diagonalised Yukawa couplings D, and D,;. The value of v can



16 CHAPTER 2. THE NEUTRINO MASS PROBLEM

be measured independently, for instance by measuring the Higgs boson mass or the
weak gauge boson masses. The entries of D, and Dy, however, come directly from
the arbitrary Yukawa couplings A, and )4z, which are not restricted by theory or any
independent experiments’. This therefore serves more as a parametrisation of the quark
masses, rather than an explanation for their values.

It is important to ask ourselves whether the transformation we did in equation (2.40)
to write all the quark fields in their mass eigenstates affected any other parts of the SM
Lagrangian. In any terms where a chiral quark field is multiplied by the Dirac adjoint of
the same field, the unitary matrices will cancel as long as they commute with whatever
is between the two quark fields. Since the unitary matrices are constant they commute
with derivatives, and they also commute with the gamma matrices and the generators of
the SU(3)¢ gauge group, since they work in different spaces. Therefore terms that are
invariant under the change to mass eigenstate basis include the kinetic terms, strong
interactions, and photon and Z boson interactions. However, in the charged current
weak interactions involving the W bosons, the terms contain left-handed fields of one
up-type quark and one down-type quark. Before transforming to the mass eigenstate
basis, these terms have the form

Loo = WW;il d + h.c. (2.46)

After the transformation, they become

Loc = ffwj W Ui UFdE + hec.

?WJ“WELUJJZ‘Uékdlz + h.c. (2.47)
_9W o+ trr \oF ok
IW Y+ i (U Ud> 5 + h.c.
vz
We see that the unitary matrices do not disappear in these terms. Instead we get a new
unitary matrix

V =UlUy (2.48)

which the down-type quarks are multiplied by. This matrix is known as the Cabibbo-Kobay-
ashi-Maskawa (CKM) matrix. We now define the weak eigenstate basis of the quark
fields as the ones that are diagonal in the charged current interaction. Marking the fields
in the weak eigenstate basis with primes to distinguish them from the mass eigenstates,
the charged current in terms of weak eigenstates are by definition

ﬁCC TWJiu 'ud + h.c. (249)
Comparing this with the same terms in the mass eigenstate basis, we see that we can

identify ' ' ' o
uy =uyp, di =V9Yd]. (2.50)

"The elements of D, and D4 can of course be measured from the cross sections of the decays of the
Higgs boson to quarks, since the exact same matrix elements determine these cross sections (as can
be seen from equations (2.36) and (2.37)). However, one could just as well measure the masses of the
quarks using some other method, and use the mass values to determine the couplings of the Higgs boson
to quarks. The measurement of D,, and Dy elements from Higgs decays can therefore not be called an
independent measurement of the quark masses.
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This shows that while we can make the weak eigenstate of the up-type quark equal to
their mass eigenstates, the weak eigenstates of the down-type quarks are a rotation of the
physical mass eigenstates. This is what we mean when we say that the quarks are mixing,
and it has drastic consequences for the symmetries of the theory. While the combined
quark number (where a quark is assigned quark number 1 and an antiquark quark number
—1) is still conserved in the entire SM, the individual quark flavour numbers, where
each generation is given its own separate number, can now be violated by the charged
current weak interaction. Additionally, it can be shown® that if the CKM matrix has any
complex elements, these interactions will violate CP symmetry, which is otherwise an
exact symmetry of the SM. Experiments show that the CKM matrix is indeed complex,
and CP violations have been observed in weak interactions [10].

2.4.4 Lepton masses

The change to mass eigenstate basis in the lepton sector is slightly different from the
quark sector, due to the missing right-handed neutrinos. To find the mass eigenstates of
the leptons we only need to diagonalise the matrix A\;. This can again be done with two
unitary matrices U; and W; such that

N = UDW/, (2.51)

where D; is a diagonal matrix with positive real numbers on the diagonal. To eliminate
the unitary matrices from the lepton mass terms, we need only to transform the charged
lepton fields as follows o o

er, > Ulel, er— W/el. (2.52)

Then the mass terms for the charged leptons can be written as

1 Lo o
Linass,l = —E’UDf (erer +eger), (2.53)
which means that similarly to the quark masses, the masses given to the charged leptons

by the BEH mechanism are
1

m; = EUDZ”. (2.54)
The masses again depend on the arbitrary matrix elements lii, an thus the theory does
not predict the values of the charged lepton masses. The neutrinos, meanwhile, get
neither mass terms or Higgs interactions since they have no Yukawa term. It therefore
does not really make sense to speak of the mass eigenstates of the neutrinos in this
framework, and there is no reason to change basis for the neutrino fields v%. However, if
the neutrino fields are not transformed, the matrix U; will appear in the charged current
interactions of leptons in the same way as the CKM matrix did for the quarks. We
therefore choose to transform the neutrinos with the same matrix as the charged leptons,
giving B
vy — UJvl. (2.55)
In this way, Uy, can be factored out of the lepton SU(2); doublets, and it therefore
disappears from all the SM Lagrangian terms, including the charged current interactions.
This choice of basis for the neutrino states is therefore equivalent with defining the weak

8See for example section 20.3 of Peskin and Schroeder [3].
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eigenstates of the charged leptons to be the same as their mass eigenstates. It also
means that without the right-handed neutrino fields and neutrino mass terms, there is
no mixing between the lepton generations, and each individual lepton flavour number is
conserved. Then any lepton interactions also have exact CP symmetry. However, as we
will see in the following section, the observation of neutrino oscillation changes all of this.

2.5 Neutrino oscillations and evidence for non-zero neutrino
masses

Because the SM neutrinos are so difficult to detect, no experiment to this day has been
able to directly measure their mass. In section 2.4, we saw that the three neutrinos are all
assumed to be massless in the SM. Nevertheless, the consequences of non-zero neutrino
masses have been explored theoretically for almost as long as neutrinos have been known
to exist, for example by Bruno Pontecorvo in 1967 [11]. One of the main consequences
that were explored was the possibility of neutrino oscillations. These oscillations also
turned out to be the phenomenon that provided the first decisive evidence for non-zero
neutrino masses, so we will look at this theory in more detail.

2.5.1 Neutrino Oscillations

To see how non-zero neutrino masses can lead to oscillations, we assume that the right-
handed neutrino fields do exist, and that the neutrinos have some complex mass matrix
A, which gives the mass terms’

Emass,l/ = —)\f/jfiyé + h.c. (256)

Then the mass matrix A, must be diagonalised in the neutrino mass eigenstate basis,
and we do no longer have the freedom to transform the neutrino fields such that the
charged current interaction of the leptons remains diagonal with respect to the lepton
generations. Instead we get the same situation as in the quark sector. If the unitary
matrices that are needed to diagonalise ), are U, and WJ , then the charged current
interactions in the mass eigenstate basis are

. ik
Loo = %WJWWL (Ule)j ek + he. (2.57)

We see that the matrix UJUl takes the role of the CKM matrix for the quarks. By
convention, we choose the charged lepton weak eigenstates to be the same as their mass
eigenstates, which means that the mixing matrix for the neutrinos is

U= (UJUl)T ~ufu,, (2.58)

which is known as the Pontecorvo-Maki-Nakagawa—Sakata (PMNS) matrix. Then the
weak eigenstates of the leptons are related to the mass eigenstates by

el =ebt W= Uijl/i. (2.59)

9The neutrino mass terms must not necessarily originate in the BEH mechanism, and we therefore
write them in a more generic form.
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This means that when a neutrino is produced in a charged current interaction, its quantum
mechanical state can be described as a superposition of the three mass eigenstates. For
oscillations to occur, this superposition must remain coherent over significant amounts of
time, which can only happen if the mass differences between the states are small. This
is one of the reasons why oscillations are not observed in charged leptons or quarks!?,
and it is explained in more detail in Do charged leptons oscillate? [12]. Assuming that
the mass differences between the neutrinos are small, we can write a weak eigenstate VJL/
as a coherent superposition of mass eigenstates, and evolve this state through time by
approximating the mass eigenstates as plane waves. Then the neutrino state after a time
t at a position x is

‘Vi/(t,x)> =ik )Vf> ek, (2.60)
where k is an index that is summed over, and ¢y, is given by
o =p'r, = Ext — pg - X, (2.61)

where Ej, and pj are the energy and three-momentum of the mass eigenstate V]’—j, while
p* and z# are its four-momentum and position four-vector. Using the inverse of the
PMNS matrix, each of the mass eigenstates can be written as a linear combination of
the three weak eigenstates, giving

’Vi/(t,x)> = yIkyth=

yﬁ> eIk, (2.62)

where [ is another index that is summed over. We can then find the probability of the
neutrino being in one of the weak eigenstates after a time ¢ as

J! Iy _ I
P(I/L—>l/ )-KUL

. 2 . 2
VJL,(t,x)>’ = ‘Uijlk*e_mb’c

T 2Re{ U e )

19 Re{Ujl {7l 3 Ul3€—i(¢1—¢3)} 19 Re{UjQUzz* I3 13 p—i($2—3) }’
(2.63)

where Re{} means the real part of whatever complex number is inside the brackets. Thus
each of the three last terms will be some combination of sine and cosine functions of
the phase differences ¢2 — ¢1 = Ado1, @3 — ¢1 = A3 and @3 — P2 = Agsa. It can be
shown!! that when assuming that the momenta of the mass eigenstates are the same,
and that the neutrinos are highly relativistic these phase differences can be written as

m? —

m2
Agij = ———1L, 2.64
0y = — (2.64)
where m; is the mass of the mass eigenstate ui, FE is the energy of the neutrino and
L is the distance the neutrino has travelled since its production. This means that if
there is no difference between the masses of the three neutrinos, and in particular if
they have no mass at all, there will be no oscillations in the probability of observing the

10Although oscillations are observed in neutral K- and B-mesons, which both have two states with
very similar masses.
1Gee for example section 13.4 and 13.5 of Thomson [4].
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neutrino in any of the weak eigenstates. In fact, using the unitarity of the PMNS matrix,
it is easy to see that in this case, P (I/i/ — Z/JL/> =1, while P 1/%/ — 1/2’ =0 for 5 # .
Only if the mass differences are non-zero, and there is a mixing between the neutrino

weak eigenstates and mass eigenstates (the PMNS matrix is not diagonal), will these
probabilities change with the distance travelled. Then they will change periodically, such

that the survival probability P (l/i/ — I/i/) for example is 1 at time ¢t = 0, then drops to

a minimum at some distance, and then increases to 1 again. These are the oscillations
that give neutrino oscillations their name. Now we have seen that only neutrinos with
different, but nearly equal, masses will oscillate. But conversely, if oscillations were to be
observed in experiments, the only logical explanation would be that neutrinos are not
massless like they are in the SM.

2.5.2 Parameters of the PMNS matrix

As we have seen, non-zero neutrino masses imply that the neutrino states are mixed by
the unitary PMNS matrix. In general, a 3 by 3 unitary matrix has nine real parameters.
However, it can be shown that five of these parameters can be removed by transforming
the lepton fields'?, without changing any of the physics. Therefore we can parameterise
the PMNS matrix with four real parameters; three mixing angles and one complex phase.
The mixing angles are commonly called 612, 023 and 613, and the complex phase is 9.
Then the PMNS matrix can be written in the form

1 0 0 C13 0 8136_i5 C12 s19 0
U= 0 C23 593 0 1 0 —S12 C12 0 s (2.65)
0 —8923 (23 —813€i5 0 C13 0 0 1

where s;; = sin;; and ¢;; = cos 0;;. Just like for the CKM matrix, any complex elements
of the PMNS matrix will lead to CP violation in the weak interaction of leptons. With
the parametrisation of equation (2.65), the only possibility for complex elements comes
from the factors containing the complex phase §. Thus if § = 0 or 6 = 7, CP is conserved
in lepton interactions, and otherwise it parametrises the extent to which CP is violated.
But as we will see in the following sections, the current measurements of § lack the
precision to determine whether or not CP is violated in the lepton sector.

2.5.3 Experimental evidence for neutrino oscillations

For an experiment to observe neutrino oscillations, it requires a strong source of neutrinos,
a good understanding of the nature of the source (like its intensity and ratio of different
flavours), and a large detector volume. The neutrino sources can either be constructed or
natural. The most common ways to construct neutrino sources are in particle accelerators,
where it is possible to make beams of neutrinos for example by colliding proton beams
with a target, and nuclear reactors, which release electron neutrinos from beta decays.
Since the 1970s these sources have been used to look for neutrino oscillations. However,
early versions of these experiments were so-called short baseline experiments, where the
measurement of the neutrinos was performed relatively close to the source, usually at

12This only applies if the neutrinos are Dirac fermions. If they are Majorana fermions, only three
parameters can be removed, with three angles and three phases remaining, as is shown in section 14 of
Review of Particle Physics [13].
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distances of less than 1 km. This, combined with relatively low neutrino energies, meant
that until the end of the 1990s such experiments where only sensitive to oscillations
corresponding to squared mass differences of more than around 0.1 eV2. At the end
of the 90s these experiments had still not seen any conclusive evidence of neutrino
oscillations [14] [15].

There are two natural sources of neutrinos that have also been used for oscillation
experiments. These are the sun, producing what are called solar neutrinos, and cosmic ray
interactions with the upper atmosphere of the earth, producing atmospheric neutrinos.
Solar neutrinos are produced in very high numbers from different fusion and decay
processes in the core of the sun. They are exclusively electron neutrinos, and have
energies ranging from less than 0.1 MeV to around 15 MeV [16]. Atmospheric neutrinos
are produced mainly in the decay of charged pions to muons and muon neutrinos. The
muons also decay, resulting in another muon neutrino and an electron neutrino. The
expected ratio of muon to electron neutrinos among atmospheric neutrinos is therefore
around 2 : 1 [17]. The energy of the atmospheric neutrinos depend on the energy of the
incident cosmic ray, and they can range from around 1 MeV to as high as 1000 TeV.

Already in 1970, the Homestake Chlorine experiment started measuring the flux of
electron neutrinos from the sun with energies greater than 0.814 MeV [17]. The measured
flux in this and other similar experiments was consistently between 30% and 60% of
what was expected from models of solar physics [16]. This discrepancy could be viewed
as evidence for neutrino oscillations, since if some of the electron neutrinos oscillated to
muon or tau neutrinos on their way from the sun to the detector, these would not be
detected. However, they were not able to exclude the possibility that the discrepancy
was caused by inaccuracies in the modelling of the sun’s interior, so although promising,
these results were not yet decisive.

The first decisive observation of neutrino oscillations came from atmospheric neutrino
measurements, with a new detector type known as water Cherenkov detectors. Water
Cherenkov detectors consist of a large volume of water and detect neutrinos indirectly
from their elastic scattering off atomic electrons in the water or their charged-current
interactions with nuclei. If the energy of the incoming neutrino is large enough, a charged
lepton can be ejected from the water molecule, and if its speed is greater than the
speed of light in water, it will emit photons at a fixed angle to its direction of motion,
known as Cherenkov radiation. These photons are then detected by photo-multiplier
tubes surrounding the water. The detectors are sensitive mainly to electron and muon
neutrinos, since charged current interaction of tau neutrinos would require the production
of a tau lepton, which has a much larger mass and therefore requires a very energetic
neutrino. The charged lepton that is ejected will have the same flavour as the incoming
neutrino, and electron and muon signals can be distinguished by the shape of the ring of
light hitting the photo-multipliers. In this way, water Cherenkov detectors can detect
electron and muon neutrinos separately. Crucially, they can also measure both the time
of events, and the energy and direction of the incoming neutrino. The first experiment to
use such a detector was the Kamiokande experiment in Japan. In 1996, this was replaced
by the even larger Super-Kamiokande experiment. After less than two years of data
taking, they already reported a significant lack of muon neutrinos compared to electron
neutrinos among the neutrinos coming from the downward direction (from the direction
of the centre of the earth) [2]. They concluded that this was evidence of oscillation of
atmospheric muon neutrinos produced on the opposite side of the earth to either tau
neutrinos or some other sterile neutrino during their passage through the planet. The
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probability of the observed data in the case of no oscillations was estimated to be less
than 0.001%, which corresponds to a significance of 4.3¢.

This was a large breakthrough, but it still only confirmed oscillations of muon to tau
neutrinos, so oscillations of electron to muon neutrinos and electron to tau neutrinos
remained to be investigated. In addition, new experiments were needed to increase
the precision of measurements of the PMNS parameters and square mass differences,
which are related to the amplitude and frequency of oscillations respectively. The next
step forward came from a new water Cherenkov detector in the SNO experiment. In
this experiment, the detector is filled with heavy water instead of regular water, which
makes interactions of neutrinos with nuclei possible even for the lower energy solar
neutrinos, due to the low binding energy of the deuteron nucleus. Only electron neutrinos
can interact via a charged current, because the production of muons or taus are not
kinematically allowed. The neutral current interaction however, where the neutrino is
simply scattered while the deuteron is broken into its constituent proton and neutron,
is possible with all three neutrino flavours. This process is detected via the subsequent
capture of the neutron by another deuterium atom, which releases a gamma ray, which
again produces relativistic electrons that can give a Cherenkov signal. In this way,
the SNO experiment could measure the total solar neutrino flux and the solar electron
neutrino flux separately. This eliminates the uncertainty from modelling of the fusion
reactions in the sun. After only a few years, in 2002, the experiment reported that the
total neutrino flux was consistent with solar models, while the electron neutrino flux
represented only around 35% of the total. The mu and tau neutrino flux combined was
measured to be greater than zero with 5.30 significance [18]. Thus, the oscillation of
electron neutrinos to muon and/or tau neutrinos was as good as confirmed, and the
solar neutrino problem was finally solved. Less than a year later, the reactor experiment
KamLAND also reported observation of the disappearance of antielectron neutrinos from
nuclear reactors at distances of the order of 100 km, providing even more evidence for
oscillation of electron neutrinos [19].

2.5.4 Current state of neutrino oscillation parameter measurements

Since the initial discovery of neutrino oscillations, long baseline accelerator experiments
such as K2K [20] and T2K [21] and short baseline experiments like Daya Bay [22] (which
provided the first measurement of the 613 parameter) have measured oscillations with
greater precision. No clear contradiction to the three neutrino flavour mixing model
with a unitary PMNS matrix have been found, and the experiments have gradually
constrained the possible values of the PMNS mixing angles and the neutrino squared
mass differences. The data from these experiments show a clear hierarchy in the mass
differences, namely

Ami < !Am%l‘ ~ ‘Am%z‘, (2.66)

where Am?j =m?— m?, and m; as before means the mass of the eigenstate v} . However,

the exact ordering of the neutrino masses is still unknown. The ordering is difficult to
determine experimentally, because oscillation experiments do not measure the values of
the masses themselves, but only the magnitude of the squared mass differences. Currently
there are two different orderings that are non-equivalent, and have not been excluded by
any experiments. These are called the normal ordering (NO)

myp < mo < Mms, (2.67)
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Table 2.2: The current values for the parameters of the PMNS matrix and two of
the independent squared mass differences of the neutrinos, as given by the NuFIT
collaboration [23, 24]. The values that fit data best assuming both normal mass ordering
(NO) and inverted mass ordering (IO) are shown. The parameter Am?2, represents the
squared mass difference Am3; in the case of NO and AmZ, in the case of 10O.

NO 10
s2, 0.303+0912 0.303%0 017
524 (2.20310029) x 1072 (2.21970:059) x 1072
s53 0.57275 055 0.5781 5 0o
5 1.09702%7 rad 1.59701%7 rad
Am3, (7.417030) x 10%eV? (7.417030) x 107%eV?

Am2,  (2.50775058) x 1073eV?  (—2.57010032) x 10736V

and the inverted ordering (I10)
msg < myp < ma. (2.68)

For some of the PMNS mixing angles and squared mass differences, the values that fit
experimental data best change slightly depending on the mass ordering. The current
best values of these parameters are given by the NuFit collaboration [23, 24] and shown
in table 2.2. The parameter Amgl represents the squared mass difference Amgl in the
case of NO and Am3, in the case of I0. The squared mass difference that is not shown
in the table can be calculated from the two that are given, since in both orderings
Am3; = Am3, + Am3,. We also notice that the best value for the complex phase
0 is some distance away from both 0 and 7 in both orderings, and in particular in
the inverted ordering. However, the uncertainty on this value is still so large that
0 = m, implying CP conservation, can currently not be excluded at 1 — 20 confidence
level [13]. There are however several planned experiments that are expected to be
able to exclude CP conservation at 3 — 50 for most true values of § within the next
10-15 years. Experiments that are currently under construction include DUNE [25]
and Hyper-Kamiokande [26], while other experiments are being planned, such as the
ESSvSB [27]. The latter experiment, while still in a preparatory phase, would allow
precise measurement of 4, assuming that a non-zero value of § is observed by DUNE
and/or Hyper-Kamiokande. This would reveal the extent of CP violation in the lepton
sector, which could be important to understanding the origin of the observed asymmetry
between matter and anti-matter in the Universe. These experiments are also expected to
be able to determine the correct mass ordering.

2.5.5 Limits on neutrino masses

Since all neutrino oscillation experiments to this day seem to agree with the three flavour
oscillation model, with parameters as given in the previous section, the only reasonable
conclusion is that at least two of the neutrinos have non-zero masses (which are needed
to get three distinct squared mass differences). The size of the measured squared mass
differences also give a lower bound on these masses. In the normal mass ordering, the
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lower bound on the sum of the three masses is Y. m; > 5.87 x 1072 eV, while in the
inverted ordering it is Y m; > 9.92 x 1072 eV [28]. The lower bound is almost twice as
large in the inverted ordering, since then both m; and mgy must be relatively far above
ms, while in the normal ordering only ms must be significantly larger than the other
two. Recently, the still on-going KATRIN experiment published their results of the
measurement of the energy spectrum of tritium B-decay, which gave the strongest upper
bound to date on the neutrino masses from direct kinematic experiments. They reported
an upper bound on the weighted sum of squared masses defined by m2 = \U11‘|2mz2
of m, < 0.8 eV at 90% confidence level [29]. Using the unitarity of U, we find that
m, > min (m;), so that independent of the PMNS parameter values, the limit from
KATRIN is equivalent to min (m;) < 0.8 eV. This upper limit is much larger than the
measured mass differences from oscillation experiments, so we can conclude that the
upper limit on the sum of the three masses from KATRIN regardless of the mass ordering
is Y- m; < 3x0.8eV = 2.4 eV. However, the strictest upper limits on the sum of neutrino
masses come from cosmology, where the masses of neutrinos affect the total amount of
mass in the universe, which again affects things like the expansion rate of the universe
and the Cosmic Microwave Background radiation'®. An issue with cosmological limits is
that they depend on the model of the evolution of the universe. If there for instance
exist other particles with similar properties as neutrinos, such as sterile neutrinos or light
thermal axions, limits based on the standard ACDM cosmological model may no longer
apply. If the ACDM model is correct, one of the most recent limits from a study of large
structure of the universe is > m; < 0.111 eV at 95% confidence level [30]. However, if
we take into account the uncertainty in the cosmological model by introducing more free
parameters to the model, the bound loosens. By adding six new parameters to ACDM,
an upper bound of > m; < 0.515 eV was found in a study of Planck data [31].

The bounds on neutrino masses are improving quickly as many different experiments
are measuring them with different approaches. It can be expected that within a few years
the lower and upper bounds on the sum of neutrino masses will come so close that they
allow the determination of the correct mass ordering, and the first precise measurements
of each individual mass.

2.6 The problem

So far in this chapter we have looked at how fermions get their masses in the Standard
Model through the BEH mechanism. We have also seen that there is clear evidence
for at least two massive neutrinos, with masses of the order of 1 eV or smaller. All
the while, we have not seemed to encounter any significant problem. The neutrinos are
assumed to be massless in the SM, which does seem like an issue, since it is now in
contradiction with several observations. But there is an obvious solution to this; simply
add the right-handed neutrinos v/% to the SM (which will have no other effects on the
model due to their lack of interactions), and let the neutrinos have Yukawa couplings to
the BEH field like all the other fermions. While such a model could be made to fit with
all current experimental data, it is viewed by many to be an unsatisfactory explanation
for the masses of the neutrinos, and it is commonly suggested that they get their mass
through some other mechanism. One reason for thinking this comes down to the small
scale of the neutrino masses. The lightest of the other fermions is the electron, with a

138ee for example section 26 of the PDG review [13].
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mass of around 511 keV [13]. As we saw in section 2.5.5, even the most conservative
upper limits on the neutrino masses would put the largest neutrino mass almost six
orders of magnitude below the electron mass. If neutrinos also get their mass through the
BEH mechanism, there would be no reason to expect their masses, or equivalently their
Yukawa couplings to the Higgs boson, to not be close to those of the charged leptons
in size. So even if the neutrinos do couple to the Higgs boson, there would still be an
open question connected to the smallness of their couplings. Additionally, as we will see
in the next chapter, the special properties of neutrinos opens the possibility of another
mass generating mechanism that is not available for the other fermions in the SM. This
gives rise to a class of theories which could provide the neutrinos with small masses, and
which in many ways seem to be more natural than the BEH mechanism alone.
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Chapter 3

Neutrino mass models

In this chapter we introduce the three versions of the seesaw mechanism that we will
study extensively in the second part of this thesis. We will show in particular how each
version of the seesaw mechanism can give small masses to the SM neutrinos, and how
the heavy neutrinos in these models could interact with SM particles. But first, we need
to cover some general properties of Majorana fermions, which are central to the seesaw
mechanism.

3.1 Majorana fermions

One thing that separates neutrinos from the other fermions is that it is not known what
type of fermion they are. While quarks and charged leptons are known to be Dirac
fermions, it is unknown whether neutrinos are Dirac or Majorana fermions [32]. The
conceptual difference between Dirac and Majorana fermions is that Dirac fermions have
distinct antiparticles, while Majorana fermions can be said to be their own antiparticles.
To be more precise, we define the particle-antiparticle conjugate operator C, which acts
on a fermion spinor v as

A —T
C(p) =y =Ty, (3.1)
where T is the matrix transpose, and C' is the charge conjugation matrix satisfying the

conditions [33]
C 'y C=—L, c"=-c, c'=ch (3.2)

Then the condition for a fermion spinor 1, to describe a Majorana particle is (up to an
unphysical phase factor, which we set to 1 for simplicity)

Y = Piy- (3.3)

This condition limits the properties of any Majorana fermion. In particular, any global
or local U(1) gauge transformation of a Majorana field

Yy — eiQed)M (3.4)
with @ # 0 would break the Majorana condition, since the conjugate field transforms as
T 78 (3.5)

Therefore a Majorana fermion can not have any non-zero U(1) charges, including for
example electric charge and additive lepton number. The neutrinos are the only fermions

27
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in the SM that have no U(1) charges!, which is why they are also the only fermion that
could possibly be of Majorana type.

As we saw in section 2.2, a fermion spinor can be decomposed into a left-handed and a
right-handed chiral spinor using the projection operators Py, and Pg (see equation (2.13)).
The chiral spinors still have four components, but only two degrees of freedom each.
For Dirac fermions g is completely independent of 1, which means that the complete
fermion spinor has four independent degrees of freedom. For a Majorana fermion on the
other hand, the Majorana condition gives

Yu =YL+ YR =Yy = (YL +¥r) = (Y1) + (Yr)" (3.6)
We can compute (¢,)¢ using the definition of the particle-antiparticle conjugate
_ T T
(Vo) = C'(/Jf =C [(PIﬂ/}M 0} )T (ﬂsz)
T T
= ()" P (vh) =P (%) =0 (2"Pr)" (v})
T _
= cPy (9" (wL) % (C +Ci [99'9%°] ) Pu
1 _
=5 (c+ic ()" (A" (N (")) b
1 _ 1 _
=3 (C +i (—1)4737271700) =5 (C +i(—=1)" 7071727%‘) Du
= PrOPy, = Priiy.

(3.7)

This shows that the particle-antiparticle conjugate of a left-handed chiral spinor is a
right-handed chiral spinor, and a similar computation shows that the conjugate of a
right-handed spinor is left-handed. For the Majorana condition (3.6) to be satisfied, this
means that we must have

(¥r)° = Vg, (3.8)

which automatically gives
(Yr) = ((¥r))" = ¢r, (3.9)

and thus the Majorana condition is satisfied. But then we can write the complete
Majorana spinor 1y in terms of only one of the chiral fields

Yy =L+ (VL) =Yr + (YR)C. (3.10)

By defining the chiral decomposition of 9%, to be

Yy = Pryy + Pripy = Y1 + ¥, (3.11)

we see from equation (3.7) (and the equivalent one for the opposite chirality) that
(Y1) = 9% and (¢Ygr)¢ = 4f. Then the Majorana field can also be written as

Yy =YL+ Yk = YR+ YL (3.12)

!Neutrinos can be said to possess a non-zero lepton number, but the global lepton number conserving
symmetry of the SM is accidental. If neutrinos are Majorana fermions, the consequence would be that
this symmetry breaks down, and the concept of a lepton number no longer makes sense.
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Figure 3.1: The Feynman diagram of the neutrinoless double beta decay process, mediated
by a Majorana type electron neutrino ve.

Equation (3.10) shows that the entire Majorana spinor ¢y is specified by a single
chiral spinor vy, or ©¥g, meaning that a Majorana spinor only has two degrees of freedom.
This is another distinction from Dirac fermions. The four degrees of freedom of a Dirac
fermion can be interpreted as the two spin states s = £+1/2 of both the particle and
antiparticle, while for a Majorana fermion the particle and antiparticle are the same, so
it is logical that the field has a single pair of degrees of freedom corresponding to the
spin states of this particle.

Majorana fermions also have special propagators that do not exist for Dirac fermions.
This comes from the fact that the two-point correlation function

(O T [Ya(2)1h5(y)]0) (3.13)

is non-zero for Majorana fermions, which means that they have two additional propagators,
corresponding to a Majorana particle turning into its antiparticle or vice versa. For the
case of a Majorana neutrino, these propagators allow the famous neutrinoless double
beta decay process, which is shown in figure 3.12. The cross in the middle of the electron
neutrino propagator indicate that it changes from particle to antiparticle, as is also
indicated by the two outward pointing arrows. The experimental search for this process is
one of the most promising ways to determine whether the SM neutrinos are of Majorana
or Dirac type. There are other Beyond the Standard Model (BSM) processes that could
give rise to neutrinoless double beta decay. However, it can be shown that regardless of
the dominant process, the existence of this process implies that neutrinos are Majorana
fermions [34]. And if it is assumed that the mechanism of figure 3.1 is dominant, the

rate of this process will be [35]
2
T (me> , (3.14)

mw

where myy is the mass of the W boson, and me. is the effective Majorana mass of the
electron neutrino, defined by
Mee = ‘Z Ufl-mi

One of the leading experiments in search of neutrinoless double beta decay is the GERDA
experiment, which has recently set an upper limit of the order of 0.1 eV on me. [32].
However, from (3.15) we see that if the PMNS matrix U is not real, some terms in the

. (3.15)

2This diagram, and all other Feynman diagrams shown in this thesis, are meant to be read with
positive time direction from left to right.
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effective mass sum can be negative or complex. This means that if the CP phase (in fact
any of the three CP phases in the case of light Majorana neutrinos) of the PMNS matrix
is non-zero, some of the terms can cancel each other out, which means that the upper
limit on me. does not directly translate to upper limits on m; without knowledge of the
extent of CP violation in the PMNS matrix.

3.1.1 Majorana mass terms

The mass term in a Majorana fermion Lagrangian takes a slightly different form than for
a Dirac fermion. The mass term for a Majorana field s can be written as

Ly = —%M@MMJM = _;M<¢L + (1/1L)C> <¢L + (iﬁL)C)

1 . — —=
=M (mcwf +CPpr + cwfcwf)
= M (BLCTL +0E2°CT 0 + 200w )

(3.16)

- _;M<¢Lcwf — T Clyp, — w%v%z)
= ;M@%C* v~ 9,0y — (wm)*)
= ;M(LZJ%C_I?/JL — @Z)Lclbf)»

where we introduced a conventional factor of 1/2; M is some complex constant, and we
used the following properties of C:

CTy? = —4°Ct

(3.17)
ct=c.

Alternatively, we can write the Majorana mass term without explicitly writing out the
particle-antiparticle conjugation as

Lar =~ ML + hie. = — M (65)° + hc. (3.18)

Equation (3.18) demonstrates a very important property of the Majorana mass term. It
can be written in terms of only one of the chiral spinors of the fermion! This is in contrast
to the Dirac fermion mass term, which we saw in equation (2.16) must contain both the
left-handed and right-handed spinors, which is the reason why the term breaks the SM
gauge symmetry. The Majorana mass term, however, avoids this problem. If we think of
the Majorana fermion as being the SM neutrino, we know that the right-handed field ¥
has no charges under the SM gauge group. It is therefore trivial that the Majorana mass
term for the neutrino expressed only in terms of ¥y is gauge invariant, and thus allowed
in the SM Lagrangian. This realisation is the foundation for most theories of neutrino
mass generation beyond spontaneous symmetry breaking. In the following section, we
look at a general example of three generations of neutrinos with Majorana mass terms,
which will be highly relevant when moving to the so-called seesaw mechanism.
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3.1.2 Dirac and Majorana mass terms

We will now look at a theory with three Majorana fermions (neutrinos) with left-handed
chiral fields that in the weak eigenstate basis are called I/ZL, where [ = e, u, 7 is a flavour
index. These can be thought of as the SM neutrinos. Then we also introduce three
separate Majorana fermions with right-handed fields that are called N%, i =1,...,3
when they are not in the mass eigenstate basis. These correspond to the right-handed
neutrinos that are not included in the SM, and have not yet been observed. It is important
to note that the fields V 1’% are now not the same as the right-handed counterparts of l/é,
which are as before simply the particle-antiparticle conjugates of VZL. As we have seen, it
is possible to write down Majorana mass terms for these neutrino fields in the SM. In
fact, it is possible to give both VlL and N I’% Majorana masses. Additionally, by combining
the two types of fields, we can create what we will call ”Dirac mass terms”, which are on
the same form as the Dirac fermion mass terms of the SM. In such a theory, the most
general Lagrangian for the masses of the neutrinos is

P 1 e 1_ i—u N
LhEP == mib Niwh, — S MY (v) V] — SM{ NG (Ng) + he. (3.19)
Here, in each term there is an implicit sum over each repeated index, mp is a complex
3 by 3 matrix, and My, and Mp are complex and symmetric® 3 by 3 matrices. To find
the transformation of the six Majorana fields to the mass eigenstate basis, we define the
vectors

vy NI’%
vy = I/Z , NI/%E N% ,
T
VL Nk (3.20)

()G
CTAWR) )

(vr)°
np)¢ = , 3.21
(nr) (NI,%> (3.21)

Then it follows that

and we see that we can write the full Majorana mass Lagrangian of equation (3.19) in
matrix form as

LMD — —l(nL)c./\/lnL + h.c. (3.22)

mass

[\

Here we introduce the six by six mass matrix M given in block form by

M= (ML m%) : (3.23)

mp MR

from which we can see that M is complex and symmetric. It is easy to see that equation
(3.22) gives the same Majorana mass terms as equation (3.19), but the Dirac mass term is
not as straight forward, so we will show that it is in fact also the same in both equations.

3See [36] for a proof that the Majorana mass matrices must be symmetric.
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Performing the matrix multiplication in equation (3.22), the terms involving mp are

1—— 1—
M%aJsrsD ~ —§(VL)Cm£ (N}g)c — §N/RmDVL + h.c.

1 J 1
= ing*ImgCN’g - iNlRmDVL + h.c.
1

P
= iygm:gng - §N’RmDuL + h.c. (3.24)

1 — T 1-—
= —5 (N’RmDyL) — §N’RmD1/L + h.c.

1— 1— _
= _iNlRmDVL — iNlRmDVL + h.c. = —N'gmpvy, + h.c.
Here we used the properties of C' to rewrite (v)¢, and that when interchanging two
fermion fields a negative sign is introduced, and that the transpose of a number is equal
to the number itself. This shows that equations (3.19) and (3.22) are equivalent. Since
M is symmetric, it can be diagonalised with a single unitary matrix [36], meaning that

M =W* MW7, (3.25)
where W is some six by six unitary matrix, and My is diagonal with real eigenvalues.
Equation (3.22) can also be written on the form

1
LMAD — in{c—lmm + h.c. (3.26)

mass

Then we see that the relation between ny, and the left-handed mass eigenstate fields that

we will call x, is
nr = Wxr, (3.27)

and the Lagrangian mass terms in the mass eigenstate basis are

1 _ 1
E%;S_SD = 5)(%0 1/\/lchL + h.c. = —i(XL)CMdXL + h.c.

Here we have defined
x=xr+ (xo), (3.29)

and we see that the masses of the six mass eigenstates are exactly the diagonal entries
of My. Equation (3.29) also shows that as long as the Majorana mass matrices M,
and Mp are non-zero, the mass eigenstates will satisfy the Majorana condition, and are
therefore said to be of Majorana type. This can also be seen from the fact that as long
as My has no degenerate eigenvalues, there are six distinct mass eigenstates, which is
the same number as there are chiral fields v and N in total. Thus each chiral field with
only two degrees of freedom gets its own mass eigenstate, which must therefore be of
Majorana type.

Finally, we want to see how the mixing between the two bases ny and xy can give
interactions to the otherwise sterile IV g. To do this, we decompose the mixing matrix W
into four 3 by 3 matrices, as follows

W= (gjc ‘;) . (3.30)
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The unitarity of W gives the useful relation
Uty + vV =1L (3.31)

We can also separate the vector of left-handed mass eigenstates into the part containing
the mass eigenstates of 1/2, which we will call v;, and the part containing the mass
eigenstates of NJ'¢, which we will call Nj. Then equation (3.27) gives

vi, = Ui + Vi Ni, (3.32)

where there is a sum over ¢ and k from 1 to 3. Now we assume that the left-handed
fields I/lL have weak interactions with n flavours of charged leptons through the W=
bosons and with themselves through the Z boson like the three SM neutrinos do. We
also assume that the Dirac mass term arises from the same mechanism of spontaneous
symmetry breaking as the fermion masses in the SM. This means that they originate from
Yukawa interactions of the left-handed and right-handed neutrino fields with the Higgs
boson. Then it can be shown? that the physical mass eigenstates of the right-handed
neutrino fields enter the weak interaction and Yukawa interaction Lagrangian terms in
the following way

Ling = ZZW LA VigNg + 5——— 5 os9W ZZZ V" Vi Ny

S S vy
T VikNi + h.c.
Qmwk 1=c

Here g is the weak coupling constant, {1, is the left-handed field of the SM charged lepton
of flavour [, ch, Z,, and h are the fields of the SM W, Z and Higgs bosons, m?\, is the
mass of the right-handed neutrino Ny and Vj are elements of the mixing matrix V that
is related to the matrix V' in equation (3.30) by a simple unitary rotation. This means
in particular that the unitarity condition in equation (3.31) still holds with V' replaced
by V, giving

U+ Vv =1, (3.34)

where U is the mixing matrix that enters the weak interaction between the left-handed
neutrinos and the charged leptons, and in the interactions of the left-handed neutrinos
with themselves, similar to the PMNS matrix in the SM. The important point shown
by the Lagrangian in equation (3.33) is that the physical particles of the fields N 1’%
participate in the weak interaction through the single mixing matrix V', even if the weak
eigenstates do not have any interaction terms in the Lagrangian.

3.2 Type 1 seesaw

The seesaw mechanism in general is a group of theories that attempt to explain the small
masses of the three known neutrinos, usually by introducing a very heavy mass scale to
the theory. The seesaw mechanism can naturally appear within the frameworks of Grand
Unified Theories (GUTS), and it often makes use of the possibility of Majorana mass
terms for neutrinos, as described in the previous section. What is now called the type

“See appendix A of The Search for Heavy Majorana Neutrinos [35].
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1 seesaw mechanism, or just type 1 seesaw, is arguably the simplest of these theories,
and was developed already in the 1970s, for example in the paper p — ey at a Rate of
One Out of 10° Muon Decays? [37] from 1977. To get small masses for the SM neutrinos
Vi through the type 1 seesaw, we simply need to add three right-handed neutrino fields
N}12 to the SM. The right-handed neutrino fields get Majorana mass terms and Yukawa
couplings to the Higgs field and SM neutrinos, which results in a Dirac mass term. This
therefore corresponds to the situation described in section 3.1.2, with My = 0. The
Lagrangian terms for the neutrino masses in this case are

CH = N MG <NI]%'>C +hee. (3.35)

Here we marked the neutrino fields with primes to indicate that they are the fields in the
weak eigenstate basis, meaning the matrices mp and Mp are in general not diagonal.
The combined mass matrix for the six neutrino fields v} and N}, is a six by six matrix

M given by
0 m%
M= (mD MR) . (3.36)

To get the desired small masses for Vi, we need to assume that the Dirac masses are
much smaller than the Majorana masses of the right-handed neutrinos: mp < Mpg. To
show how this leads to small masses for 1/2 after diagonalisation is not trivial for the case
of three generations of neutrinos. We therefore begin by considering the simpler case
of only one generation of active neutrino vy, and one generation of sterile neutrino N}é.
In this case mp and Mg are just numbers, so M is a 2x2 matrix. Assuming that the
components of M are also real, we can diagonalise it with a simple rotation matrix

U — < cos 51n9> ‘ (3.37)

—sinf cosf
The diagonalisation of M from equation (3.25) for the case of a real valued U gives
My =UT MU. (3.38)
Performing this matrix multiplication, we can find the four components of My
MY = —mpsin20 + Mpsin® 6
M= M3 = —%MR sin 20 + mp cos 26 (3.39)
/\/@2 = Mp cos® 0 + mp sin 26.

Requiring the off-diagonal elements to be zero, we get

1
—§MRsin29+mD cos20 =0

Mg sin 20 =2mp cos 26 (3.40)
2
tan 20 = %RD.

Using the assumption mp < Mg, we get

mp
0~ — 3.41
2, (3.41)
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Figure 3.2: The Yukawa interactions of the left- and right-handed neutrinos that give the
left-handed neutrinos small masses in the type 1 seesaw mechanism after spontaneous
symmetry breaking of the BEH field.

since tan(x) ~ x for small x. Inserting this back into the expression for the diagonal
elements of M, and using the smallness of 6 to only keep terms that are first order in 6,
we get the mass eigenvalues

My maih b
, R R (3.42)

~ 2D My — Do M.
M MR+ B Mg R

Now we see that the mass of the active neutrino v, becomes very small; of the order of
m% /Mp. The heavy sterile neutrino retains its large mass, with corrections of the same
order as the active neutrino mass.

Although the case of three generations of v} and N} is not as straight forward, it
can be shown that the exact same suppression occurs for the masses of l/i. The three
left-handed neutrinos get a mass matrix m, that is given by [33]

m, ~ —mpHMp mp, (3.43)

which will have eigenvalues that are suppressed by the size of the matrix elements of
Mpg compared to the matrix elements of m?,. So this will again automatically give very
small neutrino masses if mp < Mp (taking now mp and Mg to be the scale of matrix
elements rather than the whole matrices). Since we assume that the Dirac mass terms
arise from the normal spontaneous symmetry breaking mechanism of the SM via Yukawa
couplings to the Higgs boson, we can illustrate the neutrino mass matrix in equation
3.43 diagrammatically. The lowest order diagram giving the light neutrino masses in
type 1 seesaw is shown in figure 3.2.

An important question to ask is how large the scale of Mr must be in order to give
active neutrino masses that agree with the current experimental bounds. To get active
neutrinos with masses of at most 1 eV, assuming that the largest eigenvalue of mp is of
the order of the electroweak scale of 100 GeV, we get

2 92
Mp = 1D o Q000 o 522 iy 1013 Gev, (3.44)
my 1
This is close to the expected scale of the proposed grand unification of electroweak and
strong interactions, which explains why seesaw mechanisms are often proposed within
a grand unified theory (GUT) framework [38]. The discovery of the neutrino masses
therefore made the idea of grand unification even more appealing from a theoretical
viewpoint. Unfortunately, the Majorana mass scale Mg ~ 103 GeV required in this
case is far higher than what we are able to probe directly at particle accelerators. This
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scenario therefore makes it very difficult to get any predictions from type 1 seesaw that
can be tested in experiments. If the eigenvalues of mp are instead closer to the electron
mass of ~ 1 MeV, the Majorana mass scale required to give 1 eV neutrino masses reduces
to Mpr ~ 1 TeV. This is within the reach of current collider experiments, such as the
LHC.

Regardless of the mass scale required, the type 1 seesaw gives an attractively simple
explanation for the small neutrino masses. But there are also other versions of the seesaw
mechanism that give the same natural suppression of the active neutrino masses, while
also predicting new physics, including new neutrinos, that could appear at lower energy
scales.

3.3 Inverse seesaw

The ”inverse seesaw” mechanism is a promising alternative to the basic seesaw mechanism
described in the previous section. It was first proposed within the frameworks of
superstring theories [39], but this framework is not required for the mechanism to occur.
One thing that most realisations of the inverse seesaw mechanism have in common is
that they introduce an explicit lepton number symmetry to the theory, usually in terms
of a U(1)p_r, gauge symmetry [40]. Here B is the baryon number and L is the lepton
number. This symmetry is subsequently broken in order to give masses to the neutrinos.

Here we will look at a simple realisation of the inverse seesaw mechanism, which is
presented in the paper Heavy Neutrinos with Dynamic Jet Vetoes [41]. In this theory, the
SM is extended by two sets of new fermion singlets, each coming in three generations. One
of these sets is equivalent to the right-handed neutrinos Nzi% we have introduced before,
but the other triplet X}é is different in that it has the opposite lepton number, L = —1.
These opposite lepton numbers are what give this model an explicit almost-conserved
lepton number. In this theory, both the N}'{ and X}é get Majorana mass terms. There is
also a Dirac-like mass term with combinations of N}é and X}é fields, in addition to the
Dirac mass term of v, and Ny that we remember from the type 1 seesaw. In total, the
neutrino mass Lagrangian can be written as

_ —c
Lmass = _VLmDNR - NLmRXR

1. 1.
— §XCLMXXR — §N0L,u,RNR + h.c.

(3.45)
Here the Majorana mass matrices px and pgr can be interpreted as the masses of the
new particles N}é and X%, but also as coupling constants for the lepton number violating
Majorana self-interactions. Therefore the elements of these matrices must be small
compared to the electroweak scale, since no such lepton number violation has been
observed. In fact, according to the paper [41], the sterile neutrino masses from the matrix
ur only contribute to light neutrino masses at sub-leading level, and they can therefore
be ignored without any significant impact on the mass generation or on experimental
signature. Setting pur = 0 and defining the basis

ng = (v, Nr, Xg) (3.46)
the mass terms can be written in matrix form as

1
Loinass = 51@%/\4155%3 + h.c. (3.47)
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Where Mgg is a 9x9 mass matrix of the form

0 mp O
Migg = mg 0 mp]. (3.48)
0 mp px

This is another symmetric mass matrix, and it can be diagonalised by a single unitary
matrix. This gives the following 3x3 mass matrix for the SM neutrinos [41]

mig ~ mp(mb) tuxmyptmb, (3.49)

which is reminiscent of the equivalent matrix in type 1 seesaw, however it is now the
smallness of px that causes the neutrino masses to be small, instead of the largeness of
mp. It can also be shown that in the px — 0 limit, the heavy neutrino mass eigenstates of
N}é and X}é become pairwise degenerate. Since the energy scales at particle accelerators
are much larger than the light neutrino masses, and therefore also px, px = 0 is an
excellent approximation for the purposes of such experiments. Since the Majorana
fields NIZ'{ and X }'{ have the same values for all charges except lepton number, they are
essentially indistinguishable when their masses become degenerate. This means that we
can think of each pair of N}% and Xli_-i as a single particle. Since each of the Majorana
fields have two degrees of freedom each, this new particle gets four degrees of freedom,
just like a Dirac fermion. The resulting states are therefore referred to as pseudo-Dirac
particles (neutrinos). Calling these pseudo-Dirac states N], for m = 1,2,3, we can then
reduce the mass matrix to a 6x6 matrix for the masses of the three light neutrinos and
the three heavy pseudo-Dirac neutrinos. This situation is exactly the same as the one
we studied in section 3.1.2, so we know that the mass eigenstates of the light and heavy
neutrinos can be written as a unitary rotation of their weak eigenstates as in equation
(3.27). The couplings of the pseudo-Dirac neutrinos to the SM leptons through the weak
interaction and the Yukawa interaction also have the exact same form as the Lagrangian
in equation (3.33). The pseudo-Dirac neutrinos in this version of the inverse seesaw
mechanism therefore behave very similarly to the Majorana neutrinos of the type 1
seesaw. But there is one key difference that makes it possible to distinguish the two
cases in experiments. In the limit pux, ur — 0, lepton number is conserved in the inverse
seesaw theory. This means that the pseudo-Dirac neutrinos also must conserve lepton
number in their interactions, as opposed to Majorana neutrinos which can change lepton
number by two units (for example in the neutrinoless double beta decay process shown
in figure 3.1). A N,, particle can therefore only decay to a boson and a lepton, while a
N,,, antiparticle can only decay to a boson and an antilepton. Lepton flavour must not
be conserved, as we see from equation (3.33) if the mixing matrix V' is not diagonal.

Just like in the type 1 seesaw, we can ask ourselves how small the parameter px
must be in order to give SM neutrino masses within current constraints. If we want the
pseudo-Dirac neutrinos to be observable at collider experiments, their masses, given by
mp, must be at most a few TeV. If we again assume mp ~ 100 GeV, we get an estimated
upper limit of

(LeV) (102 eV)2
(100 x 109 eV)?

misht « 16V — pux < ~ 100eV. (3.50)

Now it is tempting to ask whether the inverse seesaw mechanism actually can solve
the neutrino mass problem, or if it simply transfers the problem of requiring a very
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small Yukawa coupling for neutrinos to instead requiring a very small parameter ux.
There is however an important difference between the two. In the latter case, the small
parameter ux represents a small breaking of the lepton number symmetry. The smallness
of pux therefore meets 't Hooft’s criteria for "naturalness” [42], which states that a very
small parameter can be natural if that parameter being equal to zero would increase the
symmetry of the theory. However, it should be acknowledged that this principle is not
universally accepted [43], and to some the inverse seesaw mechanism might therefore
seem like an unsatisfactory solution to the neutrino mass problem.

3.4 Constraints in a general seesaw scenario

In the paper by Pascoli et al. [41], they also present the experimental constraints on the
non-unitarity of the light neutrino mixing matrix U in a general seesaw scenario. Due to
the unitarity condition in equation (3.34), this in turn constrains the heavy-light mixing
matrix elements that we called Vj in section 3.1.2. Assuming that the mixing between
the active and sterile neutrinos is dominated by the lightest of the sterile neutrinos,
which we call N, the constraints at 95% confidence level on the parameters coupling Ny
to each flavour of leptons are

Vor| < 0.050, [Vu| <0.021, [Vy| < 0.075 (3.51)

3.5 The left-right symmetric model

Another theoretical framework that is commonly used to explain the small neutrino
masses is the Left-Right Symmetric Model (LRSM). The LRSM was originally suggested
as an extension of the Standard Model in an attempt to explain the parity violation of
the weak interaction. In the LRSM, parity violation arises by introducing an exact parity
symmetry at high energies that is spontaneously broken to give the maximally parity
violating weak interactions of the SM. The model was first introduced in the 1970’s by
Pati, Salam, Mohapatra and Senjanovié¢ [44, 45, 46]. In the LRSM, the electroweak gauge
group of the SM is extended to become

SU@2), @ SU2)r © U(1)p_r. (3.52)

The right-handed fields of fermions then form doublets under the SU(2)r symmetry,
just like the left-handed fields for SU(2). This requires the inclusion of right-handed
neutrino fields N} in these models, in order to make the lepton SU(2)g doublet

In = <JZR> . (3.53)

R

The new SU(2)g group also introduces three new gauge bosons, which we call Wg and
ZRr. The observed suppression of right-handed charged current weak interactions requires
the masses of these new gauge bosons to be much larger than their SM counterparts W=+
and Z. In order to break the left-right symmetry and give mass to the new gauge bosons,
the Higgs sector of the SM must also be extended. In the minimal LRSM, the Higgs
sector consists of a pair of SU(2);, and SU(2)g triplet scalar fields called Ay, and Ag,
and a bi-doublet scalar field ® [47]. Then the breaking of the left-right symmetry and
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the B — L symmetry is caused by a non-zero vev of the Apg field, which we call vg. Since
we observe maximally violated left-right symmetry at the electroweak scale, the scale of
vg must be much larger than the electroweak scale of ~ 100 GeV. The vev vy, of Ar, on
the other hand, will affect the mass of the SM W boson, and is therefore constrained
by precision measurements to be much smaller than the EW scale [48]. Finally, the
bi-doublet acquires two vevs k; and ks that play the role of the SM Higgs vev, namely
breaking the electroweak symmetry and giving mass to the W and Z bosons and the
SM fermions. Both the SM neutrinos VE and the right handed neutrinos N}é can get
Majorana mass terms from their Yukawa couplings to the Ay g triplets, which after
spontaneous symmetry breaking become

1 o 1 P 1 1
L:Am/lass = ——=vp AV vy — —=vRARNEN? + h.c. = —§MLHV§ — EMRNRNE + h.c.

V2 V2
(3.54)

Here )\ng r are the Yukawa couplings of the Ay g fields to the neutrinos, and in the
second equality we write the mass terms in matrix form by defining the mass matrices
My gr = \/ivL, rAL,R- These Majorana mass terms mean that the SM neutrinos and
the right-handed neutrinos must be of Majorana type in the LRSM, as we showed in
section 3.1. A Dirac mass term for the neutrinos also arises naturally from their Yukawa
coupling to ®. In matrix form, this looks like

Ll = —mpULNg+ h.c. (3.55)

Here mp is a linear combination of the vevs of ® and its Yukawa couplings [47]. Combining
the mass terms from equations (3.54) and (3.55), we see that we have the exact situation
described in section (3.1.2). We therefore know that the six by six mass matrix for the

neutrinos will have the form .
_ (Mr mp
M= (mD MR) . (3.56)
Now, in the natural limit v; — 0, we have M ~ 0, and the neutrino mass matrix
reduces to the one of the type 1 seesaw (see equation (3.36)):

_ (0 mp
M—(mD MR). (3.57)

We therefore immediately know that after diagonalisation, the SM neutrino mass matrix
will be

my &~ —mp My mp, (3.58)
while the mass matrix for the right-handed neutrinos is

Since Mp is proportional to the large vev vg, it is naturally much larger than mp in
the LRSM, giving a type 1 seesaw-like suppression of the SM neutrino masses. Since
both the right-handed neutrino masses and the W mass are proportional to vg, it is
also natural to assume that my ~ Myy,, where My, is the mass of Wg.

Finally, due to the mixing between the weak eigenstates vy and Ng and their mass
eigenstates caused by the non-diagonal mass matrix M, the mass eigenstates v, and
N, enter the right-handed weak interactions in the following way [49]

T 3 3
9dRr _ _ 3
L = -7 S TWE D Ve X + Y NaYin | v + hec. (3.60)
l=e m=1 n=1
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Here gp is the right-handed weak coupling constant, which must be equal to the SM weak
coupling constant g at tree level due to the left-right symmetry [50], and X and Y are
mixing matrices expressing the mixing of the light and heavy neutrino mass eigenstates
respectively with the right-handed weak eigenstates Ngi. In the minimal LRSM, these
mixing matrices naturally scale as X ~ m,/my < Tand Y ~ I [49]. The Wx boson also
couples to the right-handed fields of the SM quarks in the following way

3 3
R gRr i 1] j
ch = -7 > O W aRVEL A A + hec. (3.61)
i=1 j=1

Here V{\ is the right-handed version of the CKM matrix, which is expected to obey
Vignm ~ Vexm ~ 1 [47], where Vegy is the SM CKM matrix, which is known to be
nearly diagonal.

In this chapter we have presented a few simple realisations of the seesaw mechanism,
which all result in small masses of the SM neutrinos by introducing new, heavy neutrinos.
In particular, we have seen how the heavy neutrinos in each of the models could interact
with the SM particles. These interactions make it possible to either discover or falsify
the theories, but in order to observe the interactions of these heavy particles a very
special kind of experiment is needed. In the next chapter, we will introduce one of the
few experiments in the world that could be sensitive to the interactions of the heavy
neutrinos in the seesaw models.



Chapter 4

LHC and the ATLAS detector

The LHC is the world’s largest and highest energy particle accelerator. It is therefore
among the experiments that are best suited to search for new particles and phenomena,
and in particular new heavy particles such as the heavy neutrinos that are the focus of
this thesis. In our analysis in the following part, we will make extensive use of simulations
of events at the LHC, with particular focus on the ATLAS detector, and we will therefore
summarise the basic workings of the experiment and useful concepts connected to it.

The LHC consists of a circular beampipe, where two beams of protons are accelerated
to near the speed of light in opposite directions. These beams are then made to collide
within the regions of the detectors, among which is the ATLAS detector. The energy of
the proton beams is usually defined in the reference frame of the detector, and is then
called the centre of mass energy, with the symbol y/s. At the current Run 3 of the LHC,
the collider is operating at /s = 13.6 TeV. Since each of the two colliding proton beams
have the same speed, they have an energy of 1/s/2 each in the detector frame. But
since protons are composite particles, the total energy in each individual proton-proton
interaction is not equal to the centre of mass energy. At such high energies, it is the
constituents of the protons, the quarks and gluons, collectively referred to as "partons”,
that interact with each other. The true energy of the interaction depends on the fraction
of the protons’ energy that are carried by the interacting partons at the moment of the
interaction. Since the protons are highly relativistic, their momentum and energy are
very close to equal, and therefore the energy carried by a parton is usually given in terms
of the ratio of the parton’s momentum to the proton’s total momentum, which is called
x. Then the invariant mass M of the interaction between a parton with momentum
fraction x; from one beam and a parton with momentum fraction zo from the other
beam is M = ,/T1x25 < 4/s. This invariant mass is the highest mass of any particle that
can possibly be created in that specific interaction.

There are many different interactions that could occur in the collision, and the
probability of any given interaction to occur is given by the cross section o. It is defined
as the ratio of the number of times that specific interaction occurs per unit time divided
by the flux of particles in the beams. Since flux has units of particles per area per time,
the cross section has units of area. At the LHC, cross sections are typically measured in
units of barn, with symbol b, defined as 1 b = 1072® m?. The proton flux is commonly
referred to as the luminosity £(¢). Multiplying the luminosity by the cross section of
a process we get the expected number of occurrences of that process per unit time. If
we instead multiply the cross section by the integral of the luminosity over time, we get
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)

Figure 4.1: This figure illustrates the coordinate system we use to describe the kinematics
of particles in a collider event. Here, a particle is being created at the primary vertex
in the origin, and its momentum is shown as the vector p. The z-axis is pointing in
the beam direction, and the angle between p and the z-axis is the polar angle 6. The
xy-plane is then what we call the transverse plane, and the projection of p into the
transverse plane is the transverse momentum pr. The angle between the transverse
momentum vector and the z-axis is the azimuthal angle ¢. The z-component of the
momentum, p,, is also labelled in the figure.

the expected number of occurrences over that period of time. This gives the important

relation
t1

N=o¢ L(t)dt = oL, (4.1)
to
where N is the expected number of a certain kind of event between the times tg and 1,
o is the cross section of that event, and we defined the integrated luminosity L to be the
integral of the luminosity over time. Since N is dimensionless, L has the inverse units of
o, and is therefore commonly measured in inverse barn, b=1.

4.1 LHC kinematics and kinematic variables

All of the physical information about a collider event can be given in terms of kinematic
variables. These variables can be loosely categorised in two groups; primary variables that
are measured directly in the experiment, and secondary variables which are calculated
from the primary ones. To define the primary kinematic variables of LHC events, we
first need to specify the coordinate system used to describe the motion of particles at
the LHC. This is shown in figure 4.1. The z-axis of the coordinate system is pointing
in the direction of the beampipe, and the xy-plane is called the transverse plane. The
angle between the z-axis and a particle’s momentum vector is the polar angle called 6.
The projection of the particle’s momentum into the transverse plane is the transverse
momentum vector pr, whose magnitude is the transverse momentum pr. The angle
between the transverse momentum vector and the z-axis is the azimuthal angle called
¢. The transverse momentum pp is one of the most important kinematic variables in
particle colliders. One of the reasons for this is that since the incoming beam particles
have negligible momentum in the transverse direction and momentum is conserved, the
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vector sum of the transverse momenta of all particles coming out of an event must be zero.
Particles with large py are often called "hard”, while particles with low pp are called
"soft”. We will also refer to the particle with the largest pr in an event as "leading”, for
example is the "leading lepton” the lepton with the largest ppr. The angles 6 and ¢ are
also important variables. However, 6 is usually replaced by a similar variable called the
pseudorapidity 7, which is defined as

e fun (2] 1

This means that as 6 goes to zero, n goes to infinity, and when 6 = 7/2, meaning that the
momentum of the particle is purely in the transverse direction, n = 0. In the opposite
direction, when 6 goes to 7, 1 goes to negative infinity. The pseudorapidity is symmetric
around the transverse plane, which is a useful property. The azimuthal angle ¢ of a
particle is usually not interesting in itself, because the distribution of ¢ is almost always
uniform, due to the rotational symmetry of the event. Much more interesting is the
difference in ¢ of different particles in an event. This difference is called A¢, and if the
azimuthal angles of the two particles are called ¢; and ¢o, we compute the A¢ as

A¢ = min [|¢1 — @2, 21 — [p1 — ¢2]], (4.3)

such that A¢ € [0, 7).

Now we move to the secondary kinematic variables, which are not measured directly,
but derived from the measured quantities energy, momentum, charge, pr, n and ¢. One
of the most important of these, which we have already mentioned, is the invariant mass
M of a system of particles. It can be defined as the total mass of that system of particles
in the reference frame where the vector sum of their momenta is zero. In other reference
frames, the relativistic mass of the particles will be different, but the invariant mass is a
Lorentz invariant quantity, and is therefore the same in all reference frames. It can be
computed from the energies F; and the three-momenta p; of a set of n particles as

M? = (i E> + (i@») : (4.4)

A property of the invariant mass that is very useful in particle physics is that if a particle
with mass m decays into some new set of particles, the invariant mass of that set of
particles will be equal to m in any reference frame. This can easily be seen using energy
conservation in the rest frame of the decaying particle.

Two other important variables are the transverse energy Er and the missing transverse
energy Eznliss. The transverse energy of a particle is the energy it would have if it had no
momentum component is the z direction, meaning that

EZ =m? + p2, (4.5)

where m is the mass of the particle. The missing transverse energy is used to get
information about particles that otherwise can not be measured by the detector, such as
neutrinos. Due to conservation of energy and momentum, we can infer some things about
these "missing particles” from the measurements of all the other particles in the event.

We first define the missing transverse momentum vector ﬁ:,@iss as the vector that when
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summed with the transverse momentum vectors of all other particles in an event would
give zero. This is therefore equal to the transverse momentum vector that a missing
particle, such as a neutrino, must have had in order to give the expected net 0 transverse
momentum in the event. This definition of the missing transverse momentum vector
gives
I (4.6)
(2

where pr; is the transverse momentum vector of particle number ¢, and the sum is over
all particles from the event that reach the detector'. The missing transverse energy is
then defined as the magnitude of the missing transverse momentum vector

E%niss — ‘ﬁjrpiss‘. (47)

This means that the missing transverse energy is only truly the transverse energy of the
missing particle if the missing particle has a negligible mass compared to its momentum.
But since the main source of missing transverse energy at the LHC are neutrinos, this is
a very valid assumption.

Next, we want to define a variable known as transverse mass, mp. This is calculated
in a very similar way to the invariant mass, but with the energies and momenta replaced
by the transverse energies and transverse momenta. For a two-body system, this gives
the transverse mass

mk = (Epy + Ers)?* — (Bra + pra)’, (4.8)

where pr; and E7; are the transverse momentum and transverse energy of particle 4.
Multiplying out the parentheses in equation (4.8) and using equation (4.5) to replace
the terms with squared transverse energy, we get

ma =mi +m3 +2(Er1Ers — prapra) - (4.9)
Now, if the two particles are massless or their masses are negligible, we have
Pril = Eri) (4.10)
and the expression for the transverse mass reduces to
m3 = 2E7 1 Ero (1 — cos (Ag)), (4.11)

where A¢ is the angle between the transverse momenta of the two particles, which by
definition of the transverse momentum must be an angle in the transverse plane. In
many cases, one of the two particles we want to calculate the transverse mass of is not a
detected particle, but the missing momentum vector. In that case, if the mass of the
other particle can also be neglected, the transverse mass is computed as

mr = \/2pr B (1 — cos (Ag)), (4.12)

where pr is the transverse momentum of the measurable particle and A¢ is the angle
between that particle and the missing momentum vector in the transverse plane. It is

'The sum over transverse momentum vectors includes tracks with very low pr that are not associated
with a reconstructed particle. These are called soft terms.
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interesting to compare the transverse mass to the invariant mass of the two particles.
Equation (4.4) for the case of two particles gives

M? = (Ey + E2)® — (py + p2)* = m} + m} + 2 (E\ B — py - pa) - (4.13)
If we again use the assumption that the masses of the two particles are negligible, we get
M? = 2E Fs (1 — cos (Aa)), (4.14)

where A« is the angle between the momenta of the two particles, which is in this case
not restricted to the transverse plane. Comparing equations (4.14) and (4.11), we see
that they have the same form, but that the general F;, Fs and A« in equation (4.14)
are replaced by their transverse equivalents in equation (4.11). In fact, it is easy to see
that the invariant mass is the largest possible value of the transverse mass, the two being
equal in the special case Ey = Fr1, Eo = Er2 and Aa = A¢, which occurs when both
particles move only in the transverse plane. To see this, we first notice that Epr < F,
since

Ef =m? +p3 = B2 - p2, (4.15)

and p? is of course a positive number. When it comes to the angles A¢ and Aaq, they
are by definition between 0 and 7 radians. And we must have A¢ < Aq, since the
separation in 3D space must be at least as large as the separation in any given plane.
Because the function 1 — cosz is increasing in the interval x € [0, 7], this implies that
1 —cosA¢p < 1 — cosAa. This shows that mp < M, and that they are only equal
when all three variables are equal. This makes the transverse mass a useful variable for
approximating the invariant mass of two particles when one of them can not be measured
directly, like a neutrino. The definition of the transverse mass can also be extended to n
particles, in which case

ma = (Epy+ -+ Brp)? — (Fra+ -+ Pra)? (4.16)

which has an upper bound of the invariant mass of the same n particles.
The hadronic activity hp is defined as the scalar sum of the transverse momenta of
all the charged leptons and jets? in an event

hr = ZPT,l + ZPT,]‘; (4.17)
l J

where the two sums are over all the leptons and all the jets respectively.
Finally, we define the angular separation AR between two particles as

AR? = A¢? + An?, (4.18)

where the A¢ between the two particles is as given in equation (4.3), and An is simply
given by An = |n; — 12|, where n; and 72 are the pseudorapidities of each of the particles.

»Jet” is a term used to describe the cone of a large number of hadrons that result from the
production/radiation of a quark or gluon in the proton-proton interaction, due to the special confinement
property of QCD. In order to determine the energy and momentum of the initial state quark or gluon,
one therefore has to measure the total energy and momentum of all the hadrons in the jet.
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4.2 The ATLAS detector

The ATLAS detector is designed to detect the particles emerging from the proton-proton
collisions at the LHC, including electrons, muons®, photons and hadrons, and measure
their energy and momenta. The detector has a cylindrical shape around the beampipe,
covering all values of ¢. But since the beampipe itself is in the way, it is impossible
for the detector to cover all values of 7. The ATLAS detector consists of several sub-
detectors: The inner detector, the electromagnetic calorimeter, the hadronic calorimeter
and the muon spectrometer. The inner detector is, as the name suggests, the part of
the detector that is closest to the beampipe. It consists of a pixel detector and tracking
systems that give information about electrically charged particles’ momenta and the sign
of their charge by bending their trajectories in a strong magnetic field. It covers the
range |n| < 2.5. The next layer is the electromagnetic calorimeter (ECAL), in which all
electrically charged particles leave signals. Photons and electrons are stopped entirely in
the ECAL, which allows their energy to be measured from the amplitude of the signal.
Muons and electrically charged hadrons usually lose only a small fraction of their energy
in the ECAL. The ECAL covers the range |n| < 3.2. Outside of the ECAL, there is the
hadronic calorimeter (HCAL). This is designed to stop all hadrons, and thereby measure
their energy, like the ECAL does for photons and electrons. Different sections of the
HCAL combine to cover the range |n| < 4.9. The final detector layer of ATLAS is the
muon spectrometer. This is a tracking detector with multiple layers in a strong magnetic
field, that allows the measurement of the momentum and charge of the muons, which
tend to pass through the other parts of the detector. The muon spectrometer covers the
range |n| < 2.7.

4.2.1 Particle reconstruction and identification

When a particle moves through the ATLAS detector it can leave several signals in
different parts of the detector. In order to interpret the data, we need a way to translate
the raw data from the detector back to information about the particle. Ideally, we want
to know the particle type, the energy and momentum, and also the point of origin of
all the particles going through the detector. The first step from detector output to
particle information is called ”reconstruction”. Reconstruction involves a set of algorithms
that attempt to infer the path of a particle through the detector. For all particles, the
calorimeter information can be used to infer the direction of motion of the particle. For
charged particles, the calorimeter information is matched with a track from the tracking
detector, and for muons the track from the inner detector is additionally extrapolated to
a track in the muon spectrometer. By following the reconstructed path of the particle
backwards, it is also possible to reconstruct the point of origin of the particle. Finally,
the type of particle can also be reconstructed, for example based on which parts of the
detector produce a signal. So the output of reconstruction are reconstructed objects, e.g.
a reconstructed electron. However, reconstruction is not 100% accurate, and in some
analyses we are not interested in all reconstructed objects of a certain type. Therefore
a second step, called particle identification, is performed after reconstruction. Particle
identification works differently, and presents different challenges, based on what type
of particle is to be identified. For our analysis in the following part, we will mainly be

3Tau leptons have such short lifetimes that they typically decay before reaching the active part of the
ATLAS detector, and they therefore have to be detected indirectly from their decay products [51].
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concerned with the identification of electrons and muons from a signal process. These
electrons and muons originate from the main proton-proton interaction (or from very
close to it, for example from W or Z boson decay), and are called "prompt” leptons.
These prompt leptons are only a subset of the total reconstructed lepton objects. Other
reconstructed leptons can either originate from true leptons from "non-prompt” sources
such as leptonic decays of hadrons or photons converting to e™e™ pairs, or from hadronic
jets or photons that are wrongly reconstructed as leptons. These wrongly reconstructed
leptons are often called "fake leptons”. To reduce the number of non-prompt and fake
leptons in our analyses, there are different requirements put on reconstructed leptons
in the identification. The requirements also come in different levels of strictness, which
define so-called identification working points. For electrons, there are four commonly
used identification working points, which are in increasing order of strictness called
”VeryLoose”, "Loose”, "Medium” and ”Tight”. The exact requirements that must be
fulfilled by a reconstructed electron in order to be identified under each of these working
points are given by the ATLAS collaboration [52]. Using working points with greater
strictness means that a lower fraction of reconstructed electrons will be identified as
electrons. This can help to reduce background from non-prompt electrons. Similarly,
there are three identification working points for muons that in increasing order of
strictness are called "Loose”, "Medium” and ”"Tight”, and there are also special working
points called "Low-pr” and "High-pr” that are specialised for identification of muons
with low and high transverse momenta respectively [53].

To reduce the background from fake and non-prompt leptons even further, we can use
the fact that prompt leptons tend to be ”isolated”, meaning that there is little activity
within an area A¢ x An of the lepton, both in the inner detector and the calorimeters.
Non-prompt leptons originating from jets, on the other hand, will be associated with
a lot of activity in the HCAL in the same direction as the leptons’ trajectories. There
are two types of isolation; calorimeter-based and track-based. The calorimeter-based
isolation estimates the total transverse energy deposited from all other particles in both
calorimeters within a cone of some size AR centered at the path of the lepton candidate.
Track-based isolation uses the scalar sum of the transverse momenta of tracks originating
from the primary vertex within some cone of size AR of the lepton candidate. The size
of the cone can also be varied depending on the transverse momentum of the lepton
candidate, to optimize results for high pr. Requirements on calorimeter- and track-based
isolation variables are also given in terms of a set of working points that are defined by
the ATLAS collaboration [52, 53].

Finally, one factor that complicates the reconstruction of an event of interest is
the fact that each time the two proton beams intersect, there are multiple interactions
happening between the protons. The average number of interactions per beam crossing
is referred to as ”"pile-up”. The pile-up can affect things like the number of fake leptons
and energy measurements of jets.

We have now covered the main motivations for and the theoretical background re-
quired to understand our analysis, which will be presented in the remaining part of the
thesis.
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Chapter 5

Signal and background processes

In this chapter we present the specific signal processes that we will study in our following
analysis and some of the Standard Model processes that are similar to these. We begin
by introducing the software we used to perform simulations of the signal processes.

5.1 Monte Carlo simulations using MadGraph

Monte Carlo (MC) simulations in general are computer simulations that use sampling of
(pseudo-) random numbers to obtain a numerical result. This means that MC simulation
of a single process can give many different results when it is repeated multiple times, even
when the initial conditions are the exact same each time. In particle physics meanwhile,
the parameters we can obtain from a theory, like the (differential) cross sections and
branching ratios of different processes, only represent the probability of an event to occur
in a certain way. Particle physics events therefore have the same property of producing
a variety of results from identical initial conditions. This is why MC simulations are well
suited to simulate particle physics events. More specifically, in this thesis we will use
numerical algorithms to create MC simulations of events at the LHC. Such algorithms
are called MC event generators. The input of a particle physics MC event generator is a
set of initial state particles and their energy and momentum. Then, the event generator
can compute the probability distributions of all the allowed final states of the interaction,
based on some theoretical framework (for example the SM, or an extension of it). Using
some method of random number generation, the event generator picks one of these final
states for each event. The output of the event generator is a list of the physics objects in
the final state such as charged leptons and jets, with precisely defined four-momenta,
charges and other properties.

In this thesis we use MadGraph5_aMC@ONLO [54] version 3.3.1 for MC simulations of
proton-proton collider events. Unless stated otherwise, all processes are simulated at
next-to leading order (NLO) in QCD. We also need to simulate parton showering of
colour charged objects in the final state. For this we use PYTHIA8 [55] version 8.308. We
run MadGraph through ATLAS software, using Athena! release 22.

When performing MC event generation at higher orders of perturbation, not all
events will represent an equal share of the total cross section of the simulated process.
To account for this, each event is given a weight, and in particular, some events are given
negative weights [56, 57]. These negatively weighted events represent corrections from

! Athena is an ATLAS software package, and can be found at https://gitlab.cern.ch/atlas/athena.
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the higher order calculations. The physical integrated luminosity of the simulation is
then?

1
L:Zwi;, (5.1)
i=1

where n is the number of simulated events, w; is the weight given to event number ¢ and
o is the cross section of the simulated process. This replaces the naive expression

n
L=-—, 5.2
! (5.2

which is only correct if all events have the same weight. The presence of negative weights
can reduce the statistics of a MC simulation, and this is one of the main challenges with
MC event generation at beyond leading order.

5.2 Signal models and processes

In this section we describe the specific heavy neutrino models we will study, and the
processes within the frameworks of these models that we will focus on. For all the models
we look at, the signal processes will be ones that can produce a heavy neutrino at a
proton-proton collider.

5.2.1 Majorana and pseudo-Dirac model

The first type of signal model we will study is a simple extension of the Standard Model
by three heavy neutrinos of either Majorana or pseudo-Dirac type, one of which having a
mass in the 100 GeV to TeV range. We call these the Majorana model and pseudo-Dirac
model respectively. These models are examples of the theory discussed in section 3.1.2,
and can be thought of as minimal realisations of the type 1 seesaw and the inverse seesaw
mechanisms. For the simulations of processes within these models with MadGraph, we
use the two sets of publicly available model files developed by Alva et al, Degrande et al.
and Pascoli et al [58, 59, 41]. These MadGraph models are based on the exact interaction
Lagrangian that we presented in equation (3.33), the only difference between the two sets
of model files being that the heavy neutrinos are either pseudo-Dirac or Majorana type,
meaning that their interactions either conserve lepton number, or have the possibility of
changing it by two units.

To find the possible production processes for these heavy Majorana or pseudo-Dirac
neutrinos at the LHC, we need to look at the interaction Lagrangian of equation (3.33).
It is easy to see that these interaction terms give three possible first order production
processes from initial states consisting of quarks or gluons. These are all so-called
s-channel processes, where one quark from each proton interact to give an intermediate
boson, which then decays to a heavy neutrino. The three different possibilities are then
characterised by which boson makes up the intermediate state. When the intermediate
boson is a Z or Higgs, their decay will result in a final state SM neutrino, along with the
heavy neutrino. The Feynman diagrams of these two processes are shown in figure 5.1.
The incoming quarks are both labeled ¢ to show that they are a quark-antiquark pair of
the same flavour. The heavy neutrino labelled N can be of either Majorana or Dirac type.

2Assuming that the event weights are scaled such that the weight of an event that occurs with exactly
the expected probability is w; = 1.
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q v q v
z* h*
q N q N
(a) Production through virtual Z* (b) Production through virtual Higgs

Figure 5.1: Two of the first order production processes for heavy Majorana or Dirac
neutrinos at proton-proton colliders, through a virtual Z* boson (a) or a virtual Higgs
boson h* (b). In both of these processes, the heavy neutrino N is produced along with a
Standard Model neutrino v.

q [

Wi*

q N

Figure 5.2: One of the three first order production processes for heavy Majorana or Dirac
neutrinos at proton-proton colliders, in which the heavy neutrino is produced along with
a charged lepton.

The Z and Higgs bosons are marked with asterisks to indicate that they must be off-shell
when the mass of the heavy neutrino is larger than the Z mass or Higgs mass respectively.
These two processes are not very interesting from an experimental perspective, since the
SM neutrino can not be measured directly, so much of the information about the event
is lost. Additionally, the small coupling of the constituent quarks of the proton to the
Higgs boson means that the cross section of the second process is very small (although
the coupling between the Higgs and N can be relatively large for large neutrino masses).
The final first order production process is through a virtual W*-boson, and results in a
charged lepton along with the heavy neutrino. The Feynman diagram is shown in figure
5.2. Here the initial state quarks are labelled ¢ and ¢’ to show that they are of different
flavour (one is down type and the other is up type). This will be the signal process that
we focus on for both the Majorana and pseudo-Dirac models, since the charged lepton is
relatively easy to detect, at least if it is an electron or muon, and it has a cross section
comparable to the first process in figure 5.1.

Decays

For most sets of neutrino masses and mixing parameters we will look at, the heavy
neutrinos will have very short lifetimes. This means that there is more to the signal
process than simply the production of the neutrino, since the neutrino will also decay
before reaching the detector, and its decay products will be measured instead.

The possible two-body decays of the neutrinos in the Majorana and pseudo-Dirac
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(a) Decay via Z (b) Decay via Higgs
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(¢) Decay via W

Figure 5.3: All the possible final states resulting from the first order production of a
Majorana or pseudo-Dirac heavy neutrino through a virtual W* boson at a proton-proton
collider, and the subsequent first order decay of the neutrino.

models are determined by the same interaction terms in the Lagrangian as the first order
productions. So there are again three possibilities, assuming that my > my, where my
is the mass of the heavy neutrino and my, is the mass of the Higgs boson. These three
are the decay to a W, Z or Higgs boson, along with a lepton. Each of these decays
will lead to very different kinematics in the final states, and therefore require different
strategies when searching for these processes in an experiment. In fact, since both the
W, Z and Higgs bosons are also highly unstable, these will decay to different sets of
particles, giving even more possible final states. Feynman diagrams for all these final
states (only including two-body decays of the neutrino and bosons) are shown in figure
5.3. All of these processes are well suited to search for the heavy neutrino, except for the
case in figure 5.3a when the Z boson decays to two neutrinos. This process would give a
signature of only a single charged lepton and missing energy, and would therefore give
almost no information about the presence of the heavy neutrino. For the other decay
modes of the Z, the signature would be more interesting. The neutrino from the decay
of N would result in a relatively large Eqr?iss in such an event. In the case when the Z
decays to two charged leptons, the final state would contain a total of three charged
leptons, two of which would have an invariant mass close to the Z mass. The decay of



5.2. SIGNAL MODELS AND PROCESSES 55

1%

Figure 5.4: The lowest order Feynman diagram of the signal process we will study for the
Majorana and pseudo-Dirac models. For the pseudo-Dirac model, the allowed particle
charge combinations are shown with the signs that are not in parentheses. For the
Majorana model, both the signs inside and outside of the parentheses are possible, but
the choice must be consistent in a single event.

the Z to quarks would result in one charged lepton and two jets with invariant mass
close to the Z mass. The neutrino decay through the Higgs gives very similar kinematics,
only replacing the mass of the Z with the mass of the Higgs. However, the three lepton
final state will not be observable in this case, due to the tiny coupling of the Higgs to
electrons and muons. The most prominent first order decays of the Higgs would result in
pair of b-jets with invariant mass close to my, or a pair of tau leptons, which subsequently
decay. Additionally, the Higgs has relatively large branching ratios for three-body decays
and decays through loops, for example h — W*W and h — gg, which would give even
more possible final states.

Although many of these processes present promising opportunities to search for heavy
neutrinos, we can not cover them all in this thesis. We therefore choose to study only the
decay of the heavy neutrino through a W boson. As we see from figure 5.3c, this decay
mode gives two possible final states. The first possibility consists of three charged leptons
and a neutrino, while in the other case it is two charged leptons and two quarks. Both
of these decay modes have their drawbacks when it comes to experimental detection.
For the leptonic decay of the W boson, the main problem is again that the neutrino
can not be detected, and therefore the total energy and momentum of the process is
unknown. This makes it more difficult to for example reconstruct the mass of the heavy
neutrino from signal events. For the hadronic decay, the total energy of the event can be
determined, but the quarks will create jets of hadrons that are not measured as precisely
as charged leptons. Additionally, the Standard Model background is much larger for
events with two charged leptons and two jets in the final state than for three charged
leptons, which makes the signal more difficult to discover. We will therefore narrow our
scope even further, and only look at the leptonic decays of the W for the Majorana
and pseudo-Dirac models. It would be interesting to perform a similar analysis for the
hadronic decay as well.

With the leptonic decay of the W, the full signal processes for the Majorana and
pseudo-Dirac models become as shown in figure 5.4. A key difference between the
Majorana and pseudo-Dirac models is the allowed sign combinations of the charges of
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q1

q2

Figure 5.5: The Feynman diagram for the Keung-Senjanovi¢ process of production of a
right-handed Wg boson and a heavy Majorana neutrino NV at a proton-proton collider.

leptons I; and lo. In the pseudo-Dirac case, they must have opposite signs, while in
the Majorana case they can have either opposite or the same sign, as indicated by the
parentheses in figure 5.4.

5.2.2 LRSM model

We will also study a simple realisation of the Left-Right Symmetric Model (LRSM), based
on the minimal LRSM described in section 3.5. We will focus on models where the mass
of the Wg boson is My, 2 5 TeV, and the natural case of a heavy Majorana neutrino
that has a mass my that is of the same order as Myy,. We will also consider only
models where my < Myy,. This gives the possibility for the so-called Keung-Senjanovi¢
process [60] for producing an on-shell W boson at the LHC, with a subsequent decay
through the heavy Majorana neutrino, which is shown in figure 5.5. This process has
been extensively studied, for example in a recent study by the ATLAS collaboration that
set the most stringent lower limits on the Wx and N masses to date [61]. In this thesis,
we will put more emphasis on studying the kinematics of the Keung-Senjanovi¢ process
for different masses using MC simulations. We will then use what we learn to attempt
to improve the search method for this process, and potentially show how properties of
the Wgr and N particles can be deduced if this signal were to be discovered.

For the MC simulations with MadGraph, we will use the publicly available effective
LRSM model developed by Mattelaer et al [49]. As is mentioned in their paper, this
effective model does not include the new scalar fields of the LRSM. However, since these
fields can mediate flavour changing neutral currents, their masses must be larger than
what is accessible at the LHC [62]. The exclusion of these fields from the model will
therefore have little effect at LHC energies. In the MadGraph model, gp is set equal to
the SM weak coupling constant, but this can easily be modified by simply scaling the
cross sections. Finally, we use the simplifications V), = I, and assume the mixing
between the heavy and light neutrinos to be X = 0 and that the heavy neutrino mass
eigenstates are equal to their right-handed weak eigenstates; Y = I. These assumptions
are motivated by the natural scalings given in section 3.5. This means that in our
simulations, the Wg does not couple to pairs of SM leptons, while it does couple to
SM quarks with equal strength to each generation. And in the coupling of the Wg
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to one of the heavy neutrinos N, no cross generational couplings are allowed. For
the Keung-Senjanovié¢ process this means that unless some of the neutrino masses are
degenerate, the leptons [ and lo must be of the same flavour in this model.

5.3 Signal cross sections

The most important variable determining whether a signal can be discovered at a collider
or not is its cross section. The cross section of our signal processes depend mainly on
the masses of the heavy neutrinos, their mixing with active neutrinos, and of course
on the energy of the collider. Since protons are composite particles, the cross sections
also depend on their parton distribution functions (PDFs). A PDF gives the probability
distribution for the momentum fraction z of the proton carried by one of the partons.
This additional complexity due to the composite nature of protons makes it difficult
to compute cross sections for proton-proton collider events analytically. We therefore
use MadGraph to compute the cross sections numerically. This also allows us to include
next-to leading order (NLO) QCD contributions to the cross section.

5.3.1 Majorana and pseudo-Dirac model

We first look at the signal process for the Majorana and pseudo-Dirac models through
the process shown at leading order (LO)? in figure 5.4. It turns out that in the simple
models we study, the cross section of this process is independent of the Dirac/Majorana
nature of the neutrino, as long as the mass and mixing parameters are the same. The
reason for this is that the interaction terms of the Lagrangian look the same in both
models. In the Dirac case there are two different heavy neutrinos that can be created
(neutrino or antineutrino), but the neutrino can only decay to a charged lepton, while
the antineutrino can only decay to a charged antilepton, as indicated in figure 5.4 by the
signs that are not in parenthesis. In the Majorana case, on the other hand, there is only
one neutrino, but it couples to both kinds of charged lepton (and in the model we look
at the two couplings are equal), so the total number of possible interactions is the same,
giving the same cross section.

We now assume for simplicity that only one of the three heavy neutrinos has a mass
that makes it suitable for detection, and that the other two have very different masses,
such that any interference between the interactions can be neglected. We also assume
that this heavy neutrino mixes equally with the three light neutrinos, meaning

Verl* = [Vl = [V, (5-3)

where we have chosen the detectable neutrino to be mass eigenstate number N = 1,
which we can do without loss of generality. It is then easy to see from the Lagrangian in
equation (3.33) that the cross section of the production process in figure 5.2 will simply
be proportional to |Vlk]2

For the full leptonic decay process shown in figure 5.4, one would expect that the
cross section is proportional to \Vlk]4, since the diagram contains two identical vertices
coupling the heavy neutrino to the W boson. However, we need to take into account
that the heavy neutrino is an unstable particle with some decay rate I'y. Because the

3This type of diagram is also called a ”tree level” diagram or a ”"Born” diagram. Both of these terms
mean that the diagram contains no loops.
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heavy neutrino only interacts weakly, we can assume that I'y < my, and if my is
much larger than the masses of the other particles in the process, all the conditions for
using the so-called narrow width approximation (NWA) are satisfied [63]. The NWA
corresponds to choosing the unstable intermediate particle (the heavy neutrino in our
case) to be exactly on-shell. Then the total cross section for the production and decay of
the heavy neutrino is given by the cross section for the production alone, multiplied by
the branching ratio (BR) of the decay. The BR of the decay of a particle X with total
decay rate I'x to some final state Y is defined as

BR(X —Y)= M (5.4)

I'x

As mentioned in section 5.2.1, we know all the possible decays of the heavy neutrino,
and they all occur through its mixing with the active neutrinos. This means that the
rate of each individual decay process must be proportional to |V2k|2 But then the total
decay rate 'y, which is simply the sum of the rates of all possible decays, must also be
proportional to |V}k|2 This means that the BRs for each of the possible decays of the
heavy neutrino are independent of the mixing matrix elements. Therefore, as long as the
NWA applies the leptonic decay cross section will also be proportional to |V}k|2, and it
will be approximately equal to the cross section for the production of N through a W
boson, multiplied by the factor

oclpp—= NIl—=lllv)
o(pp— NI)

~BR(N — llv)~ BR(N - W) x BR(W = lv), (5.5)

where we used the NWA again for the W boson. If we look at the scaled cross section

’ g

this will be independent of the size of the mixing parameters for both the production
process and the full process with leptonic decay. We calculate this scaled cross section
for a few different heavy neutrino masses and centre of mass energies using MadGraph.
The calculations are done at NLO in QCD, meaning that in addition to the Feynman
diagram shown in figure 5.2, there will be contributions from diagrams with one or
two additional QCD vertices. Diagrams with one or two QCD vertices correspond to
FKS-subtracted real emission and single loops with colour charged particles respectively,
as explained in the paper on the release of MadGraph5 [54]. We do not include NLO
QED contributions, since these will be suppressed by at least a factor agpy ~ 1/137.
Examples of diagrams that are included in the computation of the cross sections are
shown in figure 5.6. The resulting cross sections are shown in table 5.1. MadGraph also
allows us to estimate the systematic uncertainty in the cross section as a result of scale
variation and PDF variation. Scale variation refers to the change in the cross section due
to the varying energy of each event, which affects the size of the coupling constants ag(u)
and agy(p). The PDF variation comes from the fact that we do not have a very good
model of the QCD processes within protons, and therefore parton distribution functions
have large uncertainties. In MadGraph, these systematic uncertainties are estimated using
reweighting techniques, as is explained in the MadGraph5 release paper [54]. We combined
these two sources of uncertainty to get the errors listed in table 5.1, and we see that they
are generally between 2% and 6% of the value of the cross section.
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Figure 5.6: Two Feynman diagrams of the production of a Majorana or Dirac heavy
neutrino with subsequent fully leptonic decay. Both contribute to the next-to leading
order QCD correction, since they contain QCD vertices not found in the leading order
diagram. In the top diagram, a gluon is radiated from one of the initial state quarks. In
the bottom diagram, a gluon is exchanged between the two quarks, making a loop in the
diagram and giving two QCD vertices.
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Table 5.1: The scaled cross section ¢/, as defined in equation (5.6), in units of pb for the
production and fully leptonic decay of a Majorana or pseudo-Dirac heavy neutrino for
three different centre of mass energies /s of the proton-proton collider and five different
heavy neutrino masses my. The cross sections are computed to NLO in QCD using
MadGraph, and it is assumed that the heavy neutrino mixes equally to the three SM
neutrinos.

V3 [T&V]
13.0 13.6 14.0
my [GeV] o’ [pb]
200 1.00 £ 0.05 1.075 £ 0.029 1.07 £ 0.04

400 (7.234£0.27) x 1072 (7.62+£0.17) x 1072 (8.16 4 0.22) x 102
600 (1.46 £ 0.04) x 1072 (1.55+£0.04) x 1072 (1.72 4 0.06) x 102
900 (2.36 £0.11) x 1073 (2.74£0.09) x 10~3 (2.86 +0.18) x 1073
1200 (6.384£0.34) x 107*  (6.97+0.28) x 107*  (7.74+0.4) x 1074

From the table we also see that as expected, the cross sections become smaller for
larger heavy neutrino masses. The cross sections also become larger for larger centre of
mass energies /s. The three values for /s used here correspond to the centre of mass
energies of the LHC during Run 2 (13 TeV), during the current Run 3 (13.6 TeV) and
the future High Luminosity LHC (HL-LHC) runs (14.0 TeV). The increase in energy
has a greater effect on the cross sections for the heavier neutrinos. For my = 200 GeV,
we see that the cross section only increases by 7% from 13.0 TeV to 14.0 TeV, while for
my = 1200 GeV, it increases by around 20%.

For comparison, we also computed the cross section for my = 200 GeV and /s = 13.6
TeV at LO, and got the result ¢/ = 0.828 4= 0.024 pb. This represents a difference of
30% from the NLO result given in table 5.1. This can also be expressed in terms of the
commonly used K-factor, which is defined to be the ratio between the NLO and LO cross
sections of a given process. This particular process therefore has a K-factor of 1.30.

We can also use MadGraph to test the validity of the NWA for the heavy neutrinos,
as it allows us to compute the decay rate of the neutrinos®. The result is with the same
mixing parameters defined in (5.3) and my = 200 GeV

20 = 24.7|Vi, > GeV, (5.7)
while my = 1200 GeV gives
1290 — 6.81 x 10%|Vj|*GeV. (5.8)

So for the neutrino mass of 200 GeV, the condition I'y < mpy for use of the NWA is
satisfied for more or less all values of the mixing parameters (the unitarity condition
of V from equation (3.34) gives |Vix|* < 1/3). For the mass of 1200 GeV, the mixing

41t is of course relatively straight forward to compute the decay rate analytically as well, at least if
only the two-body decays are taken into account.
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parameters must be smaller than around 0.1 to have I'yy/my of the order of 5% or less.
But mixing parameters greater than 0.1 would be in contradiction with the limits given
in equation (3.51), so we can conclude that the NWA is a good approximation in most
reasonable realisations of the model.

5.3.2 LRSM model

The cross section for the Keung-Senjanovi¢ process shown in figure 5.5 depends mainly
on the mass of the Wg and the Majorana neutrino V. For a given neutrino mass my,
the cross section is independent of which neutrino mass eigenstate N,,, m =1,...,3 is
considered, since each mass eigenstate couples equally to a flavour of the leptons 1 and
l2, and the mass differences between the lepton flavours is irrelevant at these energies.
We therefore only need to compute the cross section for one mass eigenstate, and we
choose Nj, which is the one that couples to the electron. We again use MadGraph to
compute the cross section at NLO in QCD for the centre of mass energies of Run 2, Run
3 and the HL-LHC. As mentioned before, the model assumes equality of the right- and
left-handed weak couplings; gr = ¢g. However, if we want to be general, we can again
use the NWA to argue that the cross section of the process will be proportional to g%%.
This case is slightly different, since we now want to use the NWA for the Wpg, but the
argument is the same as in the Majorana and pseudo-Dirac models. The Wx only decays
through couplings that are proportional to gr, and therefore its branching ratios are
independent of gr. If the NWA is valid, the only dependence on gg therefore comes from
the coupling of the Wg to the initial state quarks, which gives a g%—i—dependence in the
cross section of the entire Keung-Senjanovié process. To see whether the NWA is valid,
we again use MadGraph to compute the decay width of the Wg for a few mass values. For
My, = 3000, 5000 and 6000 GeV, the decay widths are approximately 110, 180 and 220
GeV respectively for ggr = ¢g. These are all less than 5% of the respective masses, and so
the NWA is a good approximation, and we will assume o o g%. We define the relative
strength of the right-handed weak interaction using the parameter xg, defined such that

9R = KRY. (5.9)

Then we define the scaled cross section o’ as

’ g

o= —, (5.10)
Kr
such that ¢’ is approximately independent of the size of gg. The results for this scaled
cross section computed with MadGraph for six pairs of mass parameters are given in table
5.2. We see that the cross sections are quite sensitive to both the Wx and neutrino
masses, and decrease for larger masses, as expected. We also see that the increase of
/s affects the models with larger masses more. For my =5 TeV and My, = 6 TeV,
the cross section is more than doubled from /s = 13 TeV to /s = 14 TeV, while for
my = 1.5 TeV and My, = 3 TeV, it only increases by around 40%. Rather alarmingly,
we notice that the uncertainty in the cross sections becomes very large for the larger Wg
masses. For My, = 3 TeV, the uncertainties are of the order of 5 — 10%, as before. For
My, = 5 TeV, however, the uncertainties increase to around 30%, and for My, = 6
TeV, they are over 50% in some cases. The cause of this large uncertainty is mainly
the PDF variations, which become very large for these models. The reason for this is

probably that when the mass of the Wx comes close to half of the centre of mass energy
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Table 5.2: The scaled cross section o', as defined in equation (5.10), in units of fb of
the Keung-Senjanovi¢ process for six sets of Wg and heavy Majorana neutrino masses
and three different centre of mass energies /s of the proton-proton collider. The cross
sections are computed to NLO in QCD using MadGraph, and it is assumed that the heavy
neutrino only couples to one flavour of SM charged lepton and that the right-handed
weak coupling is equal to the SM weak coupling.

V5 [TeV]
13.0 13.6 14.0
my [TeV] My, [TeV] o’ [fb]

1.5 3 10.0 £0.8 12.240.9 13.94+0.8

3 5.7+0.5 71+0.6 79+0.5
4 5 (32+£1.2) x1072 (514+£1.5)x 1072 (6.941.9) x 1072
4.5 5 (9.34+3.5) x 1072 (1.5+£0.4) x 1072 (2.040.6) x 1072
4 6 (543) x 1073 (94+4) x1073  (1.54£0.7) x 1072

6 (1.7+£1.2) x 1072 (29+£1.5)x 1073 (4.641.9) x 1073

of the collider, the momentum fractions x of the two quarks must be very large. The
probability for a parton to have a large = is very small, and therefore a small change
in this probability (from a slightly different derivation of the PDF) will yield a very
different cross section. We will need to keep this large uncertainty in mind for the rest of
our analysis.

5.4 Background processes

In this section we look at some of the SM processes that give similar final states as the
signal processes we are studying. The amount of SM background in an experiment is
one of the limiting factors for discovery of a signal, and it is therefore important to know
how much background there is, and some of its characteristics.

5.4.1 Three lepton final state

For the signal process of the Majorana and pseudo-Dirac models shown in figure 5.4, the
background will consist of processes that can result in final states with three charged
leptons and missing energy. There are relatively few SM processes giving three prompt
leptons, and the largest contribution by far comes from a subset of the so-called "diboson”
processes. The diboson processes are ones where either a pair of W bosons, a pair of Z
bosons or one W and one Z boson are produced. The final state of three prompt leptons
and missing energy occurs in the case when one W and one Z both decay leptonically.
Two such processes are shown in figure 5.7. The diboson three lepton background is
characterised by one of the charged lepton pairs having an invariant mass close to the
Z boson mass. This background can therefore be significantly reduced by disregarding
events where any pair of charged leptons in the final state has an invariant mass that is
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(a) s-channel W Z (b) t-channel W Z

Figure 5.7: The two diboson processes that are the dominant SM background of three
prompt leptons and missing energy.

within some small distance of the Z mass.

Another possible source of three prompt leptons is the similar Z Z diboson process
where both Z bosons decay to two leptons, but one of the four leptons escapes detection.
This leads to the same signature of three leptons and missing energy, but can also be
reduced by removing events where two leptons have invariant mass close to the Z mass.
The remaining background for the three lepton final state mainly consists of processes
with at least one non-prompt lepton. Examples of such backgrounds are the two classes
of processes called ”Z+jets” and "ttbar”. In figure 5.8, we show examples of Z+jets
processes that give two prompt leptons and a jet after hadronisation of the final state
quark or gluon. The jet gives some small probability for a third lepton to be reconstructed
in the event, and since these processes have relatively large cross sections they turn
out to be a significant background for the three lepton final state. These processes are
also characterised by the invariant mass of the prompt lepton pair being close to the Z
mass, and can therefore be reduced by the same method as the diboson background. In
addition to this, the Z+jets events do not contain real missing energy, and can therefore
be reduced by requiring some minimum E%‘iss. In figure 5.9, we show one of several ttbar
background processes that result in at least two charged leptons in the final state. In
addition to the two charged leptons there are two b-quarks in the final state, which result
in so-called b-jets after hadronisation. These b-jets can give additional leptons, either
from leptonic decays of hadrons or from misidentifications. This background can not
be reduced using invariant masses, since none of the charged lepton pairs come from
the direct decay of a single particle. Instead, the ttbar background can be reduced by
disregarding events with b-jets, or by increasing the requirements for lepton identification,
for example putting strict requirements on the isolation of leptons. This reduces the
probability of a lepton from one of the jets to pass the identification criteria.

5.4.2 21+2j final state

After hadronisation, the Keung-Senjanovié¢ process of figure 5.5 will result in a final state
of two charged leptons and two jets. This final state has significantly more SM background
than the three lepton and missing energy final state. Some of the backgrounds for these
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I+

I~ q =
(a) s-channel Z+jets (b) t-channel Z+jets, gluon jet
9 q

l+

q -
(c) t-channel Z+jets, quark jet

Figure 5.8: Three examples of processes making up the Z+jets background, which give
two prompt leptons and a jet after hadronisation of the final state quark or gluon. The
jet can potentially give a third non-prompt lepton.

Figure 5.9: One of the processes making up the ttbar background, which gives two
leptons and two b-jets after hadronisation. The b-jets can potentially result in a third
lepton being reconstructed.



5.4. BACKGROUND PROCESSES 65

Yy
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Figure 5.10: One of the processes making up the single top background, which gives at
least one lepton and two b-jets after hadronisation. The b-jets can potentially result in a
second lepton being reconstructed.

two final states are similar. For example, the 2142j final state also has background
from the diboson processes, including the ones shown in figure 5.7, but with the W
decaying to two quarks instead of a lepton and a neutrino. These two quarks will
produce two jets after hadronisation, so the final state has the form 214-2j. In addition
to this, the production of two Z bosons, with one decaying hadronically and the other
leptonically, will also give background for the 21+2j final state. The diboson background
is therefore larger for the 21+2j final state, both due to the additional contribution
from Z Z production and since the branching ratios of the W and Z bosons to quarks
are significantly larger than their branching ratios to leptons. However, the diboson
background can also in this case be greatly reduced by removing events where the lepton
pair has an invariant mass close to the Z mass. The background from Z+jets and ttbar
processes are even more important for the 2142j final state, since no additional leptons
to the two shown in figure 5.8 and 5.9 are needed. It seems like the Z+jets processes of
figure 5.8 can only give a single jet, but another jet can easily appear from higher order
QCD corrections, for example. The Z+jets background can again be suppressed using
the Z peak in the invariant mass, and the ttbar background by removing events with
b-jets, if the signal process is not expected to give many b-jets.

The 2142j final state also has additional background types that are less relevant
for the three lepton final state. These include the so-called ”single top” and "W +jets”
backgrounds. The W+jets background consists of processes like the ones shown in figure
5.8, but with the Z boson replaced by a W boson. If the W decays leptonically, there
will be one prompt lepton in these final states, such that one additional non-prompt
lepton and an additional jet will lead to a 214-2j final state. In figure 5.10, we show
one of the processes contributing to the single top background. We see that at least
one lepton can come from the decay of the top quark, and if an additional non-prompt
lepton is reconstructed, the final state can become 2142j. For the W+jets and single
top backgrounds, the main method for reducing the background is to use strict lepton
identification requirements, since neither of them give two prompt leptons.
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Chapter 6

Truth analysis

In this chapter we will study the kinematics of the signal processes we described in the
previous chapter using our Monte Carlo simulations. In the first section, we present
the tools and methods used for this analysis. In the second section, we show the most
relevant kinematic distributions for the Majorana model and discuss the characteristics
of the distributions and what can be learned from them. In the third section we show the
main difference between the Majorana and pseudo-Dirac models. In the fourth section
we use what we learned in the previous two sections to develop a method for identifying
the vertex of origin of the final state charged leptons of the signal process. Finally, in
the fifth section we show the most relevant kinematic distributions for the LRSM signal
process and discuss these.

6.1 Event selection and smearing using SimpleAnalysis

When studying either real experimental data from the LHC or MC simulated data, we
often want to choose a subset of the total number of events in the data to study, based
on some criteria. The process of choosing a subset of events is called event selection,
and the criteria used are called selection criteria, or ”cuts”. In this thesis, we use the
program SimpleAnalysis [64] to perform cuts on MC simulated events of both signal
and background processes, and to create kinematic distributions from the selected events.
The specific cuts may differ in each application, and depend for example on the final
state of the process we are interested in and the parameters of the signal model we are
studying. There are however a few cuts that will be applied in all our analyses. Since
our end goal is to say something about the discoverability of certain signals using the
ATLAS detector at the LHC, we put some ATLAS-specific requirements on the particle
objects from MC simulations. In order to be detectable by ATLAS at all, we require
any charged lepton object to have pr > 5 GeV and any jet objects to have pr > 20 GeV
in order to be identified as true charged leptons and jets. We also require all charged
leptons and jets to have |n| < 2.5, corresponding to the range of the inner pixel and
tracking detectors of ATLAS, meaning that objects within this range can be reconstructed
with higher confidence. The objects that do not fulfill these requirements are simply
ignored, but the events containing them are not necessarily discarded. In addition to
this, SimpleAnalysis lets us perform so-called overlap removal on the objects from the
MC simulations. This mimics the procedure with the same name that is performed in
real experiments due to the fact that the same physical object can be reconstructed
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as multiple objects. Overlap removal attempts to reduce over-counting of objects by
removing reconstructed objects that are too close to other objects. In our analyses, we
will require that any electron candidate must have a separation of AR > 0.01 from any
muon candidates. Jets within AR < 0.2 of electrons or muons are removed, while for
electrons and muons we define a minimal AR separation requirement from jets that
changes with their pr. An electron or muon with transverse momentum pp is removed if
it has a distance from a jet that satisfies

10 GeV
AR < min 0.4,0.04 + ——* | . (6.1)

br

As mentioned in section 5.1, the output of the MC simulations are lists of physics
objects with precisely defined properties. This is what we call "truth” information,
and it is very useful for determining the characteristic signature of the different signal
models which will be the focus of the remainder of this chapter. However, if we want to
perform an analysis that replicates the analysis of real experimental data, we need to
modify the truth information before studying event kinematics. In a real experiment,
there are uncertainties in each direct measurement of an observable, and no particle can
be identified with 100% certainty, but instead need to be reconstructed and identified
as described in section 4.2.1. In analyses using MC simulated data, this behaviour
is commonly replicated by entering the MC output into a full simulation of the real
world detector. This gives an accurate estimate of measurement uncertainties and
reconstruction efficiencies, but it is also a very computationally expensive procedure.
Instead of a full detector simulation, we will therefore use a feature in SimpleAnalysis
called ”smearing”, which is supposed to approximate a detector simulation of the ATLAS
detector by using parametrisations for object reconstruction and identification efficiencies
as well as object resolutions. We will only be applying smearing on electrons and muons.
One of the effects of smearing is that the momenta and energies of the truth leptons are
changed from the exact truth value to Gaussian distributions with means at the truth
value and standard deviations determined by a function of py and 7, in an attempt to
approximate the measurement resolutions of the ATLAS detector. The probability of
finding fake leptons in a jet or an electron being wrongly identified as a photon, what is
collectively referred to as "fake rates”, are also estimated. Smearing also allows us to
implement the isolation working points for electrons and muons, as described in section
4.2.1. Finally, the probability that a given true electron or muon is actually identified is
determined using a function of the particle’s pr and 7, and the identification working
point that is chosen. This means that if we use the Tight identification working point for
electrons for example, a relatively large fraction of electron truth objects will be removed
from the events. If the Loose working point is used instead, a smaller fraction will be
removed. This can be used to regulate the amount of background for final states with
leptons.

In the following sections, we use SimpleAnalysis to study the truth information
from MC simulations of some selected signal models, to learn about their characteristics.

6.2 Majorana model

In this section, we will study the kinematics of the signal process shown in figure 5.4, for
the case when the heavy neutrino is of Majorana type. We again begin by performing
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Monte Carlo simulations of the process using MadGraph. For this analysis, we set the
centre of mass energy of the proton-proton collider to /s = 13.6 TeV, corresponding to
run 3 of the LHC. As before, we assume that only the mass eigenstate Ny contributes to
the process (the other two mass eigenstates having either much larger or much smaller
masses), but now we assume that the mixing matrix V' between the active and sterile
neutrinos is close to diagonal. We let

[Ver|? = 10V, |* = 100 V;y %, (6.2)

meaning that the couplings of the heavy neutrino to the muon and tau are suppressed
by factors of 10 and 100 respectively compared to the coupling to the electron (after
squaring the matrix element). The size of H/e1|2 then determines the total cross section,
but that is irrelevant for this part of the analysis, since we do not care about the effective
luminosity of the MC simulations. We perform the simulation for four different Ny
masses; my = 200, 400, 800, 1200 GeV, and in each of these simulations we generate 10
000 events. These four mass values were chosen because they allow for production at
the LHC, and they give a wide range of kinematics, due to their different sizes relative
to the W boson mass. As before, the simulations are done to NLO in QCD, meaning
that processes like the ones shown in figure 5.6 are taken into account. The MadGraph
code also includes a three-lepton filter, which ensures that all 10 000 events have three
charged leptons in the final state. To make histograms for the kinematic variables, we use
SimpleAnalysis. In SimpleAnalysis we also perform a few additional cuts, requiring a
charged lepton to have pr > 5 GeV and —2.5 < n < 2.5 to be labelled as a signal lepton.
Then only events with at least three signal leptons, and where the three signal leptons
with the highest pr, what we call the three leading leptons, are exactly the leptons Iy, ls
and I3 in figure 5.4, in arbitrary order. These requirements reduce the number of events
only slightly, and we are left with between 7 523 (my = 200 GeV) and 8 329 (my = 1200
GeV) events. In the following plots, the histograms are scaled such that the sum of all
the bin entries is equal to the respective number of events remaining after the cuts.

In figure 6.1 we show the number of signal leptons after the cuts. We see that for
all four heavy neutrino masses, the overwhelming majority of events have exactly three
signal leptons. For all mpy, the number of events with more than three signal leptons is
of the order of 100, meaning at most a few percent of the total number of events. The
largest heavy neutrino mass my is the only case in which there are some events with six
signal leptons, but there are less than 10 of these events.

In figure 6.2, we show the distributions of the transverse momenta of the three fi-
nal state leptons for each of the four mass values. The leptons are ordered by their vertex
of origin, meaning that pr 1, pr2 and pr3 are the transverse momenta of the leptons
l1, lo and l3 from figure 5.4 respectively. The knowledge of which lepton comes from
which vertex is something that we would not have in a real experiment, so we can only
produce these distributions because the events were generated on a computer and we
have access to the truth information. From the figure, we see that the distributions
have relatively similar shapes for all four mass values. But when the mass of the heavy
neutrino increases, we see that the distributions for all three leptons become wider (note
the different scales on the x-axes), meaning that there is a higher probability for the
leptons to have large transverse momenta . Interestingly, the distribution of pr s is
shifted slightly more to the right compared to the other two distributions for larger
my. Both these effects are expected, since in order to create a heavier neutrino, the
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Figure 6.1: The distributions of the number of signal leptons passing the cuts in each
event for different heavy Majorana neutrino masses my.
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Figure 6.3: The distributions of the transverse momenta of the three leading signal
leptons in each event, ordered from highest to lowest pr, for different heavy Majorana
neutrino masses my.

process has to be very energetic (the initial state partons must have had large momentum
fractions x), which gives all the particles in the event higher momenta. The large mass
of the neutrino will give its two decay products particularly large momenta, since the
mass of the charged leptons and the W boson are much smaller than for example 800
GeV. This explains why I5 is the hardest lepton in most events for my = 800 GeV and
my = 1200 GeV. Even when my = 200 GeV, the peak of the pro distribution is at a
slightly larger transverse momentum value than the peak of the pr; distribution, but
pr,1 has a relatively large tail at large values meaning that in a few events the first lepton
can be very hard, and harder than l3. For the larger masses, the tail of the pr; and prp
distributions have approximately the same size. For all mass values, [3 is the lepton that
has the lowest transverse momentum in most events.

In figure 6.3 we show similar distributions of the transverse momenta of the final
state leptons, but in these figures the leptons are ordered by the size of their pr in
each event. These distributions are therefore possible to make with real data, since
a detector can measure (with some error) the transverse momenta of charged leptons.
We label these transverse momenta with primes to separate them from pr;, which are
the transverse momenta of lepton [;. We see that these distributions are quite similar
to the distributions ordered by vertex of origin, with the replacements pr; — pifg,
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Figure 6.4: The distributions of the transverse masses of the signal leptons [; and the
final state neutrino, which we call mr;, for different heavy Majorana neutrino masses
mpy.

pr2 — pl[?l and pr3 — p’T’g. This is not surprising, since the most common ordering
of the transverse momenta has the largest pr from vertex 2, followed by vertex 1 and
vertex 3. We notice that the distributions of p/., are more clearly separated from each
other than the distributions of pr;, which is also natural, since for example p/.; in fact
picks the largest pr in every single event, so this will be shifted more to the ri7ght than
the distribution of p7 2. Similarly, p’T73 always picks the smallest pr, and will therefore
be shifted left compared to the distribution of pr 3.

In figure 6.4 we show the transverse masses of each of the charged leptons [; with
the final state neutrino. The transverse mass of /; and v is named mr;. We see that
the distributions of mr; and mr 2 are quite similar to the transverse momentum dis-
tributions of the respective charged leptons shown earlier. For the smaller neutrino
masses my = 200 GeV and my = 400 GeV, the mr o distribution has a peak at a higher
value than m7 1, but the latter has a relatively large tail at large values of my. For the
two larger neutrino masses, both leptons get a wider distribution of mz, but the mr
distribution is significantly higher at large values. These similarities are expected, since
the transverse mass is proportional to the transverse momentum of the charged lepton,
as seen from equation (4.12). So when there is no particular correlation between the
transverse energies of the charged lepton and neutrino and the angle between them, it is
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Figure 6.5: The distributions of the transverse mass of I3 and the final state neutrino for
each of the four heavy neutrino masses.

logical that the distribution of mz; will have approximately the same shape as the pr;
distribution for the same charged lepton.

The main difference from the transverse momentum plots is seen in the distribution
of mr 3. We see that for all heavy neutrino masses, this distribution has a sharp peak at
relatively low mqp, which looks different from the peak in the transverse momentum plots.
The reason for this difference is that lepton 3 does in fact originate in a two-body decay,
meaning that in all events where the mother W boson is on-shell, the transverse mass
of the lepton is limited by the mass of the W boson. It therefore makes sense that the
peaks in the mr 3 distributions fall off at around the W mass of approximately 80 GeV.
Interestingly, the peak in the mr 3 distribution is slightly broader towards lower my and
not as tall for the heavier neutrino masses. This is not easy to see from figure 6.4, so we
make a new plot with only the mr 3 distributions for each heavy neutrino mass. This
plot is shown in figure 6.5. We see that with a bin width of 5GeV, the tallest bin of the
distribution for my = 200 GeV is around 20% taller than the tallest bin for my = 1200
GeV, while the distribution for my = 1200 GeV is around twice as high as mz 3 goes to
zero. That the distributions for larger mpy are higher towards low my values means that
in these models, it is less likely that a large fraction of the momenta of I3 and the final
state neutrino are in the transverse direction.

Since the transverse mass distribution of I3 is quite easily distinguishable from the
other two leptons, this is a promising variable for identifying /3 when we do not have the
information about the true vertex of origin.

In figure 6.6, we show the distribution of the A¢ between each of the three charged
leptons and the missing transverse energy in each event. We see that the shapes of the
distributions change significantly with the heavy neutrino mass. We call the A¢ of [;
and the missing transverse momentum vector A¢;. For my = 200 GeV, A¢p; and Ags
have very similar distributions, which increase almost linearly towards large values of Ag.
Meanwhile, A¢s has a more symmetrical distribution, but it is slightly skewed towards
lower values. When my increases, we see some clear trends in how the distributions
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Figure 6.7: Two examples of the event geometry in the production and leptonic decay
of a heavy Majorana neutrino. Both diagrams are shown in the transverse plane of the
collider reference frame. The direction and length of arrows represent the velocities of
the particles projected onto the transverse plane. In the left diagram, the heavy neutrino
N has a mass that is not much larger than the mass of the W, while in the diagram to
the right, my > mw.

change. The distribution of A¢s shifts more and more towards zero, and for my = 1200
GeV, almost all events have A¢s < 0.5. The distribution of A¢s, on the other hand,
shifts towards the maximum of A¢ = 7, and most events have A¢o > 2 for my = 1200
GeV. The distribution of A¢; appears to become flatter for higher neutrino masses,
although it is still slightly skewed towards large values for my = 1200 GeV. We can
explain all of these effects by looking at the geometry of the events. In figure 6.7 we
show representative examples of the event geometry for the case of relative small my
(say my < my < 300 GeV) and for the case of large my (mpy > 1000 GeV). In the
figure, the arrows show the direction of motion of the different particles, and the lengths
of the arrows indicate the speed of the particle in the collider frame. The plane of view
in the figure is the transverse plane, so it is more accurate to say that the arrows are the
projection of the particle velocities in the transverse plane. This means that the angle
between two arrows in the figure correspond to the difference in ¢ of the two particles,
and when the two particles are [; and v it is exactly A¢g;. Since the partons of the protons
have negligible momentum in the transverse direction, and momentum is conserved, the
virtual W* boson will be approximately stationary in the transverse plane, as is indicated
by the points in figure 6.7. Then, to conserve momentum, the heavy neutrino and Iy

must be back-to-back in the transverse plane and have the same transverse momentum.

For the same W* invariant mass and polar angle of the neutrino in the W* frame, the
neutrino (V) with lower mass will get a higher transverse velocity, both because the
transverse momentum becomes larger' and because the velocity for a given momentum
is larger for a particle with lower mass. Although the lighter heavy neutrino might not
get the larger transverse velocity in some single pair of events where the W* invariant

Tt is easy to show that in the W* frame the transverse momentum of the heavy neutrino when

2 2
neglecting the mass of l; is pr = WQ;VT"N sinf, where W is the invariant mass of the off-shell W*
boson and 6 is the polar angle of the neutrino in this frame. Since the boost to the collider frame is

perpendicular to the transverse plane, this is also the transverse momentum in the collider frame.

L
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mass and neutrino polar angle are different, it will be true when averaging over many
events. To indicate this, the neutrino in the left diagram has a longer arrow than on the
right. A consequence of this is that the reference frame of the neutrino is in general more
boosted in the transverse direction for lower masses. We know that the more boosted a
particle is, the more "forward” its daughters become, meaning that they tend to move in
the same direction as the mother with a small angle between them in the collider frame.
For my = 200 GeV, the daughter W boson will also get a relatively high velocity, and
therefore I3 and v will have a relatively small angle between them. This now explains
all the features of the plot in figure 6.6a. The A¢ of [; tends to be large because [; is
back-to-back with the heavy neutrino in the transverse plane, and for my = 200 GeV,
the A¢ between v and N tends to be smaller than 90 degrees. Because the on-shell W
gets a relatively large velocity, the final state neutrino (or missing energy) will tend to
move in the same direction as the W, and the angle between [3 and v tends to be small.
This explains why the distribution of A¢s is skewed towards low values. Finally, since
the heavy neutrino’s frame is slightly boosted compared to the collider frame, the angle
between /s and the W boson (and therefore also the SM neutrino) is smaller than 180
degrees, which is why Ag¢s is not always close to 7, but has a relatively large tail towards
lower values.

Now, in figure 6.7b, we see what happens when the heavy neutrino mass is so large
that the heavy neutrino will almost always get a very low transverse velocity. Then the
collider frame and the heavy neutrino frame are approximately the same. Therefore, I5
and W will be almost exactly back-to-back in the transverse plane, and their ¢ (not
A¢) will be approximately uniformly distributed. For large my, the W boson is more
boosted, so both the SM neutrino and I3 will move in the same direction as the W boson.
This explains why A¢s tends towards 0 as my increases, while A¢s tends towards .
And when the centre of mass frame of the heavy neutrino is approximately equal to the
collider frame, the ls and W can together be rotated in an arbitrary direction, which is
why the distribution of A¢; becomes more uniform.

In figure 6.8, we show the distributions of the invariant masses of the three pairs
of signal leptons in each event. We label the invariant mass of /; and Iy as my; 1, the
invariant mass of /1 and I3 as my 2 and the invariant mass of Iy and [3 as my; 3. We see
that the three distributions get wider and their centres move to larger values when the
heavy neutrino mass is increased. This is expected, since all three leptons are more
energetic on average when my is larger. For all my values, the distribution of my; 1 has
the largest tail towards high values, which makes sense because both {; and l2 tend to be
very energetic. The distribution of my; 2 has almost the same shape as the one of my; ; for
mpy = 200 GeV, but when my increases, the my; » distribution shifts to the left compared
to the other two. This is connected to what we saw in figure 6.2; that for the lowest heavy
neutrino masses, [; is approximately as energetic as ls, while for larger my, lo becomes
the most energetic of the leptons. Since my; 2 is the only invariant mass not involving la,
it makes sense that it becomes smaller compared to the others. Finally, the distribution
of my 3 has a very distinct shape in all four plots. It has a higher peak than the other two
distributions, and a sharp edge towards larger invariant masses. This can be explained
by the fact that the invariant mass of ls and [3 is almost the same as the invariant mass
of the heavy neutrino, since it only misses the contribution from the final state neutrino.
Therefore, since the heavy neutrino is on-shell, my; 3 must be smaller than my, and the
difference between these two values is due to the energy carried by the neutrino. This
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mass of I and 3.
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Figure 6.9: The distributions of the invariant mass of the three leading signal leptons in
each event for different heavy Majorana neutrino masses my.

effect is reminiscent of the effect that lead to the first evidence of the existence of the
SM electron neutrino from the energy spectrum of beta-decay electrons, which has a
similar edge due to the energy carried by the neutrino. We see that the edges of the
my; 3 distributions line up very well with my in each plot, which fits with this explanation.

In figure 6.9 we show the distributions of the invariant mass of the combination
of all three charged leptons, which we call mg;, in each event. Since this does not include
the neutrino, it is a variable that can be measured experimentally. On the other hand,
not taking the neutrino into account means that this three-lepton invariant mass does
not have direct physical meaning. It does however give some indication of how much
mass and/or energy is present in an event. In fact, we can clearly see this from the figure.
For each heavy neutrino mass, the peak of the invariant mass distribution is quite close
to mp. Therefore the invariant mass of the three leptons can be used to get information
about the mass of the heavy neutrino. We notice that as well as being shifted towards
larger invariant masses, the distributions also become broader and more symmetrical for
larger heavy neutrino masses.

Figure 6.10 shows the invariant mass of only lepton Iy and l3, and the final state
neutrino. We call this invariant mass my;,,. This variable is impossible to calculate from
experimental data, since it requires knowledge of the full momentum of the neutrino,
while only the transverse component can be measured. If this variable could be calculated
it would be very useful, because it has a clear physical significance, in contrast to the
invariant mass of the three charged leptons. The reason for this significance is that the
three particles included in this invariant mass are exactly the three decay products of
the heavy neutrino in the final state. This means that their combined invariant mass
should equal the mass of the neutrino, giving very clear resonances. This is exactly what
we see in figure 6.10, where there are very clear peaks right at the respective my values.
These distributions of my;,, could also be used to measure the decay width of the heavy
neutrino, from the width of the peaks.
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Figure 6.10: The distributions of the invariant mass of the signal leptons ls and I3, and
the final state neutrino v, for different heavy Majorana neutrino masses my.

A variable that is similar to my;,,, but can be calculated from experimental meas-
urements, is the transverse mass of the same set of particles, mr23. The distributions
of mr 23 are shown in figure 6.11. As noted in section 4.1, the transverse mass of three
particles will have an upper limit at the invariant mass of the three particles. We therefore
expect these distributions to have a wide peak at lower invariant masses, and a sharp
edge at the respective heavy neutrino masses, which are equal to the invariant mass of
the three particles. This is more or less what we see in figure 6.11. For all four heavy
neutrino masses, the distributions have a peak at around half of my, and fall off to zero
at very close to my, as expected. It appears that the peak of the distribution moves
slightly towards lower values relative to my and that the downward slope towards my
becomes relatively less steep for larger heavy neutrino masses. These plots show that
mr23 can be used to estimate the mass of the heavy neutrino, by looking at the point
where the distribution drops towards zero, but this might be less accurate for larger my,
when the edge of the peak seems to become less sharp. The accuracy with which my
can be determined from these distribution in a real experiment is also limited by the
momentum and energy resolutions of the detector, since worse resolution would make
the edges even less sharp.

In figure 6.12, we show the distributions of the missing transverse energy in each
event. This should be equal to the transverse energy/momentum of the final state
neutrino v, as long as there are no other significant contributions to missing energy. We
see that the missing energy tends to become larger for larger mpy, which is again a result
of the events becoming more energetic on average.

Although the tree-level signal process shown in figure 5.4 has only leptons in the final
state, our simulated events can also contain quarks and/or gluons in the final state, which
result in hadronic jets after hadronisation. The origin of these quarks and gluons can be
either NLO radiation processes like the one shown in the top diagram of figure 5.6, or



6.2. MAJORANA MODEL 81

600

§2] C

c -

e Lok [ ] m=200 Gev
S B [ m=400 Gev
é 800 m,=800 GeV
e B [ ]my=1200 Gev

400

200

ol

P |
0O 200 400 600 800 1000

[ -
1200
My 3 [GeV]

Figure 6.11: The distributions of the transverse mass of the signal leptons l» and I3, and
the final state neutrino v, for different heavy Majorana neutrino masses my.

P
S B

2 1200~ | Jm=200 Gev
B N [ Jm=400 Gev
@ 1000—

Q - m=800 GeV
E T

2 800 [ Jm=1200 Gev

600

400

200

0 100 200 300 400 500 600 700
E™ [GeV]

Figure 6.12: The distributions of the missing transverse energy E?iss in each event for
different heavy Majorana neutrino masses my.



82 CHAPTER 6. TRUTH ANALYSIS

i
S
™

=
Q
ES
-
Q
S

Number of events
Number of events
. i
S ‘2 <

[

.

=
2

8 9 8 9
Number of jets Number of jets

(a) my = 200 GeV (b) my = 400 GeV

Number of events
Number of events

[

=
o
=
S}

7 8 9 7 8 9
Number of jets Number of jets

(c) my = 800 GeV (d) my = 1200 GeV

Figure 6.13: The distributions of the number of signal jets passing the cuts in each event
for different heavy Majorana neutrino masses my.

the hadronic decay of a signal tau lepton. To label a jet as a signal jet, we require that
it passes the cuts pp > 20 GeV and |n| < 2.5. The distributions of the number of such
signal jets in each event are shown in figure 6.13. We see that unlike the distributions
of number of signal leptons, the number of signal jets tends to increase with the heavy
neutrino mass. For my = 200 GeV, almost half the events have no jets, and only a little
over 1 000 events have more than one jet. For muy = 400 GeV, there are less events with
no jets, and in this case there is approximately the same number of events with zero jets
as events with one jet. For the two largest my, the most common number of jets in an
event is one, and more than a third of the events have more than one jet. The reason
why there tend to be more jets for higher my is probably also due to the higher energy
in the events, which might increase the chance of QCD radiation, and cause more than
one jet to be formed from each radiated quark or gluon.

In figure 6.14, we show the distributions of the number of signal b-jets in each event.
B-jets are jets that originate from a b quark, which can be identified in experiments
using the properties of B hadrons [65]. Since we have the truth information from the
MC simulation, we know exactly which jets are b-jets, and so signal b-jets are simply the
b-jets that pass the same cuts as the regular jets. We see that there are very few b-jets
in all four simulations. The number of events with b-jets increases slightly for the larger
heavy neutrino masses, but it does not get larger than around 100. For my = 1200 GeV,
there is around one event that has three b-jets, which is the largest number of b-jets in
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passed the cuts in each event for different heavy Majorana neutrino masses my.

any of the events.

In figure 6.15, we show the distributions of the hadronic activity hr, given by the scalar
sum of the transverse momenta of all the signal leptons and signal jets in each event.
We see that these distributions are very similar to the distributions of the invariant
mass of the three leading signal leptons shown in figure 6.9. The hr distributions also
become wider and move to larger values for higher my, and the distributions become
more symmetric. The peaks of the distributions are also located at approximately the
same values as in the mg; distributions, which is around the heavy neutrino mass. This
might not be that surprising, since we expect the leptons to carry most of the transverse
momentum in each event, and since the leptons have negligible masses the scalar sum of
their pp is equal to the sum of their (transverse) energies. If the vector sum of the three
leptons’ transverse momenta is zero, we see from equation 4.16 that the sum of their
transverse energy is equal to the transverse mass of the three leptons. However, we know
that the vector sum of the three lepton transverse momenta is not zero, but approximately
equal to the missing transverse momentum, due to conservation of transverse momentum.
Therefore the transverse mass of the three leptons is smaller than the scalar sum of their
pr by approximately this contribution from E:,‘f‘iss. It is therefore natural that the scalar
sum of pr is approximately equal to the invariant mass, which we know is also slightly
larger than the transverse mass.

In the model we use, the heavy Majorana neutrino couples equally to both signs of any of
the charged leptons. This means that we expect approximately the same number of events
where [; and [ have the same sign (SS) as events where they have opposite sign (OS).
If lepton number was conserved, [; and [y would be forced to be OS, so the possibility
of this pair being SS is a unique signature of a Majorana type neutrino. To verify that
the heavy Majorana neutrino breaks lepton number conservation in approximately half
of the events, we plot the product of the charges of [ and I in units of the elementary
charge. This product being equal to —1 is equivalent to [y and Iy being OS, while when
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Figure 6.16: The distributions of the product of the charges of [; and l2 in each event for
different heavy Majorana neutrino masses mpy. This shows whether the leptons have the
same charge (41) or the opposite charge (—1).

the product is +1 the lepton pair is SS. The plots of the charge products are shown in
figure 6.16. In the figure we see that the number of events with OS and SS /1 and Is is
approximately equal for all the heavy neutrino masses, as expected. However, there seems
to be a slight excess of events with OS leptons, in particular for the masses my = 800
GeV and my = 1200 GeV. To find out whether the excess is significant, we can compute
the probability of seeing this excess if each event does have an exact 50% probability of
both SS and OS, and that the choice is made independently in each event. If we assume
this to be the case, the probability of seeing x events with OS will follow a binomial
distribution with success rate p = 1/2:

P(X=2)= (Z) (;)n (6.3)

where n is the total number of events. Although we can not know for certain without
knowing the exact inner workings of MadGraph, the choice of sign for the leptons is most
likely made using its pseudo-random number generator, and in a good pseudo-random
number generator there is very little correlation between consecutive values. Therefore
the use of the binomial distribution should be justified. However, for each simulation of
10 000 events we use the same seed for the random number generator in MadGraph, and
we can therefore expect some correlations between the four simulations. We therefore
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Table 6.1: The number of events  where the leptons [ and l5 have opposite sign out of
the n events that were simulated and passed cuts for each heavy neutrino mass value.
The last column gives the probability of seeing this many opposite sign events or more,
assuming that z follows the binomial distribution (6.3).

mpy [GeV] n x P(X >z

200 7523 3772 0.41
400 7757 3 886 0.44
800 8218 4176 0.07
1200 8329 4221 0.11

look at each of the four simulations separately. To find out whether the deviations from
equal numbers of OS and SS events for each simulation are significant we need to sum
the distribution (6.3) from the observed X = z numbers of OS events to X = n, to find
the probabilities of getting that many OS events or more by random chance. The values
of n, x and P (X > x) for each simulation are given in table 6.1. The values of x have
to be rounded to the nearest whole number, because the MC event weights cause the
number of entries in the histogram bins to not be whole numbers. In table 6.1, we see
that the excesses in OS events for my = 200 GeV and my = 400 GeV are not significant,
as there is more than 40% chance of getting this many OS events or more by chance. The
excesses for my = 800 GeV and my = 1200 GeV are more significant, but still not to
the extent that it could not happen by chance. It is interesting that all four simulations
have an excess of OS events. The reason for this might be the previously mentioned
fact that we used the same seed for the MC simulations, and that this introduced some
correlation in the choice of signs between the four simulations. Another interesting thing
to note is that when only counting unweighted events, the excess becomes less significant.
For mpy = 800 GeV, 4 164 out of the 8 218 events have OS leptons when not applying the
event weights. This gives a probability P (X >4 164) ~ 0.11. For my = 1200 GeV, 4
213 out of the 8 329 events have OS lepton, which also increases the probability compared
to the weighted case. Now we get P (X >4 213) ~ 0.15. This means that in both of
these simulations, the OS events for some reason get have higher average event weights,
which contributes to the excess seen in figure 6.16 and table 6.1. It is reasonable to
conclude that the choice of OS or SS leptons is in fact 50/50 as we expect from the model,
and that the MC simulations work correctly, within expected statistical fluctuations.

6.3 Pseudo-Dirac model

Since the pseudo-Dirac model that we use has the exact same Lagrangian as the Majorana
model, the kinematics of the signal process will be the same for the case of a pseudo-Dirac
heavy neutrino with the same masses and mixing parameters. We will therefore not look
at all the kinematic distributions for the pseudo-Dirac model. However, we know that
one difference between the two models is that the pseudo-Dirac heavy neutrino should
conserve lepton number. This means that the charges of [; and [l in figure 5.4 must
have opposite signs. The only distribution we will show for the pseudo-Dirac model is
therefore the distribution of the product of the charges of I; and [o, to verify that they in
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Figure 6.17: The distributions of the product of the charges of [; and Iy in each event for
different heavy pseudo-Dirac neutrino masses mpy. This shows whether the leptons have
the same charge (41) or the opposite charge (—1).

fact have the opposite sign. The distributions for my = 200, 400, 800 and 1200 GeV are
shown in figure 6.17. We see that as expected, all the events have a product of charges
equal to —1, which is equivalent to [; and l» having opposite charge.

6.4 Identifying the lepton vertices of origin

In this section, we want to use what we learned in section 6.2 to develop a method to
identify the vertex of origin for the three leptons in a signal event of the Majorana or
Dirac model, using only variables that are measurable in collider experiments. We use
the notation of figure 5.4 to refer to the correct identification for the leptons; l; is the
lepton from the production vertex of the heavy neutrino, ls is the lepton from the decay
vertex, and [3 is the lepton from the decay of the W boson. An efficient method for
identifying [, lo and I3 in experiments can be useful in several ways. First of all, it can
increase the sensitivity of the experiment to the pseudo-Dirac model, since it would allow
us to perform a cut requiring that the charge of the leptons identified as [; and I must
be opposite. A similar idea could also be used to identify the Majorana or pseudo-Dirac
nature of the heavy neutrino, by counting both the number of events where [; and [o
have the opposite charge and where they have the same charge. If the heavy neutrino
is of pseudo-Dirac type we expect an excess of the first type of events, but the number
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of same charge events should match the expectation from the background. If it is of
Majorana type, on the other hand, we expect to see an excess of both kinds of events
compared to the background expectation.

An important thing to note is that for both of these applications we only need to
know the product of the charges of [; and ly. We therefore do not need to identify both
of them precisely, since it will suffice to know which pair of leptons is the pair /1 and [s.
One way to identify the correct pair of I; and Iy could therefore be to instead identify I3
in each event, and assume that the other two leptons with the highest pr are I; and [s.
Another idea could be to try to identify the pair of leptons I; and [y out of the three
leading leptons. With all this in mind, there are a few kinematic variables that appear to
be good candidates for lepton identification. There is the transverse momentum, which
as we saw in figure 6.2 tends to be largest for Iy and [, especially for larger neutrino
masses. Another promising variable is the transverse mass, since as we saw in figure 6.4,
the transverse mass of /3 has a sharp edge at the W mass, while mr; and m7 2 tend to
be much larger. There is also the A¢ between each lepton and the missing transverse
momentum vector, which tends to be smallest for l3, particularly for larger my. We
also saw in figure 6.8 that the pair [y and Iy has very large my; values in some events,
so we might be able to use the maximum my of all three pairs of leptons to identify
the pair we are looking for. Finally, we could try to use some combination of several
of these variables. In particular, since both py, mp and A¢ tend to be smallest for I3,
it is tempting to try to order the leptons by something like m7p x A¢, with the goal of
creating a variable that has an even higher chance of being smallest for 3. To test all
of these options, we use the same MC samples of Majorana models that we studied in
section 6.2, and compare each method to the truth information. For this analysis, we
include all events with at least three leptons that fulfill pr > 5 GeV and |n| < 2.5 (unlike
in section 6.2 we do not require that the three leading leptons are [y, ls and I3, since this
cut can not be done in experiments). The results of the analysis in terms of the success
rate of each identification method are given in table 6.2. For all variables except my;, the
identification method we used was to order the three leading leptons in each event by
the given variable, and identify I3 as the lepton with the smallest value of the variable.
The leptons [; and ls are then assumed to be the other two of the leading leptons, and
the identification is called a success regardless of the order of I1 and ls. For my;, the pair
among the three leading leptons with the largest value of my;; was identified as the [; and
lo pair.

We see that out of the three variables pr, mr and A¢, it is my that is best for
identification. It is approximately as efficient as pr and more efficient than A¢ for small
my, and much more efficient than py and slightly more efficient than A¢ for large my.
The my method performs very poorly, as it does not even have a success rate of 1/3,
meaning that the other two lepton pairs are more likely to have the largest my than
[1 and [y are. But the variable that performed best for every model out of the ones
we tested is the product pr x A¢. That this product has a higher success rate than
both pr and A¢ on their own must mean that there is some correlation between the
leptons’ values of pr and A¢. For example, it could be that in events where [3 has a
relatively large pp it tends to have particularly small A¢, such that the product of the
two is smaller than the same product for both I; and l5. To test this, we can plot the
two dimensional distributions of the py and A¢ of [3 in the Majorana model. These are
shown in figure 6.18. We see that in fact there seems to be a small negative correlation
between pr 3 and Ag¢s, indicated by the negative slope of the yellow regions in some
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Table 6.2: The success rates of our identification methods for the lepton vertices of origin
for Majorana models with different mp. For all the variables except my;, the lepton with
the lowest value of the given variable is assumed to be [3, and the other two are assumed
to be [y and ls. For my;, the lepton pair with the largest my; is assumed to be I; and [s.
In all cases, the identification is counted as a success as long as 3 is identified correctly,
and the pair [; and [5 are identified correctly, without needing to distinguish between
the two.

mpy = 200 GeV  mpy = 400 GeV  mpy = 800 GeV  my = 1200 GeV

Variable Success rates
pr 0.65 0.70 0.69 0.66
mr 0.65 0.82 0.90 0.93
A¢ 0.52 0.75 0.86 0.90
my 0.26 0.24 0.25 0.27
pr X A¢ 0.67 0.84 0.91 0.93
mp X A¢ 0.59 0.80 0.89 0.92

100 150 200 250 200 300 400 500
p, [GeV] p, [GeV]

(a) my = 200 GeV (b) my = 400 GeV

100 200 300 400 500 600 700 800 900 200 400 600 800 1000 1200 _ 1400
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(¢) my = 800 GeV (d) my = 1200 GeV

Figure 6.18: The distributions of the transverse momentum versus the A¢ of I3 for
different heavy Majorana neutrino masses my.
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Table 6.3: The mass values of the heavy Majorana neutrino and the right-handed W
boson that were used in our simulations of the Keung-Senjanovié¢ process.

Model number mpy [TeV] My, [TeV]

1.5

4.5

S Ot R W N =
S O Ot Ot W W

of the plots in figure 6.18. The negative correlation does not seem to be as strong for
mpy = 200 GeV, which might explain why the pr x A¢ method performs the worst for
this model.

The same correlation effect does not seem to apply to the variable mpr x A¢, which
performs worse than myp alone in all models. This is not surprising, since as we saw
in section 4.1, m7 is an increasing function of A¢, meaning that we expect a strong
positive correlation between the two. Therefore events in which I3 has unusually large
mq it will tend to also have large A¢, and so the product of the two can more easily be
larger than the same product for the other two leptons.

We also tried a few other combinations of these variables such as (mg + pr) x A¢
and m7 X pr X A¢, but none of these gave better results than pr x A¢. We therefore
conclude that the best method for identifying the pair of leptons I; and I is to choose
the two leptons out of the three with largest pr that have the largest value of pr x Ag.
This method has a success rate of around 2/3 for the smallest neutrinos mass we tested,
mpy = 200 GeV, and the success rate improves drastically for larger masses. For masses
of 800 GeV or more, the success rate is above 90%.

6.5 Left-right symmetric model

Finally, we will study the kinematics of the Keung-Senjanovi¢ process in the framework
of the LRSM. We again let /s = 13.6 TeV, and perform MC simulations at NLO in
QCD. We use the assumption that the right-handed neutrino mixing matrix is diagonal,
and assume that N is much lighter than the other right-handed neutrinos, such that
it is the only one that contributes to the process. This right-handed neutrino then
couples only to the electron through the right-handed charged current interaction, so
we will only have electrons as the two signal leptons Iy and lo. We perform six different
simulations with different W and heavy Majorana neutrino masses, and generate 10
000 events for each of these. The mass values used are shown in table 6.3, along with
the model number that we will use to refer to them by. Models 1 and 2 are excluded
under the assumption that the right-handed weak coupling of the W boson is the same
as the SM weak coupling from a study using data from the ATLAS detector from Run
2 of the LHC [61]. We still include these models, because we hope to put upper limits
on the right-handed weak coupling in these models. The four other models are just
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outside of the current excluded region of masses, and are therefore of special interest.
In all six cases, the heavy neutrino mass is smaller than My, , meaning that the first
Wgr boson in the Feynman diagram will be on-shell. At the same time, my is never
smaller than My, /2, meaning that we do not enter the regime where the jets from
the Wgr decay will be collimated. In SimpleAnalysis, we implement cuts on leptons
of pr > 5 GeV and |n| < 2.5, and cuts on jets of pr > 20 GeV and |n| < 2.5. Then
only events with at least two remaining signal leptons and two signal jets are kept, and
the two leading leptons and two leading jets are also required to be the ones from the
tree-level signal process. After these cuts, the number of remaining events is between 8
871 (model 4) and 9 182 (model 2). We begin the analysis by plotting the number of
signal leptons, jets and b-jets in each event. These distributions are shown in figures
6.19-6.21.  We see that just like in the models without Wg, the number of signal
leptons is not affected much by changing the new particles’ masses. In all models, most
events have two signal leptons, while between 1 000 and 2 000 events have three signal
leptons, and less than 1 000 events have four leptons. The maximum number of signal
leptons is eight, which occurs in a few events in models 3, 4 and 5. From the other two
figures we see that the number of signal jets and b-jets also do not change that much
between these simulations. For each model, the distribution of the number of signal jets
has a peak at three jets, with a few thousand events having this number of signal jets.
The distributions then decrease gradually as the number of signal jets increases. For
all models, there are tens of events that have ten signal jets or more. The maximum
number of jets in one event is 15, which occurs a few times in model 6. From figure
6.21, we see that a very small fraction of the jets are b-jets. In all models, over half
the events have no signal b-jets, while between 1 000 and 2 000 events have one or
two b-jets. The maximum number of b-jets in an event is five, occurring in models 3 and 4.

In figure 6.22, we show the transverse momenta of /1 and Iy, but ordered by their pr.
We call these transverse momenta p/. ., to distinguish them from the pp of l;, which we
call pr;;. These distributions have some very interesting features, and to understand
them we need to think about the kinematics of this specific process. In the case when
both the first Wg boson and the heavy neutrino are on-shell, the transverse momentum
of 11 has a maximum allowed value that depends only on the masses of Wgr and N. To
see this, we find the four-momenta of the Wx boson and its decay products in the Wg
centre of mass frame. The four-momentum of the Wx boson in its centre of mass frame
is trivial:

iy = (Myw,,0,0,0). (6.4)

To get the maximum possible transverse momentum for /1, we want it to move only in
the transverse direction. We choose its momentum to point along the z-axis. Then the
four-momenta of {1 and N in the Wg frame can be written as

pﬁ = (pllvplb()?o)
— (6.5)
pl]</': < m%\/’ +pl217_pl17070> )

where we used that the mass of [; is negligible, and we call the magnitude of its momentum
pi1- Conservation of energy gives

MWR = m?v +p121 + pu1, (6.6)
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Figure 6.19: The distributions of the number of signal leptons in each event for the
different simulated LRSM models.
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Figure 6.20: The distributions of the number of signal jets in each event for the different
simulated LRSM models.
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Figure 6.21: The distributions of the number of signal b-jets in each event for the different
simulated LRSM models.
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Figure 6.22: The distributions of the transverse momenta of the two leading signal
leptons in each event, ordered by pr, for the different simulated LRSM models.
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Table 6.4: The maximum transverse momenta of the lepton from the production vertex
of the heavy neutrino (the one labelled /; in the Feynman diagram of figure 5.5) that
are kinematically allowed when both the W boson and the heavy neutrino are exactly
on-shell. The maximum depends on the masses of the Wr and N, and therefore vary
between models.

Model number  ppjf [GeV]

1125
833
900
475

1667
917

S O s W N

which can be solved for p;; to give

2 2

7

b =
As we argued in section 6.2, the centre of mass frame of the W boson is related to the
collider frame by a boost in only the z direction, due to the negligible transverse momenta
of the partons. Therefore equation 6.7 gives the maximum transverse momentum of /; in
the collider frame as well. If we call the mass difference between the Wx boson and the
heavy neutrino Am, we have the relation (assuming my < My, which is the case in all

our simulations)
my = My, — Am. (6.8)

Then equation (6.7) can be written as

2Myy, — Am) A A
ma . (2Mwn —Am)Am _ () Am ) (6.9)
’ 2MWR 2MWR
From this expression, we see that if Am < 2Myy,,, then
pri = Am. (6.10)

This shows that when the difference between the masses of the W boson and the heavy
neutrino is small compared to the Wx mass, the maximum possible transverse momentum
of [; will be approximately equal to the mass difference. Using equation (6.9), which
holds for any mass difference, we can compute pp9 for each of the six models. The
results are shown in table 6.4. Comparing the values in the table with the plots in figure
6.22, we see that the values explain many features of the pp distributions. A consequence
of the upper limit on the transverse momentum of [y is that p/.,, can never be larger
than p3y, since then both leptons must have pr above the limit. We see that in all the
plots, the distribution of P o does in fact stay almost exclusively beneath the respective
upper limit. There are some events where the distribution is slightly above the limit, and

this is probably caused by the fact that the particles are never perfectly on-shell, but
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their invariant mass follows a distribution with finite width. We also see that in each plot
one of the two distributions or both have a clear edge around the value of p;73y. This
shows that in many of the events, the transverse momentum of /; is very close to the
upper limit. For models 1 and 2, it is p/.,; that has the clearest edge around pr = 1125
GeV and pr = 833 GeV respectively, méaning that in these models /1 tends to be the
lepton with the highest pr, even though the transverse momentum of /o has no upper
limit. In model 3, both distributions have peaks with edges at around 900 GeV, so here
l1 can have either larger or smaller py than I, with approximately the same probability.
From the relatively large tail of the p’T’l1 distribution, we see that in a significant number
of events the pr of s is much larger than that of /1. In model 4, the Wg mass is the
same as in model 3, meaning that the energy of the events are approximately the same,
but here the upper limit on pr;; is only 475 GeV, as seen in table 6.4. We see that this
causes [1 to almost always have the smallest pr, which gives a very clear edge in the
PZ/“,Z2 distribution around 475 GeV. The transverse momentum of /9 on the other hand
can get larger than 2 TeV in some events. Model 5 has the largest pir7y, and we see that
the pr distributions are very similar to the ones in model 2, only moved towards larger
values. Due to the large Wk mass in model 5, the events are more energetic which gives
larger pr on average, but since the upper limit on p7;; is so large, [y still tends to be the
leading lepton in the events. The distributions of model 6 are relatively similar to those
in model 3, which also makes sense since pj} is slightly larger in model 6 than model 3,
but My, is also larger. So in model 6, we see that 1 again can have either larger or
smaller pr than ls, but it seems slightly more likely to be smaller in this case. From all
the plots in figure 6.22, we see a promising way of determining a relationship between
the masses of Wx and N in an experiment. If the distributions of p/.,, show a clear edge,
the approximate pp value of this edge can be inserted into equation7 (6.7) to get a value
for the squared mass difference divided by the Wx mass. In particular, if either My, or
my is already known, this method can be used to determine the other mass.

Finally, we note that in figure 6.22 and many of the following figures it appears that
the simulations of models 5 and 6 have much lower statistics than the other four, as their
distributions fluctuate a lot. This is again connected to the difficulties of simulating
events with very high masses, as we also saw when computing the cross sections of models
5 and 6. In particular, we note that for models 5 and 6, as much as 30% of events get
negative weights from the MC simulation, while model 1, for example, has less than 5%
negative weights. As mentioned in section 5.1, a large fraction of negative weights causes
a decrease in statistics. To get similar results for models 5 and 6 as for the other four
would therefore require simulating more events.

In figure 6.23, we show the transverse momenta of the two leading jets in each
event ordered by their py. Neither of the jets have any upper limit on their transverse
momentum, like [; does, and we see that the distributions are therefore not as sensitive
to changes in the heavy neutrino mass. It is the mass of the Wx that is most directly
linked to the energy of the events, since it is the heaviest particle that is being produced.
We therefore see that both p/T’ji distributions are shifted towards larger values when
the Wk mass increases. But within the pairs of models that have the same Myy,, the
distributions have very similar shapes, while extending only slightly more towards larger
values in the models where my is larger. For example, comparing models 1 and 2, we
see that in model 1, the second jet never has a pr greater than around 750 GeV, while
in model 2 it extends to around 900 GeV. Interestingly, in all the models, the first bin
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Figure 6.23: The distributions of the transverse momenta of the two leading signal jets
in each event, ordered by pr, for the different simulated LRSM models.
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of the p,, distribution is very low, which is probably due to the pr cut of 20 GeV on
jets. Then the second bin is the highest or one of the highest in the entire distribu-
tion, meaning that the second jet has relatively low transverse momentum in many events.

In figure 6.24, we show the A¢ between I; and lo, and between j; and jo. We
call these A¢y and A¢j; respectively. Comparing the distributions in model 1, where
the relative difference between the masses of Wgr and N is the largest, to those in model
4, where the relative difference is smallest, we see something interesting. It seems like
when the mass difference is large, A¢;; is approximately uniformly distributed, while
Agy is skewed towards large values, while when the mass difference is small, A¢;; is
skewed towards large values and Ag¢y; is approximately uniformly distributed. This can
be explained using similar geometric arguments as we used in section 6.2 for the process
with only SM W bosons and leptonic decay. When the mass difference between Wx and
N is large (and in particular large compared to My, ), we see from equation (6.7) that
the heavy neutrino will get a sizeable momentum compared to its mass. Therefore the
heavy neutrino is boosted in the transverse direction, and its decay products will tend
to move in the same direction as it, which explains why A¢; tends to be large in this
case. Now, the W boson coming from the heavy neutrino decay can in principle have
any invariant mass that is less than my, since it is off-shell. We also know that a large
invariant mass means that the W5 gets a small velocity, while a small invariant mass gives
a large velocity. The W} therefore gets an arbitrary amount of boost in the transverse
direction, which explains why the two jets have an almost uniform distribution of Ad.
In the case when the mass difference between Wg and N is small compared to My, we
know that N gets a maximum transverse momentum that is approximately equal to the
mass difference, and therefore much smaller than mp. The transverse velocity of N will
therefore be very small, and lo and W}, will be back-to-back in the transverse plane, with
an arbitrary orientation. Therefore, A¢; becomes approximately uniformly distributed.
The invariant mass of the off-shell W7 is still limited by m, but this is now very close to
the true mass of the Wg. The fact that the Ag;; distribution becomes skewed towards
larger values indicates that the W, tends to get a small transverse velocity, such that j;
and jp are almost back-to-back. Equivalently, this means that the W tends to get a
large invariant mass compared to its momentum when the mass difference between the
neutrino and Wp is small. We do not have a good explanation for why this is the case.
In models 2, 3, 5 and 6 we see some intermediate situations, where both distributions
are relatively close to uniform, but both are slightly skewed towards large values.

In figure 6.25, we show the distributions of the invariant masses of both the lepton pair
l1 and [z, and the jet pair j; and j2, which we call my; and m; respectively. Here, m;; is
the easiest to interpret physically, since it is equal to the invariant mass of the W boson.
We therefore know that it has an upper limit of mp, when the heavy neutrino is on-shell.
We see that my coincides very closely with the end of the m;; distribution in all six
plots, so this does seem to be the case. We see that in model 4, when my is closest to
My, the distribution of m; is the most uniform. This might help to explain why A¢;;
tends to take larger values in this model, since there are more events where the invariant
mass of the W, is close to my than in model 1 for example. These events must have a
W5 with very low velocity, and therefore give large A¢;;. The distributions of my; are
more difficult to interpret, but we do know that they have an upper limit of My, since
the invariant mass of the two leptons and two jets combined is equal to that of Wr. We
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Figure 6.24: The distributions of A¢y; and A¢j;, defined as the Ag of the two leading
signal leptons and two leading signal jets respectively, for the different simulated LRSM
models.
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also see that for each Wg mass, the model with the larger my tends to have smaller my;.
This makes sense, since we know that at least 1 becomes less energetic when Am is small.

In figure 6.26, we show the distributions of the invariant mass of the system of
the four particles [y, l2, j1 and jz, which we call my;;;. Since these are all the final state
decay products of the initial Wr boson, we know that my;; is equal to the invariant
mass of the Wg, which again is equal to My, when it is on-shell. We see that just as
expected, all six distributions are sharply peaked around the respective W masses in
each model. This shows that the Wg is close to on-shell in most events. The distributions
do not depend much on the heavy neutrino mass, but there seems to be a tendency for
the peaks to be a little bit wider in the plots on the right hand side, with larger my. In
particular, the tail towards low values of m;;;; seems to get larger when my is larger.
The my;;; distribution from this process can clearly be used to determine the mass of
the Wgr boson. As we remember from before, the heavy neutrino mass could then be
determined from the edges in the lepton transverse momenta distributions.

In figure 6.27, we show the distributions of the missing transverse energy in each
event. In all six models, the vast majority of events have very low E%“iss. In models 1
and 2, over half the events have Ejr?iss < 5 GeV, and in models 5 and 6, most events have
E%’iss < 40 GeV. We clearly see that the number of events with large missing transverse
energy increases with the mass of Wx (model 6 has around 1 400 events with EIT]rliSS > 100
GeV, while model 1 only has around 800), while the mass of N does not seem to affect
the distributions much.

In figure 6.28, we show the distributions of the hadronic activity in each event. The
distributions all have relatively similar shapes and the value of my does not seem to
affect them much. They are however shifted towards larger values when Myy,, is increased,
and in fact the rightmost edge of the distributions are quite close to Myy,, in all models.
This makes sense, since Myy,, is an approximate measure of the energy in the event, and
the total transverse momentum in the event can not be larger than the total energy in
the event.

In figure 6.29, we show the distributions of the product of the charges of the leptons
Iy and ly. Just like in the Majorana models without the Wx boson that we studied in
section 6.2, the charge product is expected to be +1 and —1 in half the events each, due
to the Majorana nature of the heavy neutrino. We can again compute the probability of
the observed excess of either OS or SS events in each model, assuming that the number
of OS events is binomially distributed. The results are shown in table 6.5. In this case,
we see that not all the models have the excess in the same direction (some have more
OS events than SS, and some less). Therefore, some of the probabilities in the table are
greater than 0.5. In these cases, the interesting probability is actually the complementary
probability P (X <z)=1— P (X > x). Replacing each probability that is larger than
0.5 with this complementary probability, we see that the smallest one is 0.05. This is
relatively small, but not so small that it is unreasonable, especially since we performed
six different simulations. Since there does not seem to be any correlation across the six
simulations, we conclude that the simulations work correctly, and that the SS/OS nature
of each event is in fact chosen with equal probability.
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simulated LRSM models.



104

Number of events

ol v L
0 100 200 300 5
Emlss[GEV]
(a) Model 1
2 E
2 E
S F
3 10°=
S E
g0t
€
3
Z10°

=
o
o

=

200 400 600 800 100d 1200 1400
Emiss [GeV]

107

0

(¢) Model 3

Number of events

"o 200 400 600 800 1000 1200 1400 1600 1800 2000

(e) Model 5

CHAPTER 6. TRUTH ANALYSIS

[N
o
&l

Number of events

-
o
UL AL

N

100 200 300 400 500

._‘
<
©

(b) Model 2

[
o
=

Number of events
. = =
o (=} o
D 2 R

=
o
T 7T T T T

N

Wi

coon b by |
200 400 600 800 1000 1200 1400
E™ [GeV]

._.
°
© T

(d) Model 4

Number of events

: ﬂmﬁ

Al Lo Ly
10%5"""200 400 600 800 1000 1200 1400 1600 1800 2000

* [GeV]

(f) Model 6

Figure 6.27: The distributions of the missing transverse energy E{Fniss in each event for

the different simulated LRSM models.



6.5. LEFT-RIGHT SYMMETRIC MODEL 105

%) g %] [
5400: 5450:
& F % 4001
G 350 S __F
5 E 5350
o E o £
3000 E 300
Z oeol z__F
250E 250
2001~ 200F-
150~ 150F-
100E- 100F-
S0 50
P ST YT~ ol AN VR AN BT oEi v e AN SN PR P
0 500 1000 1500 2000 2500 3000 3500 _ 4000 0 500 1000 1500 2000 2500 3000 3500 _ 4000
h, [GeV] h, [GeV]
(a) Model 1 (b) Model 2
L 450 2 =
E S 400
400~ 3
5_F 5350/
g 350 g, F
g F £300
5300 5 F
z E Z 250
250 =
= 200
200~ =
150/ 1501
100F- 100~
s0F- 50—
b N N E R B B ob Fa N SO RS IR Biarn FY a0
0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000
h; [GeV] h; [GeV.
(¢) Model 3 (d) Model 4
2 F 2 =
G 450F- © 450/
v F o
45 400 5 400F-
L350 L350
E F E_F
3300 2300
250F- 250
200 200
150 150
100F- 100
50/ 50/
OZ‘HHLmHH\HH\HH\“H\H“\ﬂﬂﬂm o) I e N A I AR B
0 1000 2000 3000 4000 5000 6000 7000 0 1000 2000 3000 4000 5000 6000 7000
h, [GeV] h, [GeV]
(e) Model 5 (f) Model 6

Figure 6.28: The distributions of the hadronic activity hr of all leptons and jets that
passed the cuts in each event for the different simulated LRSM models.
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Figure 6.29: The distributions of the product of the charges of I; and l» in each event for
the different simulated LRSM models. This shows whether the leptons have the same
charge (+1) or the opposite charge (—1).
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Table 6.5: The number of events  where the leptons [y and Iy have opposite sign out of
the n events that were simulated and passed cuts for each heavy neutrino mass value.
The last column gives the probability of seeing this many opposite sign events or more,
assuming that x follows the binomial distribution (6.3).

Model number n x P(X >ux)

9070 4455 0.95
9182 4569 0.67
9084 4533 0.57
8 871 4498 0.09
9119 4597 0.21
9051 4483 0.81

S Ot e W N
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Chapter 7

Data analysis

In this chapter, we will compare the simulated signals that we studied in the previous
chapter to Standard Model backgrounds. For the background we use Monte Carlo
generated samples of two lepton events at 13.6 TeV from the official SM background MC
production campaign for Run 3 ATLAS analyses. These samples are in the same format
as our signal samples, so we can again use SimpleAnalysis to perform cuts on signal
and background. Now we will also use smearing to mimic the full ATLAS reconstruction,
meaning that we need to perform identification of electrons and muons in the MC data,
just like we would need in an analysis of real ATLAS data.

7.1 Discovery significance and exclusion

For the different signal models, we want to create a few so-called signal regions. Signal
regions are regions in the space of kinematic variables where we expect to have a high
sensitivity to a certain signal. This usually means a region where the fraction of signal
events to background events is maximised. Once a signal region is chosen, we put all
background and signal events through the corresponding cuts on the kinematic variables.
In order to say something meaningful about the validity of the signal model, the number
of signal and background MC events remaining should be compared to the number of
events found in the same signal region in an experiment. However, even in the absence of
real experimental data, we can perform a similar analysis by assuming certain outcomes
of a hypothetical experiment. In any case, we need to use statistical methods to quantify
the agreement or non-agreement between the simulated data and the experimental data.
To do this, we call the number of MC simulated background events in the signal region
the ”expected background” b, and we call the number of simulated signal events in the
signal region the ”"expected signal” s. The number of events in the signal region from
the experiment, either real or hypothetical, we call the "number of observed events”
Nops- Now, there are two types of statistical analyses one can perform, depending on the
(assumed) outcome of the (hypothetical) experiment. If Ny is larger than the expected
background b, this indicates a possible discovery of the signal process. Therefore, the
analysis one wants to perform in this case is to quantify the significance of the discovery.
The other possibility is that Ngus is smaller than the expected number of events from
signal and background combined, which is s + b. This would indicate that the signal
does not exist, and in this case statistics is used to quantify the confidence with which
the hypothesis of the existence of the signal can be excluded.

109
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7.1.1 Discovery significance

We first look at how the discovery significance can be estimated. The significance of an
excess is connected to the probability of seeing that excess or more (this probability is
called the p-value p) by random chance under the assumption that the signal does not
exist (this assumption is often called the background hypothesis). The less likely it is to
see the observed excess of events, the more significant the excess is said to be. Instead of
the p-value, significance is commonly measured in standard deviations o, which refers to
the standard deviation of a normal distribution. For a given p-value p, the significance
in units of o will be the number of standard deviations above the mean of a normal
distribution that would result in an integral of the normal distribution above this value
that is equal to p. If the normal distribution has a mean of u = 0, the relation between
p and a significance of Zo becomes

* 1 * 1
p= / e/ (20%) qg = / eV Py =1-9 (2), (7.1)
Zo OV 2T VA 21

where we performed a change of variables to remove the standard deviation from the
integral, and ® (z) is the cumulative distribution function of the standard normal
distribution. Inverting the expression, we get

Z=%11-p). (7.2)

A significance of 50 is usually required in order to claim a discovery in particle physics,
which corresponds to a p-value of p = 2.87 x 10~7. With a significance of 5¢ it is therefore
highly unlikely that the observed excess would occur under the background hypothesis.

In the absence of an actual experiment, it is common to compute what is called the
“expected significance” as the mean or median value of Z when assuming some signal
model with an expected number of signal events s. As is shown in the note Discovery
sensitivity for a counting experiment with background uncertainty by Cowan [66], the
expected significance in a particle physics experiment with a large background with
negligible systematic uncertainty is approximated by

s

7 = 7 (7.3)

When the systematic uncertainty in the background, which we call o, is not negligible
(which it is usually not in particle physics experiments) it reduces the expected significance
of the excess. The systematic uncertainty is added to the statistical uncertainty v/b in

quadrature, giving

/A — (7.4)

\/b+ ol

In the note by Cowan, modifications to the expressions in equations (7.3) and (7.4) are
also shown, which give more accurate results in the case when s is not much smaller
than b. The modified expressions for the expected significance are

Z:\/2[(s—|—b)lns—;)_b—s], (7.5)
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for the case of negligible systematic uncertainty in the background, and

s+b+ 8 B2 U%(s+b+§—i)
Z= |-2[(s+b)n b + —In |2 - (7.6)
(1+L)s+v)] o (1+%) 5
O'b O'b O'b

for the case with systematic uncertainty op. If an actual experiment is performed, and
Nops > b events are observed, the "observed significance” is given by similar expressions
to the expected significance, only with s replaced by Ngps — b.

7.1.2 Exclusion

When we want to quantify the certainty with which we can exclude a signal model based
on an observation of Ngps = b < s + b, we could again do this by calculating a p-value.
In this case, it would be the probability of seeing Ngs events or less in the experiment,
given that Ngpg is drawn from a distribution with an expectation value of s + b (what is
called the signal+background hypothesis). This is the so-called "frequentist” approach
to exclusion. However, this approach has some drawbacks. The frequentist approach
allows us to exclude signals that the experiment is not sensitive to, since any experiment
that yields Nops = 0 would give a small p-value for any signal model with a large s. Also,
the probability we are most interested in is not the probability of seeing the data given
the signal model, which we would write in mathematical notation as P (Data | Model).
Instead, what we really want to know is the opposite conditional probability, namely the
probability of the signal model being correct given the observed data, or P (Model | Data).
This probability is not defined in the frequentist approach, since the signal model is not
the outcome of an experiment that can be repeated many times. We will therefore use
so-called "Bayesian” statistics to perform exclusions instead. This is based on Bayes’
theorem, which relates the two conditional probabilities in the following way

P (Data | Model) P (Model)
P (Data)

We see that we can use Bayes’ theorem to calculate the probability P (Model | Data),
which in Bayesian statistics is called the "posterior”, from the probability P (Data | Model),
which is called the "likelihood” L. The posterior probability also depends on the probab-
ility of the observed data, P (Data). Since this is independent of the model, it can be
treated as a normalisation constant. Finally, there is the probability P (Model), which is
called the "prior” probability, as it states what we believe the probability distribution to
be before performing the experiment. In the particle physics application, the prior says
something about our belief about the signal model before we have seen any data. It is
not easy to define such a prior, and even more difficult to justify any particular choice. If
we define the signal model in terms of the expected number of signal events s, the most
common choice of prior in particle physics is to assume a uniform distribution for s > 0,
and zero probability for s < 0. Then the only part of the right hand side of equation
(7.7) that is dependent on s is the likelihood. Since a particle physics experiment is
essentially a counting experiment, the distribution of n, the random variable from which
Nops is sampled, is usually assumed to be the Poisson distribution. In that case, the
likelihood of observing N,ps events under the signal+background hypothesis becomes

(S + b)Nobs 8_(S+b)
Nobs!

P (Model | Data) = . (7.7)

L(n=DNops | A=s+0b) = (7.8)
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Then we can use Bayes’ theorem to state the probability of the signal model with s
expected events given the experiment where only Ngps (we think of Nyps as being smaller
than s + b) events were observed as

P (s | Nyps) = N (s + b)Novs ¢=(540) (7.9)

where N is a normalisation constant that incorporates both the uniform prior probability
distribution, the constant in the denominator of Bayes’ theorem and the Ngps! constant
from the likelihood. It normalises the probability such that

/Oop(s | Nype)ds = 1. (7.10)
0

If a signal model gives a very small probability P (s | Nops), we want to exclude the
existence of that signal based on the observation. To define the threshold for when a
signal is said to be excluded, we calculate the probability P (s > syp | Nobs) of a signal
model giving more expected events than some "exclusion limit” s,;,. Instead of a lower
threshold on the probability P (s > syup | Nobs), the exclusion threshold is usually stated
in terms of a Confidence Level (CL), defined as

CL=1—P(s> sup | Nons) = / TP (s | Nype) ds . (7.11)
0

Any signal model that gives s > s, is then said to be excluded at the given confidence
level. We see that a large CL corresponds to a small probability of a signal with as
many as Syp expected events. A commonly used threshold is CL= 0.95, and signals with
s > syp are then said to be excluded at 95% CL.

To be more precise, the exclusion limit s, in equation (7.11) is what we call the
”observed exclusion limit”, since it is based on a real experiment that observed N
events. Just like when we calculated significances, we can also define the “expected
exclusion limit”, which is the exclusion limit we would get from a hypothetical experiment
with Ngps = b. The expected exclusion limit at 95% CL is therefore defined by

Sup
/ P (s|b)ds = 0.95. (7.12)
0

In particle physics, it is often more useful to put exclusion limits on cross sections rather
than the number of signal events, since s will depend on specifics of the analysis, like the
cuts applied to events. In order to translate the exclusion limit to the cross section, we
simply rewrite the expected value of the Poisson distributed likelihood of equation (7.8)
as

A= Leso + b, (7.13)

where L is the integrated luminosity of the (hypothetical) experiment, €, is the signal
efficiency defined as the fraction of the total number of signal events that pass all the
cuts and end up in the signal region, and o is the signal cross section. Then the 95% CL
expected exclusion limit oy, on the cross section is given by

Oup
N/ (Leso + b)? e~ EeoH0) g = 0.95. (7.14)
0

Finally, we need to take into account the fact that the values of L, €5 and b have uncertain-
ties. Incorporating these uncertainties is slightly more complicated than in the frequentist
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approach. Here, we will treat the uncertain variables as additional parameters, often
called "nuisance parameters”, of the likelihood with their own probability distributions.
In order to remove the posterior’s dependence on the nuisance parameters, we need to
integrate over their probability distributions, giving the so-called marginalised probability

P(o|b) = N/E(a,L,es,b)P(L)P(eS)P(b) dL deg db, (7.15)
and the 95% CL expected exclusion limit on the cross section oy is given by
N / : [/ (Leso + b)? e~ Lo P (L) P (e) P (b)dLdesdb| do = 0.95.  (7.16)
0

The probability distributions P (L), P (es) and P (b) of the nuisance parameters are
typically taken to be Gaussian distributions with means equal to the values found in
the (MC) experiment, and standard deviations equal to the estimated uncertainties
in each parameter. The integral in equation (7.16) is typically computed using Monte
Carlo integration. This involves sampling values for each nuisance parameter from their
respective probability distributions using a pseudo-random number generator. For each
set of nuisance parameter values, the expected exclusion limit can easily be calculated,
since the integral reduces to a one-dimensional one. We call each such calculation
of an expected limit using a set of nuisance parameter values a "pseudo-experiment”.
The final value for the expected exclusion limit o, can then be computed by taking
the mean of all the expected limit results from each pseudo-experiment, since taking
the mean is equivalent to integrating over the probability distributions. A benefit of
computing the limit in this way is that it allows us to quantify the uncertainty in the
result from the spread in the results from all pseudo-experiments. Like before, we want
to express the uncertainty in terms of the standard deviations of the normal distribution.
For the standard normal distribution, the 1o deviations from the mean are defined by
®(—1) ~ 0.159 and P(1) ~ 0.841. We therefore call the expected limits that are larger
than approximately 15.9% and 84.1% of all the limits from the other pseudo-experiments
the +10 deviations from the mean expected exclusion limit. Similarly, the expected
limits that are larger than 2.28% and 97.7% of all the other limits are called the +2¢
deviations of the expected exclusion limit.

7.2 Majorana and pseudo-Dirac model

In this section, we compare the MC background to the Majorana and pseudo-Dirac
models, using the three-lepton final state that we studied extensively in chapter 6. For
our signal models, we choose the same type of models as in section 6.2, meaning models
with one Majorana or pseudo-Dirac neutrino with masses in the range 200 GeV to 1200
GeV, and mixing matrix elements

Ver |* = 10V} |? = 100V [*. (7.17)

We now choose Vg1 = 0.1, which is actually slightly optimistic considering the limits
given in equation (3.51). Unfortunately, we did not manage to implement smearing on
these signal models, which might be due to some incompatibility between the versions
of SimpleAnalysis that we use and the Athena software used to generate truth files.
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Table 7.1: The requirements used to define leptons and jets in the analysis of signal and
background with the three lepton final state, without smearing.

Electrons Muons  Jets

pT > 5 > 5 > 20
In| (0,1.37) or [1.52,2.47] <25 <25

Table 7.2: The cuts made on kinematic variables to define the signal regions for the
Majorana and Dirac models with a three lepton final state. The cuts are given in terms
of the requirement that must be fulfilled for an event to pass. See the main text for the
definitions of the variables.

Variable Cut Variable Cut

Nleptons =3 my, 1 [GeV] > 100
pry [GeV] > 70 mEZZQ [GeV] > 95
Pro [GeV] > 50 my 3 [GeV] > 50
Vg [GV] >15  |mfyy—my| [GeV] >3
myp, [GeV] > 60 Ady; > 0.1
Ml g3 [GeV] > 80 hr [GeV] > 250

Emss [GeV] > 20

The object definitions are therefore very simple, since we effectively work directly on the
truth information. Nevertheless, the definitions for this analysis are given in table 7.1.
Since tau leptons would require a completely different type of analysis in an experiment,
we will not consider models in which the heavy neutrino couples most strongly to the
tau. Therefore we will also not count taus as leptons for this analysis, as is common
practice in experimental particle physics!. Although we are using truth objects for this
analysis, we implemented overlap removal using the same parameters that we presented
in section 6.1. This makes the analysis somewhat more realistic.

The next, and maybe most important, step is to choose the cuts used to define the
signal regions. The ability of our cuts to remove as many background events as possible
while keeping as many signal events as possible will decide the significance with which
we can discover a signal and the confidence with which we can exclude one. We will
use only what are known as rectangular cuts, meaning cuts that can be stated as ”"some
variable must be smaller/larger than some value”. We make two signal regions for the
analysis of the three lepton final state. The only difference between the two regions is
that we require the charges of the leptons that are identified as {; and ls in each event
to have either the same or opposite signs. We call the two regions Same Sign (SS) and
Opposite Sign (OS) respectively. All the other cuts defining signal regions SS and OS
are identical, and these are listed in table 7.2. To choose the cuts in table 7.2, we plotted

!There are usually dedicated T analyses in parallel with electron and muon analyses, but for this case
we will leave this for future research.
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the kinematic distributions of the model with a 200 GeV Majorana neutrino and the
model with a 800 GeV Majorana neutrino along with the SM background before passing
any other cuts than requiring at least three leptons (electrons and muons) according to
the object definitions in table 7.1. All of these plots are shown in appendix A.1. The
variable nMjeptons in table 7.2 is the number of leptons in each event. The variables p’Tﬂ-
are as before the transverse momenta of the leptons I}, where the prime indicates that ¢
refers to the ordering by pr. The same applies to the variables mﬁ_m, miﬂ% and m;“
These all have the same definitions as in section 6.2, but with the ordering by vertex
replaced by the ordering by pr, which is the only ordering we can know with confidence
in an experiment. The variables Aqﬁ;j with ¢,7 =1,...,3 and ¢ # j are the A¢ between
the charged leptons number ¢ and j when ordered by pp.

After applying all the cuts of table 7.2, we create the SS and OS signal regions in
order to increase sensitivity to the Majorana and pseudo-Dirac models respectively. For
this we need to choose which two leptons in each event to use in the sign comparison.
To get the optimal sensitivity to the pseudo-Dirac model and to possibly separate the
Majorana and pseudo-Dirac models in data containing a signal of unknown type, we
want to choose the leptons [ and Iy from the Feynman diagram in figure 5.4 in each
event, since it is this pair of leptons that always have opposite signed charges in the
pseudo-Dirac model. To identify this pair in each event we can use the method we
developed in section 6.4. We expect this to give the best results for the models we look
at, but the method is also highly specialised to these specific models. A more general
approach, which we also expect to give reasonable results is to simply use the pair of
leptons with the largest pr in each event. We will therefore perform the same analysis
for both methods, and we will call the pp method the ”"baseline” method, which defines
the baseline OS and SS signal regions, and our identification method using the product
pr X A¢ we call the ”specialised” method defining the specialised OS and SS signal
regions. To see the difference between the two methods, we plot the distributions of the
product of charges of the pairs of leptons chosen by both the baseline and specialised
methods for signal and background processes. The plots are shown in figures 7.1 and 7.2.

The signal models shown in these plots are the Majorana and pseudo-Dirac models with
1200 GeV, which we expect to give the largest improvement for the specialised method
over the baseline. We see from figure 7.1 that the SS region increases the ratio of the
Majorana signal to the background significantly for both methods, but the improvement
is slightly larger for the specialised SS region. Another important thing to note is that
the specialised SS region contains more signal events than the baseline SS region. In
figure 7.2, we see a similar situation for the pseudo-Dirac signal. Both methods give
increased s/b ratio in the OS region, but the specialised method gives a slightly higher
ratio. Since the number of signal events in the baseline OS region is already quite large,
the relative improvement in this region is small. In the SS region, on the other hand, we
see that the specialised method reduces the number of pseudo-Dirac signal events by a
factor of around 10, while the background remains approximately the same.

To quantify the effectiveness of the cuts we made for the different OS and SS signal
regions, we look at the number of background and signal events that passed the cuts
for each signal region. We call the fraction of events that passed the cuts (including the
requirements of the object definitions) the efficiency e of the cuts. The ideal scenario has
a very small efficiency for the background events, which we call ¢, and an efficiency close
to 1 for signal events, which we call €5. Both the number of events remaining in each
signal region when scaled to an integrated luminosity of 300 fb~! and the efficiencies of
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Figure 7.1: The distributions of the charge product of pairs of leptons in each event for
the full SM background, and a signal with a 1200 GeV Majorana type heavy neutrino.
The difference between the two plots is that in the left plot, the lepton pair was chosen
as the two leading leptons in each event, while in the plot on the right, the pair was

chosen using the vertex identification method we have developed.
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Figure 7.2: The distributions of the charge product of pairs of leptons in each event for
the full SM background, and a signal with a 1200 GeV pseudo-Dirac type heavy neutrino.
The difference between the two plots is that in the left plot, the lepton pair was chosen
as the two leading leptons in each event, while in the plot on the right, the pair was
chosen using the vertex identification method we have developed.
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Table 7.3: The cut efficiencies on the background and signal events for the signal regions
for the three lepton final state. The number of events remaining in each region for an
integrated luminosity of 300 fb~! is also shown.

Signal region Type of events € Nevents (300 fb~1)
Background 1.7 x 1077 3 225
Majorana, my = 200 GeV 0.057 50
Baseline SS Majorana, my = 400 GeV 0.16 12
Majorana, my = 800 GeV 0.20
Majorana, my = 1200 GeV 0.20 ~ 0.1
Background 7.2x 1077 13 966
pseudo-Dirac, my = 200 GeV 0.087 75
Baseline OS pseudo-Dirac, my = 400 GeV 0.36 25
pseudo-Dirac, my = 800 GeV 0.49
pseudo-Dirac, my = 1200 GeV 0.53 ~ 0.4
Background 1.6 x 1077 3172
Majorana, my = 200 GeV 0.053 46
Specialised SS Majorana, my = 400 GeV 0.18 13
Majorana, my = 800 GeV 0.24
Majorana, my = 1200 GeV 0.26 ~ 0.2
Background 7.3x 1077 14 019
pseudo-Dirac, my = 200 GeV 0.091 79
Specialised OS  pseudo-Dirac, my = 400 GeV 0.38 27
pseudo-Dirac, my = 800 GeV 0.52
pseudo-Dirac, my = 1200 GeV 0.56 ~ 0.4

the cuts for both signal and background are listed in table 7.3. The integrated luminosity
of 300 fb~! corresponds to the expected luminosity of Run 3 of the LHC, and the values
of s and b in table 7.3 therefore give the number of signal and background events we
would expect to see in the respective signal regions at the end of this run. We see that
the efficiencies on the background are between 1076 and 10~7. There are more than four
times more background events in the two OS regions than in the SS regions, while the
difference between the baseline regions and the specialised regions is very small for the
background. For the signals, we see that the efficiency of the cuts is always smallest
for the smallest neutrino masses, as expected. There are approximately half as many
Majorana signal events in the SS regions as there are pseudo-Dirac signal events in the
OS regions, since the cut on the charge product of the leptons removes around half of
the Majorana events, while ideally keeping all of the pseudo-Dirac events. The Majorana
models still have better signal to background ratios, since the background is so much
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smaller in the SS regions. Comparing the baseline and specialised regions, we see that
there is not much difference for the Majorana models, which is expected since choosing
the correct lepton pair is not as important when the pair can have either product of
signs. For the my = 200 GeV Majorana model, there are even three fewer signal events
in the specialised region than in the baseline. Also for the pseudo-Dirac models, the
improvement in the specialised region is disappointingly small. We saw in section 6.4
that our lepton identification method can have up to 50% higher efficiency than only
using pr, but the cut efficiencies on the pseudo-Dirac models are increased by at most
10%. This must mean that relatively many of the events in which our identification
method is better than the pr method have already been removed by the other cuts. But
a 10% increase in signal events is also useful, so we will keep using the specialised OS
region for the pseudo-Dirac signals.

Now we will study the distributions of mg; for both the background and signal in each
signal region. We did not use this variable to define the signal regions, so that we can
instead study its distributions, and perform statistical analyses by counting the number
of events either above some threshold value or in some selected bins. The plots of mg; in
the specialised signal regions are shown in figures 7.3 and 7.4. In the upper subplots,
the signal and background are plotted in separate histograms. In the lower subplots, the
ratio s/b for each bin where s # 0 and b # 0 is shown. We see that in all the plots, the
ratio of signal to background events tends to increase for larger mg;. In the specialised
SS region, the largest value of mg; in any background event is around 1600 GeV, while all
the signal models have events with larger values than this. In the specialised OS region,
there are some background events that have significantly larger mg;, up to around 2 700
GeV. This causes the signal to background ratio to be lower for the pseudo-Dirac models
with low my, where it is of the order of 1072 in most bins. For the two pseudo-Dirac
models with largest my, the signal distributions are shifted more towards larger values,
and there are a few bins with s/b of the order of 10~!. However, these bins have much
less than 1 event each. For the Majorana models in the SS region, on the other hand, we
see that the tail of the signal distribution of the my = 200 GeV model is almost as large
as the tail of the background distribution. For the two Majorana models with the largest
mass, the signal distributions extend far beyond the background distribution, but the
number of events in this tail is very small. The maximum s/b value is also smaller for
the Majorana models with large my, compared to the one with my = 200 GeV. With
the particular binning that we chose, there are no bins that have s/b > 1, but in most of
the plots there are some bins where the ratio is of the order of 1071

Now we want to calculate the expected significance of each signal at Run 3 of the
LHC, by counting the events in some bins of the mg; distributions. We have seen that
the ratio of signal to background tends to increase towards larger values. We therefore
choose to sum the signal and background events from some lower limit for our statistical
analysis. This is equivalent to making a new signal region, since the lower limits on mg;
are essentially new cuts. The specific lower limits of mg; that give the best expected
significance will depend on the neutrino mass and the distribution of the background.
But we want to avoid making too many signal regions, as this will make the analysis
very model dependent. As a compromise, we only make two different lower limits; one
for the Majorana models in the SS regions, and one for the pseudo-Dirac models in the
OS regions. Looking at the background distributions with finer binning than in figures
7.3 and 7.4 we see that the background in the SS region becomes very small at around
mg; = 1100 GeV, while the background in the OS region falls off at around 1300 GeV.
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Figure 7.3: The distributions of the invariant mass of the three leading leptons in each
event for the full SM background and four different Majorana models, after we applied
cuts. The top plot in each subfigure shows the distributions for signal and backgrounds,
where the backgrounds are stacked on top of each other, while the signal is plotted in a
separate histogram. The bottom plot shows the ratio of the number of signal events s to
the number of background events b in each bin where it is well-defined.
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Figure 7.4: The distributions of the invariant mass of the three leading leptons in each
event for the full SM background and four different pseudo-Dirac models, after we applied
cuts. The top plot in each subfigure shows the distributions for signal and backgrounds,
where the backgrounds are stacked on top of each other, while the signal is plotted in a
separate histogram. The bottom plot shows the ratio of the number of signal events s to
the number of background events b in each bin where it is well-defined.
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We therefore choose these values for our cuts on mg;, defining new SS and OS regions. In
table 7.4, we list the number of background and signal events in the new signal regions
with an integrated luminosity of 300 fb~!, and the expected discovery significances. The
expected significances were computed using the expressions from equations (7.5) and
(7.6), and we compute one value assuming no systematic uncertainty in the background,
and one value assuming a 20% systematic uncertainty in the background. Although
we do not know the exact systematic uncertainty in the background, the systematic
uncertainty in MC generated backgrounds are usually relatively large. The recent ATLAS
study on the Keung-Senjanovié¢ process performed a thorough estimation of the total
uncertainty in the background of the two lepton plus two jet final state, and it is found
to be less than 20% [61] (see figure 4(a)). We therefore expect that 20% systematic
uncertainty is a conservative estimate also for the three lepton final state. In any case,
the significance computed with systematic uncertainty almost certainly gives a more
accurate representation of the true expected significance than the value computed without
systematic uncertainty.

From the values in table 7.4, we see first of all that none of the expected significances
are very large, the largest when background uncertainty is taken into account being
0.61c for the my = 200 GeV Majorana model in the baseline SS region. This shows
that, at least with this method, these signals can not be discovered during Run 3 of the
LHC. The reason for the low significances is the small number of expected signal events,
which is caused by both the low cross sections of the signals, and the hard cuts required
to remove most of the background. The significances tend to be largest for the models
with the smallest neutrino masses, except for the pseudo-Dirac model with my = 200
GeV, which has relatively small expected significance. Both models with my = 1200
GeV have significances of 0.1c or less, so these seem very difficult to discover. We notice
that the difference between the significances with and without systematic uncertainty
in the background is very small, which means that it is the statistical uncertainty of
b that dominates. We also notice that the expected significances of the pseudo-Dirac
models are larger in the specialised region than the baseline region, both because the
number of signal events is slightly larger and because the background is smaller. For the
Majorana models on the other hand, the results are better in the baseline SS region than
the specialised one for all masses. From now on we will therefore use only the baseline
SS region for the Majorana signals and the specialised OS region for the pseudo-Dirac
signals, and call these simply the SS region and OS region. The only potential issue
with this choice is that the two signal regions are no longer orthogonal, meaning that the
same event can enter both regions. This would make it more challenging to determine
the type of an unknown heavy neutrino, but as long as we only care about discovery,
regardless of type, the orthogonality of signal regions is not important?.

Since discovery during Run 3 of the LHC proved difficult, we want to investigate the
possibilities at the future runs known as the High Luminosity LHC or HL-LHC, with
an expected final integrated luminosity of 3000 fb~! at /s = 14 TeV. For this analysis,
we need to make a list of assumptions, and it will therefore only be a rough estimate of
the possible results at the HL-LHC. For the signal processes, we can easily calculate the
cross sections at 14 TeV using MadGraph, as we did in section 5.3. However, we do not

2The non-orthogonality of the signal regions would be relevant if we wanted to statistically combine
results from the two regions, since this would introduce some over-counting. We will however not combine
the regions, as this has little benefit for both pseudo-Dirac (most of the signal is in the OS region) and
Majorana (much more background in the OS region) signals.
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Table 7.4: The number of background and signal events remaining in the different signal
regions after performing cuts on mg; for an integrated luminosity of 300 fb~!. The
expected discovery significances both when assuming 20% systematic uncertainty in
the background and when neglecting the systematic uncertainty are also listed. These
correspond to the expected significances of Run 3 of the LHC.

Type of events
("Background” or
Signal region N type, my [GeV])  Nevents (300 fb~1)  Z (0, = 0.2b) Z (0, = 0)

Background ~ 2 - -
Baseline SS, Majorana, 200 ~ 0.8 0.61 0.63
mg; > 1100 GeV Majorana, 400 ~ 0.6 0.44 0.45
Majorana, 800 ~ 0.4 0.30 0.31
Majorana, 1200 ~ 0.1 0.087 0.089

Background ~ 6 - -
Baseline OS, Pseudo-Dirac, 200 ~ 0.2 0.067 0.075
mg; > 1300 GeV  Pseudo-Dirac, 400 ~ 0.5 0.18 0.20
Pseudo-Dirac, 800 ~ 0.5 0.16 0.18
Pseudo-Dirac, 1200 ~ 0.2 0.078 0.086

Background ~ 3 - -
Specialised SS, Majorana, 200 ~ 0.7 0.37 0.39
mg; > 1100 GeV Majorana, 400 ~ 0.7 0.40 0.42
Majorana, 800 ~ 0.4 0.24 0.25
Majorana, 1200 ~ 0.1 0.085 0.090

Background ~ 5 - -
Specialised OS,  Pseudo-Dirac, 200 ~ 0.3 0.12 0.13
mg; > 1300 GeV  Pseudo-Dirac, 400 ~ 0.6 0.24 0.26
Pseudo-Dirac, 800 ~ 0.5 0.22 0.24

Pseudo-Dirac, 1200 ~ 0.2 0.10 0.11
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Table 7.5: The expected discovery significances at the HL-LHC (L = 3000 tb=!, /s = 14
TeV) for the Majorana and pseudo-Dirac signals, both when assuming 20% systematic
uncertainty in the background, and when neglecting the systematic uncertainty.

Signal region  Signal (type, my [GeV]) Z (op =0.20) Z (0, =0)

Majorana, 200 1.6 2.0

SS, Majorana, 400 1.2 1.5

ms; > 1100 GeV Majorana, 800 0.85 1.1
Majorana, 1200 0.23 0.29

pseudo-Dirac, 200 0.25 0.42

0OS, pseudo-Dirac, 400 0.53 0.89

mg; > 1300 GeV pseudo-Dirac, 800 0.50 0.84
pseudo-Dirac, 1200 0.21 0.36

have MC samples of the full SM background for 14 TeV, and we will therefore use the
13.6 TeV background without any modifications. This will be a slight underestimation
of the background, as some background processes will have larger cross sections at 14
TeV. Additionally, we assume that both the cut efficiencies on the background and on
the signal events remain the same as for Run 3. Using these assumptions, and the same
cuts of mg; > 1100 GeV and mg; > 1300 GeV in the SS and OS regions respectively, we
get the expected significances for Run 4 of the LHC shown in table 7.5. We see that the
expected significances for the HL-LHC are much larger than for Run 3. The main reason
for this is the factor 10 increase of the integrated luminosity, which when the statistical
uncertainty in the background dominates increases the expected significance with a factor
close to v/10 ~ 3. The difference between the significances with and without o} is now
slightly larger, since the background has ten times more events. The signal with the
highest significance is still the Majorana model with my = 200 GeV, with a significance
of 1.60 with systematic uncertainty in the background. This is still far from large enough
to result in a discovery, but it is large enough that it will likely give a noticeable anomaly
in the data. The Majorana model with my = 400 GeV also gets an expected significance
of more than 1o, while all the pseudo-Dirac models still have very small significances.

We can also plot the expected significance we get from summing all signal and
background events in the signal regions as a function of the lower limit on mg;. We
again look at the expected significances for the HL-LHC, using the same assumptions as
before. The plots of the expected discovery significances as functions of the applied cut
on mg; for the Majorana models in the SS signal region and the pseudo-Dirac models
in the OS signal regions are shown in figure 7.5. Here we show only the significances
with o, = 0.2b. The highest values for the cut on mg; that are used are decided by
the amount of signal and background events above that value. In the SS region, the
number of background events becomes too small to compute a reasonable significance at
around mg; = 1200 GeV, while in the OS region there are very few signal and background
events above mg; = 1400 GeV. We see that the peaks in the significance functions for
the Majorana models are close to the cut value of 1100 GeV that we used before, and
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Figure 7.5: The expected significances of the different Majorana and pseudo-Dirac signal
models at the HL-LHC as a function of the lower limit cut on mg; performed on signal
and background events. For the Majorana models the SS signal region was used, while
for the pseudo-Dirac models the OS region was used. The significances were computed
using equation (7.6) when assuming a 20% systematic uncertainty in the background.

the maximum values in figure 7.5a are therefore close to the values in table 7.5. For
the pseudo-Dirac models, on the other hand, the expected significance increases a lot
between the previously used cut value of 1300 GeV and 1400 GeV. The main reason
for this is that the number of background events decreases from b = 45 for mg; > 1300
GeV to b = 6 for mg; > 1400 GeV. The pseudo-Dirac signals with my = 400 GeV and
800 GeV, meanwhile, have s =~ 4 and s = 5 respectively for mg; > 1400 GeV, which
give expected significances of ~ 1.40 and ~ 1.50. Interestingly, among the pseudo-Dirac
models, the one with my = 200 GeV gets the lowest expected significance, while in the
Majorana case, my = 200 GeV has the highest significance. In the pseudo-Dirac case,
the reason for the low significance of the my = 200 GeV model at mg > 1400 GeV is
that there are only around 2 signal events in this region. However, as we see in the plot,
the significance is not larger for lower cuts on mg; either, due to the larger background.

From figure 7.5, it is clear that both the Majorana model with my = 200 GeV and
the pseudo-Dirac models with my = 400 and my = 800 GeV could be observed with
significances of around 1.60 after the entire HL-LHC run, with very specific cuts. The
very high sensitivity of the expected significance to the cut value for the pseudo-Dirac
models might however indicate that the result for these models is only due to some lucky
bins in our analysis, and would disappear if repeated with slightly different signal or
background modelling. For the Majorana signals, the significances are slightly more
stable, and therefore seem more trustworthy. In this rather optimistic scenario, with
mixing matrix elements slightly outside the experimental constraints, it might therefore
be possible to detect the signal of a Majorana neutrino with a mass of around 200 GeV
using this method with the ATLAS detector during the HL-LHC. But a discovery at 50
seems definitely out of reach for all the models we looked at with this method.

One goal we had in our analysis was to be able to distinguish between Majorana
and pseudo-Dirac neutrinos in data. Unfortunately, this is very difficult when even
the detection of the heavy neutrino is almost impossible, especially in the case of a
pseudo-Dirac neutrino. It seems like the only hope would be to see a signal in the SS



7.2. MAJORANA AND PSEUDO-DIRAC MODEL 125

region, in which case it could only be a Majorana neutrino, although as we have seen,
this can most likely not be determined with the required confidence.

We now want to calculate the 95% CL expected exclusion limits on the cross sec-
tions of the Majorana and pseudo-Dirac signal processes using the method described in
section 7.1.2. To calculate the expected limits, we use Gaussian distributions for the
nuisance parameters €; and b. For the integrated luminosity L, we expect the uncertainty
to be so small that we can neglect it?, so we use fixed values of L. For the uncertainty in
b, we again assume the conservative 20% systematic uncertainty, which when combined
with the statistical uncertainty gives a total uncertainty of

5 = \/b+ (0.2b). (7.18)

For the uncertainty in €5, we need to look at how ¢, is calculated. In our analysis, we
find €, from the following expression

S

= 1
=, (7.19)

€s
where o is the cross section of the signal process. Then we can use error propagation to
get the error in €, (again neglecting the error in L)

A 5o\ 2 1 5\ 2
565 :ES\/(> + <> :es 7+ () ’ (7'20)
S g S o

where d, is the uncertainty in the signal cross section, and we assumed a statistical error
ds = /s (not to be confused with centre of mass energy) in the expected number of signal
events. We see that the uncertainty in €; becomes large when there are few expected
signal events. We find that this has a large effect on the resulting expected exclusion
limit, and to get reasonable results we therefore have to make slightly different signal
regions from the ones we made in the previous section, at least for the Run 3 analysis.
We find that for the Majorana models in the baseline SS region, a cut of mg; > 600 GeV
gives relatively good* exclusion limits. For the pseudo-Dirac models in the specialised
SS region, we perform a cut of ms > 900 GeV. With a luminosity of L = 300 fb~! and
centre of mass energy /s = 13.6 TeV, corresponding to the entire Run 3 of the LHC, we
get the expected exclusion limits shown in figure 7.6. In the figure, the dashed lines show
the 95% CL expected exclusion limit on the cross section, and the green and yellow band
show the +10 and +20 uncertainty regions for the expected limit. This means that any
signal model that is above the dashed line in the plots is excluded at 95% CL. We see
that in this case, none of the models can be excluded, not even the extremely unrealistic
models with V,; = 1. For both the Majorana and pseudo-Dirac models, the model with
mpy = 200 GeV has a relatively large expected limit. This is because these models have
by far the smallest €, and so a large cross section is required to get a significant number
of signal events. The expected limit reaches a minimum for the my = 400 and my = 800
GeV models in the Majorana and pseudo-Dirac case respectively, since these have larger

3As an example of the order of magnitude of the uncertainty in L, the uncertainty in the integrated
luminosity of Run 2 of the LHC was estimated to be 1.7% [67], which is much smaller than the uncertainty
in b, and in most cases also in €.

4Although, as we will see, still not very good.
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Figure 7.6: The 95% CL expected exclusion limits on the cross sections of the Majorana
and pseudo-Dirac signal processes for Run 3 of the LHC. The lines labelled "Theoretical”
show the signal cross sections of the processes for my = 200, 400, 800 and 1200 GeV
computed in MadGraph for the case where the mixing parameter Vg is equal to the
experimental constraint of 0.05, for the optimistic case V3 = 0.1 and the completely

unrealistic case of V1 = 1.
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€s, and not too small s. Then for my = 1200 GeV the limits become worse again in
both plots, which is mainly because s is less than 1 for these models, so the relative
uncertainty in €; becomes very large. Comparing the Majorana and pseudo-Dirac limits,
the Majorana limits are lower for the two lower neutrino masses, while the pseudo-Dirac
limits are lower for the two higher masses. The reason for this is that even though the mg;
cut is much less strict on the Majorana models, there are nevertheless fewer background
events in the SS signal region than in the OS region, and for my = 200 and my = 400
GeV, there are more signal events in the SS region than in the OS region. For my = 800
and my = 1200 GeV there are more signal events in the OS region (something similar
can be seen in table 7.4, although the mg; cuts are slightly different), which gives slightly
better exclusion limits for these models. In conclusion, it is safe to say that none of the
models we have studied can be excluded after Run 3 of the LHC with this method.

Finally, we compute the 95% CL expected exclusion limits for the HL-LHC. We use
the same assumptions as in the previous section to translate our data to the higher
luminosity and centre of mass energy. In this case, the number of expected signal events
is large enough that we can use the stricter cuts on mg; that gave the best results for
significance, namely mg; > 1100 GeV for the SS signal region and mg; > 1400 GeV for
the OS signal region. With these cuts, the expected exclusion limits for the HL-LHC
become as shown in figure 7.7. We see that the increase in luminosity and centre of
mass energy moved the expected limits significantly lower. However, it is still only the
completely unrealistic V.1 = 1 model with my = 200 GeV that is on the verge of being
excluded at 95% CL, while a few more of the unrealistic models are touching the lower
20 band. We also notice that the higher neutrino masses get the lowest expected limits
in this case, which is due to the stricter cuts favouring the model with higher masses.
Unfortunately, we have to conclude that even at the HL-LHC, none of the realistic
Majorana or pseudo-Dirac models can be excluded.
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Figure 7.7: The 95% CL expected exclusion limits on the cross sections of the Majorana
and pseudo-Dirac signal processes for the HL-LHC. The lines labelled "Theoretical” show
the signal cross sections of the processes for my = 200, 400, 800 and 1200 GeV computed
in MadGraph for the case where the mixing parameter V;; is equal to the experimental
constraint of 0.05, for the optimistic case V.1 = 0.1 and the completely unrealistic case
of ‘/el =1.
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Table 7.6: The requirements that were used to define electrons, muons and jets in
the analysis of signal and background with the two leptons and two jets final state.
For electrons and muons, the working points are chosen from the ones available in
SimpleAnalysis, and are based on the ones made in the recent ATLAS paper [61]. The
names of the working points are the names they have in SimpleAnalysis.

Electrons Muons Jets

MuMedium if pyr < 300 GeV

Quality ETightLH -
else MuHighPt
Isolation EIsoLoose MuIsoPflowLoose_VarRad -
pr [GeV] > 25 > 25 > 20
0| (0,1.37] or [1.52,2.47] < 2.5 < 2.5

7.3 LRSM model

In this section we perform a similar analysis as in the previous section, but for the LRSM
models with the final state of two leptons and two jets (214+2j). We will use the same
masses for the Wgr boson and the heavy neutrino N as we did in section 6.5, and we
continue to refer to these as models 1-6. Now we will also for each set of masses consider
the case where the heavy neutrino is the one that couples to the muon. This gives us a
total of 12 signal models, and we refer to them as Model ie and Model imu, i =1,...,6
when the neutrino couples to the electron and muon respectively. Since we will not study
the case where the neutrino couples to the tau, we again only count electrons and muons
as leptons in this analysis. For models 1 and 2, we know that they have been excluded
under the assumption that the right-handed weak coupling constant is identical to the
weak coupling in the SM [61]. For these models our goal will therefore be to first confirm
that we can also exclude them with the same assumption, and then to attempt to put
an upper limit on the right-handed weak coupling in these models. Models 3-6, on the
other hand, are just outside of the mass region that was excluded in the most recent
study by the ATLAS collaboration [61], and our goal will therefore be to either exclude
these using more specialised signal regions, or to say something about when these models
can be expected to be discovered or excluded in the future of the LHC.

For this analysis, we succeeded in implementing smearing on the MC truth electrons
and muons. The analysis will therefore better reflect what can be achieved in real
experiments. It also means that we need to choose parameters and working points for
object identification and reconstruction. For fake rates we use the default values provided
in SimpleAnalysis. For overlap removal, we use the same parameters that we presented
in section 6.1. Finally, we need to choose working points for quality and isolation of
reconstructed electrons and muons, as described in section 4.2.1. We choose the working
points based on a combination of what is available in SimpleAnalysis, the recommended
working points for analyses for Run 3 of the LHC and release 22 of AnalysisBase, and
the working points used in the ATLAS paper [61] (see Table 2 in the paper for their
object definitions). In our case, the object definitions are the ones listed in table 7.6.

We again begin by finding the expected significances of our signal models for the
entire Run 3 of the LHC, in some signal regions. We will not make separate signal regions
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Table 7.7: The cut efficiencies on the background and each of the simulated LRSM models
in the signal regions rSRSS2e and rSRSS2mu from the ATLAS paper [61]. The number
of events remaining in the respective signal region for an integrated luminosity of 300
fb~! and the expected discovery significances for each signal both when assuming 20%
systematic uncertainty in the background and when neglecting the systematic uncertainty
are also listed. These correspond to the expected significances of Run 3 of the LHC.

Type of events € Nevents (300 1) Z (0, =0.2b)  Z (05 = 0)
Background 1.4 x 107? 27 - -
le 0.16 580 25 51
Region 2e 0.17 355 19 36
rSRSS2e 3e 0.18 3 0.35 0.51
de 0.16 1 0.097 0.14
5e 0.18 ~ 0.5 0.066 0.095
6e 0.17 ~ 0.1 0.020 0.029
Background 1.0 x 107? 19 - -
1mu 0.19 684 31 61
Region 2mu 0.19 398 23 42
rSRSS2mu 3mu 0.20 3 0.51 0.69
4mu 0.19 1 0.14 0.19
Smu 0.20 ~ 0.6 0.094 0.13
6mu 0.20 ~ 0.2 0.029 0.039

for different masses, because the signal models we study are relatively similar, and we
want to be as model independent as possible. We also only consider the case where the
heavy neutrino is of Majorana type, so there is no need to separate into SS and OS
regions. We will however split our signal region in two based on the flavours of the two
leading leptons. One region requires the two leptons to be electrons, and we call this the
electron channel. The other region requires the two leptons to be muons, and we call this
the muon channel. Before we choose the other cuts to define our two signal regions, we
will get some baseline results by using the signal regions rSRSS2e and rSRSS2mu defined
in the ATLAS paper [61] (see Table 4), which we can later compare to our own electron
and muon channels. We apply these cuts on the 13.6 TeV MC background and each of
the signal models. The efficiency and the number of remaining events for background
and the signal models with a luminosity of 300 fb~! in both signal regions are listed in
table 7.7. The expected significances with and without systematic uncertainty in the
background are also given for each signal model in the respective signal region. We see
that as expected, the signal regions from the ATLAS paper give very large expected
significances for the excluded models 1 and 2. For the other models, none have expected
significances above 1o, which means that they can not be discovered at Run 3 of the
LHC with these signal regions. We notice that the efficiency of the cuts is almost the
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Table 7.8: The cuts made on kinematic variables to define our signal region for the 214-2j
final state, which is subsequently split into two depending on the flavour of the two
leading leptons. The cuts are given in terms of the requirement that must be fulfilled for
the specific event to pass. See the main text for the definitions of the variables.

Variable Cut Variable Cut
Nleptons <4 Njets > 2
mj; [GeV] > 800 my [GeV] > 400
Pry [GeV] > 400 Pre [GeV] > 150
plT,jl [GeV] > 500 p’TJQ [GeV] > 250
;1 [GeV] > 800 ;2 [GeV] > 400
Sign(l])xSign(lh) =+1 hr [GeV] > 2000

same for all the signals. The efficiency is slightly lower for models 1 and 2 and 4, which
is probably due to the cuts on pr and my. We expect that it is possible to make cuts
with higher efficiency, especially on models 3-6, since these have very energetic events
that are relatively easy to separate from the background.

We will now attempt to make cuts that give better signal to background ratios than
the cuts made in the ATLAS paper. For this we again plot the most relevant kinematic
distributions for both background and a few signal models to choose our cuts. The
plots are shown in appendix A.2, and the cuts we chose based on them are listed in
table 7.8. Here njeptons and njets are the number of leptons (electrons and muons only)
and jets in an event that fulfill the objects definitions in table 7.6, and m; and m;; are
the invariant masses of the leading pair of leptons and jets respectively. The primed
transverse momenta p’. . are the transverse momenta of lepton number ¢ when ordered by
pr, and p’T7 ji is the same for jets, and E;Z are the energies of jet number ¢ when ordered
by pr. Finally, Sign(l) refers to the sign of the charge of lepton i when ordered by pr.
In addition to the cuts in table 7.8, we require the flavour of the two leading leptons
to be either electrons or muons, defining the electron and muon channel respectively.
The distributions of the invariant mass of the two leading leptons and two leading jets,
myyj;, for the background and signal models 3 and 4 after applying all these cuts with
an integrated luminosity of 300 fb~! are shown in figure 7.8. In the upper subplots we
again plot the signal and background in separate histograms. We see that the total
number of background events in each signal region is of the order of 1. Also, the peaks
of the signal distributions for the two models are at higher my;;; values than any of the
background events. In fact, for model 3, the two bins around my;;; = 5 TeV contain
approximately three signal events and no background events, meaning that if the signal
can be discovered, an approximate value for My, could also be deduced from these
distributions. Since we use a bin width of 1 TeV in these plots (the large bin width is
required in order to have any significant number of signal events in each bin), we expect
the precision of such a measurement to be of the order of 0.5 TeV. For model 4, there
is only around 1 signal event in the two bins, which makes the discovery slightly more
difficult.

Since it does not really make sense to calculate the expected significance in a signal
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Figure 7.8: The distributions of my;;; in each event for the full SM background and four
different LRSM models, after we applied the cuts in table 7.8 and separated into electron
and muon channels. The top plot in each subfigure shows the distributions for signal and
backgrounds, where the backgrounds are stacked on top of each other, while the signal
is plotted in a separate histogram. The bottom plot shows the ratio of the number of
signal events s to the number of background events b in each bin where it is well-defined.
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Table 7.9: The cut efficiencies on the background and signal events for each of the
simulated LRSM models in the electron and muon channels defined by our own cuts.
The number of background and signal events remaining in the respective signal region
for an integrated luminosity of 300 fb~! and the expected discovery significances both
when assuming 20% systematic uncertainty in the background, and when neglecting the
systematic uncertainty are also listed. These correspond to the expected significances of

Run 3 of the LHC.

Type of event € Nevents (300 b1 Z (0, =0.2)  Z (0, = 0)
Background 3.4 x 107! ~ 0.7 - -
le 0.026 93 24 27
Electron 2e 0.062 129 29 33
Channel 3e 0.23 3 2.8 2.9
4e 0.21 ~1 0.97 0.99
5e 0.19 ~ 0.5 0.56 0.57
Ge 0.26 0.26 0.26
Background 2.1 x 107! ~ 0.4 - -
1lmu 0.027 97 26 29
Muon 2mu 0.067 140 32 37
Channel 3mu 0.25 4 3.4 3.5
4mu 0.25 ~ 1 1.3 1.3
smu 0.25 = 0.89 0.90
6mu 0.29 0.35 0.36

region with zero background events, we will not perform an additional cut on my;; like
we did on mg; in the three lepton final state. The final electron and muon channel signal
regions are therefore the ones defined by the cuts in table 7.8 and the requirement on the
flavour of the lepton pair. The efficiencies on the background and signal models for these
two signal regions along with the expected significances for each of the signal models are
given in table 7.9. We see that our cuts have almost 50 times smaller efficiency on the
background than the cuts from the ATLAS paper, and that there is only of the order of
one background event left in our signal regions at 300 fb~!. For the signal models 1 and
2, our cuts have much smaller efficiency than the cuts from the ATLAS paper. This is
expected, since our cuts are stricter, and we focused on optimising the cuts for models
3-6. Nevertheless, we still get extremely large expected significances for models 1 and 2,
both in the electron and muon channels. We see that we succeeded in adapting the cuts
to models 3-6, as we have approximately the same efficiencies or larger than the ATLAS
paper for these signals. Since we have cut much more of the background, this leads to
much larger expected significances. We get a particularly large significance for model 3,
with almost 30 in the electron channel, and more than 30 in the muon channel. This
means that this model, with My, =5 TeV and my = 4 TeV, could almost be discovered
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Table 7.10: The number of background and LRSM signal events remaining in the two
signal regions defined by our own cuts for /s = 14 TeV and an integrated luminosity of
3000 fb~!. The expected discovery significances both when assuming 20% systematic
uncertainty in the background, and when neglecting the systematic uncertainty are also
listed. These correspond to the expected significances of the HL-LHC.

Type of event  Nevents (3000 tb™1) 7 (05, = 0.20) Z (0 = 0)

Background 7 - -
le 1066 56 94
Electron 2e 1436 66 113
Channel 3e 47 9.0 11
4e 13 3.4 4.1
5e 8 2.3 2.7
6e 3 1.1 1.3
Background 4 - -
1mu 1102 64 101
Muon 2mu 1564 7 125
Channel 3mu 52 11 14
4mu 15 4.7 5.4
dmu 11 3.7 4.1
6mu 4 1.5 1.7

during Run 3 of the LHC. Also for model 4 we get significances of approximately 1o in
the electron channel and 1.30 in the muon channel, which is far from a discovery, but
might be enough to be noticeable in experimental data. Models 5 and 6 have significances
smaller than 1o in both channels, and would therefore be difficult to discover. For all
models we see that the muon channel has larger €5 than the electron channel, and since
€p is smaller in the muon channel, the muon channel gives larger expected significances.
We also notice that since the number of background events is so small, the statistical
uncertainty dominates over the systematic one, such that the expected uncertainty with
op = 0.2 is almost identical to the one with no systematic uncertainty.

Next, we will compute the expected discovery significances of the twelve models for
the complete HL-LHC. We use the same assumptions as in section 7.2; that the cross
section of all backgrounds and the cut efficiencies on signals and background remain
the same. For the signal models, we use the /s = 14 TeV cross sections given in table
5.2°. We use the same electron and muon channel signal regions, and do not cut on
my;j;- The expected significances become as shown in table 7.10. Again, models 1 and 2
would clearly be very easy to discover at the HL-LHC (which is expected, since they are

5The case when the heavy neutrino couples to the muon gives essentially identical cross sections to the
case when it couples to the electron, since the energy of the process is so large that the mass difference
does not matter.
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already excluded). But with the increase in luminosity and signal cross section, model 3
also gets expected significances above 50, meaning that this signal can be discovered
during the HL-LHC run, both in the case of the neutrino coupling to the electron and
the case when it couples to the muon. The expected significances in the muon channel
are generally higher, with model 4 also getting very close to 5o significance, and model
5 getting 3.70, which is definitely enough to be noticeable. In the electron channel, on
the other hand, models 4 and 5 only get 3.40 and 2.30 respectively. Model 6 still gets
relatively low significance, on the order of 1o, in both channels.

Now we want to find the expected exclusion limits for our six models after Run 3
and the HL-LHC respectively. In addition to upper limits on the cross sections, we
also want to find upper limits on the right-handed weak coupling, parametrised by the
relative strength kg as follows

9Rr = gKR; (7.21)
where ¢ is the SM weak coupling constant. Translating the upper limit o, on the
cross section of the process to an upper limit liuRp on the relative right-handed coupling
is straight forward. As shown in section 5.3.2, the NWA, which is an even better
approximation when kp < 1, gives

o =o'k%, (7.22)

which immediately gives the following relation between oy, and kp,

0w =0 (k)
p Tup (7.23)
K’R = 7

For the LRSM models, we have two unknown mass parameters, and since we have only
six points in the (Myw,, my) plane, we will list the expected exclusion limits instead
of plotting them. To compute the exclusion limits, we use the same cuts on signal
and background for the electron and muon channels as before. We again assume that
the uncertainty in the integrated luminosity is negligible, and use the expressions from
equations (7.18) and (7.20) for the uncertainties in b and €;. The 95% CL expected
exclusion limits on the cross sections and relative right-handed coupling with +1o
deviations for Run 3 and the HL-LHC are given in table 7.11. In general, it must be
noted that when s} is larger than 1 the limit should not be trusted, since the NWA
breaks down for any kg significantly larger than 1, and so the assumption that o « /@%
no longer holds. We show these values in the table nevertheless, mostly to indicate the
relative difference between oy, and the signal cross section o’ for the most natural case
of kg = 1. Any model that gives kp; < 1 is obviously excluded at 95% CL if we demand
kr = 1.

Looking first at the expected limits after Run 3, we see that only models 1 and 2 are
expected to be excluded at 95% CL if no signal is seen. The expected 95% CL upper
limit that can be put on kg for these two models is around 0.2 if the heavy neutrino
couples to the electron, and a slightly lower if it couples to the muon. For model 3, the
upper limits of k= 1.5 and k= 1.2 in the electron and muon channels respectively
are probably small enough to be valid under the NWA assumption. For models 4, 5 and
6, there is no hope of excluding them after Run 3 of the LHC, as the upper limits on the
cross sections are at least ten times larger than o’.
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Table 7.11: The 95% CL expected upper limits on the cross sections and the relative
right-handed coupling strength for each LRSM signal model for both the complete Run
3 of the LHC and the complete HL-LHC run. The columns marked ¢’ give the cross
sections of each signal under the assumption kr = 1, calculated using MadGraph.

Run 3 HL-LHC
Signal model o’ [fb] (ouwp) ™17 [fb] (k)17 o' (D] (ow) I (] (K)TL7
le 12.2 0.580-1¢ 0.220-23 13.9 0.0989:4%,  0.0840-ks
2e 7.1 0.240-32 0.1993L 7.9 0.0419:993  0.0725-0%4
3e 0.051 0.129:%, 1.518 0.069  0.0149:93%,  0.448:32
4e 0.015 0.289-49 4.432 0.020  0.0169:9% 0.904:2,
5e 0.009 0.619-57 8.1%5 0.015  0.026%-91% 1.318
6e 0.0029 1158 1922 0.0046  0.0225:01% 2.23:9
Imu 12.2 0.399-75 0.189-23 13.9 0.0820 54 0.0779:49,
2mu 7.1 0.159-39 0.159-24 7.9 0.0333953  0.0649-98%
3mu 0.051  0.0709:83, 1.2+7 0.069  0.0119:9%2,  0.399:33
4mu 0.015 0.149-32 3.13¢ 0.020  0.0129:982;  0.775:28
5mu 0.009 0.229-59 4.873 0.015  0.0169:9% 1.04:45
6mu 0.0029 0.5453, 1434 0.0046  0.0169-0%¢ 1.93:2
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From the expected limits after the HL-LHC, we see that models 1, 2, 3 and 4 are
all expected to be excluded at 95% CL if no signal is seen. The exclusion limits again
tend to be slightly stricter in the muon channel, which is due to the smaller background
and higher number of signal events, as seen in table 7.10. For models 1 and 2, the 95%
CL upper limits on the relative coupling are smaller than 0.1, and as small as 0.064
for model 2mu. For model 3, x} is around 0.4, while for model 4 it is 0.90 for the
neutrino coupling to the electron and 0.77 for the neutrino coupling to the muon. Since
the current limits exclude most models with My, = 5 TeV and my < 4 TeV, we can
conclude that any model with a Wg of 5 TeV and a Majorana neutrino with my < 4.5
TeV can be excluded after the HL-LHC if no evidence is seen for this process®. Model 5
is very close to being possible to exclude at 95% CL. In the electron channel, the upper
limit on the relative coupling for this model is x5 = 1.3, while in the muon channel it is
ky = 1.03. If we relax the confidence requirement, we find that model 5mu is expected
to be excluded at 90% CL with an upper limit of k3’ = 0.89, while model 5e is excluded
at 80% CL with x}’ = 0.94. Finally, model 6 is not expected to be excluded. We can
therefore expect that after the HL-LHC, the 95% CL excluded models with My, = 6
TeV cover all heavy Majorana neutrino masses up to around 4 TeV, while my slightly
above 4 TeV can be excluded at 90% CL, under the assumption xp = 1.

5The case where mx and My, are nearly degenerate might require special treatment, so we can not
necessarily exclude all models with Mw, =5 TeV and my < Mw.
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Chapter 8

Conclusion and outlook

The seesaw mechanism provides a natural explanation for the small masses of the
Standard Model (SM) neutrinos. We have covered the theory behind three versions
of this mechanism that include new heavy neutrinos that could interact with the SM
particles. In two of these versions, the heavy neutrinos couple to the SM W, Z and Higgs
bosons, and the heavy neutrinos are either Majorana or pseudo-Dirac fermions. We call
these the Majorana and pseudo-Dirac model respectively. The third version of the seesaw
mechanism we studied is contained in the framework of the Left-Right Symmetric Model
(LRSM), and includes heavy Majorana neutrinos that couple only to a new right handed
gauge boson Wx and SM charged leptons of a specific flavour, while the Wg also couples
to SM quarks. For each of the three models we chose one particular interaction of the
heavy neutrinos to study extensively using Monte Carlo (MC) simulations at next-to
leading order in QCD. These interactions were chosen because they are well suited for
detection in a proton-proton collider experiment like the LHC, and the goal of studying
the interactions was to discover characteristics of the interactions that could be used
to aid in their discovery or give information about the underlying model if they were
discovered. For each model we also chose masses for the heavy neutrinos based on the
requirements for the seesaw mechanism, previous exclusion limits and accessibility at
the LHC. For the Majorana and pseudo-Dirac models we studied masses in the range
200 — 1200 GeV, while for the LRSM we studied Wx masses from 3 TeV to 6 TeV and
neutrino masses from 1.5 TeV to 5 TeV.

For the Majorana and pseudo-Dirac models, we chose to study the production process
of a heavy neutrino from an initial state of two quarks through a W boson, and with
decay into a final state with three charged leptons and a SM neutrino. When studying
the kinematics of this process, we discovered that the transverse momenta pr and the
transverse masses mp of the charged leptons, the azimuthal angle difference A¢ between
the charged leptons and the SM neutrino, and the invariant mass of the three charged
leptons mg; are all sensitive to the mass of the heavy neutrino. These could therefore
potentially be used to estimate the mass of the heavy neutrino if this process is detected.
We also found that, as expected, the two leptons originating from the production and
decay vertex of the heavy neutrino will always have charges with opposite signs in the
pseudo-Dirac model, while in the Majorana model the signs are opposite or the same
with equal probability. This means that the signs of the charges of these leptons can
be used to distinguish between the two models in an experiment, if the correct pair
of leptons can be identified. We therefore used our study of the process kinematics to
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develop a method for identifying this pair of leptons. We found that the best method
is to choose the pair among the three leptons with the largest pr that have the largest
value of the product pr x A¢. This method has a success rate of around 1/3 for the
lowest neutrino mass we considered, of 200 GeV, and above 90% for neutrino masses
above 800 GeV.

For the LRSM, we studied the famous Keung-Senjanovi¢ process for the case of
my < My, where my and Myy, are the masses of the heavy neutrino and Wg boson
respectively. This process has a final state of two charged leptons and two hadronic
jets. We found that this allows relatively precise determination of My, in experiments
from the invariant mass of all four final state objects, my;;;. We also discovered that
the transverse momenta of the two charged leptons can be used to determine the mass
difference between the Wx boson and the heavy Majorana neutrino. This is especially
the case when this mass difference is small, in which case we showed that one of the
charged leptons has an upper limit on its transverse momentum approximately equal to
the mass difference.

In the final part of our analysis we used the signal processes we simulated to study the
sensitivity of the ATLAS experiment at the LHC to these processes for the current Run 3
and the future High Luminosity LHC (HL-LHC). For this study, we used exclusively MC
simulated background that was generated for Run 3 ATLAS analyses. For the analysis of
the LRSM process we implemented smearing on the signal and background MC events,
which mimics the full ATLAS reconstruction algorithms. We created signal regions for
the Majorana and pseudo-Dirac signals by performing cuts on the variables that are most
efficient in separating the signal from background, and separated them into same sign
(SS) and opposite sign (OS) regions using the lepton identification method we developed.
Even with these highly specialised signal regions, we find that the strict limits on the
mixing matrix elements coupling the heavy neutrinos to the SM W boson makes it
impossible to discover these signals during Run 3. After the entire HL-LHC run with an
integrated luminosity of 3000 fb~!, we find that even for an optimistic choice of mixing
matrix elements, the signal with the highest expected significance is the Majorana model
with my = 200 GeV, with 1.60. With reasonable cuts, none of the pseudo-Dirac signals
have expected significances above 1o, which is mainly due to the larger background in
the OS region. We also computed the expected exclusion limits on the cross sections of
the Majorana and pseudo-Dirac models using Bayesian statistics. We find that none of
the models we studied can be excluded at 95% CL at the HL-LHC.

For the LRSM signals we created a signal region that performs better than the
one used in the most recent study on the Keung-Senjanovié¢ process from the ATLAS
collaboration [61], in the sense that it gives higher expected significances for Run 3. For
two models with My, = 5 TeV and my = 4 TeV or my = 4.5 TeV, we increase the
expected significance from their 0.350 (0.510) and 0.097¢ (0.140) to 2.80 (3.40) and
0.970 (1.30) for the case when the heavy neutrino couples to the electron (muon). This
means that using our method, we could expect to see evidence of the model with my =4
TeV, if it exists. In that case we also show that the distribution of my;;; could be used to
estimate Myy,, at least with a precision of around £0.5 TeV. After the entire HL-LHC
run, we find that our method is expected to give a significance above the discovery
threshold of 50 for the My, = 5 TeV, my = 4 TeV model if it exists and under the
assumption that the coupling constant gr of Wg is equal to the coupling constant g
of the SM W boson. Models with My, =5 TeV, my = 4.5 TeV and My, = 6 TeV,
mpy = 4 TeV have expected significances of 3.40 (4.7¢0) and 2.30 (3.70) for coupling to
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electrons (muons), which means they will likely be noticeable, although discovery will
be challenging after the HL-LHC. Finally, we determine the expected 95% CL upper
limits on the ratio kg = gr/g for the six different models after both Run 3 and HL-LHC.
We find that after Run 3, models with My, = 3 TeV, and my between 1.5 TeV and 2
TeV, which have already been excluded under the natural assumption kg = 1, will get
upper limits on kg of around 0.2 if no signal is seen. None of the signals we studied with
My, =5 TeV and My, =6 TeV and my > 4 TeV can be excluded after Run 3. After
the HL-LHC meanwhile, the expected limits on kg for the models with My, = 3 TeV
drop below 0.1, and models with My, =5 TeV and my between 4 and 4.5 TeV can be
excluded at 95% CL for neutrinos coupling to either electrons or muons. This would
expand the current excluded region from the ATLAS collaboration [61]. Finally, the case
with My, = 6 TeV, my = 4 TeV is expected to be excluded at 90% (80%) CL if the
neutrino couples to electrons (muons).

Although we have found that the discovery or exclusion of Majorana and pseudo-Dirac
neutrinos that couple to the W boson with masses on the order of 100 GeV to 1 TeV
is very difficult, our analysis is far from exhaustive. We focused on one specific signal
process, and there are several other options that could give better results, in particular
if one were to combine searches in multiple channels. Among the possible processes
to study there is the process analogous to the Keung-Senjanovié¢ process, with the Wg
replaced with a SM W, giving a final state of two leptons and two jets. There are also
the processes where the heavy neutrino decays to either a Z boson or a Higgs, giving
even more possible final states with new kinematics. In addition to these, there are other
next-to leading order production processes that can be important at the LHC, such as
W-photon and W-Z fusion [59]. For the LRSM case, we have found promising signs that
current and future runs of the LHC will provide sensitivity to new regions of the mass
parameter space. However, when extrapolating our analysis to the HL-LHC we made
some simplifying assumptions that most likely made our results slightly better than if
we performed a proper analysis with background simulated for the HL-LHC. In addition
to this, when simulating the production processes for large Myy,, we found that we got
large uncertainties in the cross section and a large fraction of negatively weighted events,
which may have made our results less reliable. In future studies, it may be desirable to
develop new techniques to better model the production of Wx bosons with large masses.

In addition to the seesaw types we have looked at, there are also the so-called type
2 [68] and type 3 [69] seesaw, with different particle contents and therefore completely
different phenomenology. There has also recently been done studies on the possibilities
of generating neutrino masses at 1-loop order [70], which gives an essentially endless
number of possible models each with their own new particles.

All in all, it is an exciting time for neutrino physics, as both theoretical and exper-
imental research is closing in on the mysterious properties of the neutrinos, including
the origin of their masses and their Dirac or Majorana nature. Hopefully, it will not be
long before these mysteries are uncovered, and with it new doors to physics beyond the
Standard Model could be opened.
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Appendix A

Plots used for making cuts

In this appendix we show the plots used to choose the cuts that define the signal regions
for both the three lepton final state and the two leptons and two jets final state. Both the
signals and background are Monte Carlo generated at /s = 13.6 TeV, and the number of
events is scaled to an integrated luminosity of 300 fb~!. Each plot shows the distributions
of a kinematic variable for both the SM background and a specific signal. The events
have not passed any cuts, apart from the object definitions in tables 7.1 and 7.6 for the
three lepton and 2/ 4 2j final states respectively. Then for the three lepton final state,
events are required to have at least three leptons in each events, and for the 2[ 4 2j final
state, events are required to have at least two leptons and at least two jets following the
object definitions.

Each plot contains two subplots. The top subplot shows the distributions for both
signal and background, which are stacked with the background on top of the signal. The
bottom subplot shows the ratio between the number of signal events s and the number
of background events b in each bin of the histograms above. The cuts made based on the
distributions are also marked with dashed lines in the plots. In some cases, the cut keeps
only events with higher values of the kinematic variable, while in other cases only events
with lower values are kept. The precise statements of the cuts are also given in tables 7.2
and 7.8. The cuts are chosen in an attempt to simultaneously maximize the amount of
signal event that pass the cuts, while also maximizing the ratio s/b in the signal region.

A.1 Three lepton final state

In this section, we look at the signal processes for three lepton final state, meaning the
simple Majorana or pseudo-Dirac heavy neutrino extensions of the Standard Model,
with no new gauge bosons. First we find the cuts that are shared between the signal
regions SS and OS. For this we do not care about the Majorana/pseudo-Dirac nature
of the heavy neutrino, since we expect their kinematics to be similar. We therefore
choose two versions of the extension of the SM by a single heavy Majorana neutrino
N1, one model with my = 200 GeV, and one with my = 800 GeV. In both cases the
heavy neutrino is assumed to couple most strongly to the electron, with Vp; = 0.1, while
Via = 0.1/4/10 and V;; = 0.01. The strictness of the cuts are mainly limited by the
model with my = 200 GeV, since this is the lowest value of my we will study. We see
that almost all the cuts remove a larger fraction of signal events from the 200 GeV model
than the 800 GeV model. The reason for this is that the signals with lower my have
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Figure A.1: The distributions of the number of leptons in each event for the full SM
background and the two different Majorana signal models, and the cut that was made
based on these.

kinematic distributions that are more similar to the background than the signals with
larger mpy. But since models with lower my also give larger cross sections, we can afford
to remove a larger fraction of signal events and still have enough events remaining. The
plots of the two signals along with the SM background and the cuts made are shown in
figures A.1-A.14.
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Figure A.2: The distributions of the pr of the leading lepton in each event for the full
SM background and the two different Majorana signal models, and the cut that was
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Figure A.3: The distributions of the pr of the second leading lepton in each event for
the full SM background and the two different Majorana signal models, and the cut that
was made based on these.
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Figure A.4: The distributions of the py of the third leading lepton in each event for the
full SM background and the two different Majorana signal models, and the cut that was
made based on these.
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in each event for the full SM background and the two different Majorana signal models,
and the cut that was made based on these.



Al

THREE LEPTON FINAL STATE

149

(%] (%]

€ Zjets € 0 Zjets

g = ttbar ol I ttbar

10 Wiets @10 Wiets

»5 6 N singletop B N singletop

- 10 B Diboson = 1 B Diboson

g B Ssignal g I signal
---- Cut 1 ---- Cut

£ £

5 10* \-— 2 L

o 1F o 1f
-2 -2
?‘0,4 E eevssegsevecsecene ‘1074 E
10* E canes 10* E cesasens
10° 10° aevesseete®®®
10° 10° Fseave®®t®
10*10 L L L L L 10*10 L n L L n
0 50 100 150 200 250 100 200 300 400 500
m', [GeV] m', [GeV]

(a) my = 200 GeV (b) my = 800 GeV

Figure A.6: The distributions of the invariant mass of lepton 1 and 3 when ordered by pr
in each event for the full SM background and the two different Majorana signal models,
and the cut that was made based on these.

%] (%]
c Zjets € g Zjets

o . tbar ¢ 10 I ttbar

[} Wiets [ 107 Wiets
»6 [} si_nglelop »6 [} si_nglelop
- B Diboson . 105 B Diboson
g I Signal g I Signal
< ---- Cut < 10 ---- Cut

> =]

z z1

2 1F 2 1F

907 E Cieeess 907 E

1074: Ceeeee 0000000009 bl XX R84 1074: Ceeeeee® 2000000 ,%"

10° 2 10° seeeeeeete?

107 F 107 wes?”

10797720 40 60 80 100 120 140 160 180 200 10 50 100 150 200 250 300 350 400
m', ; [GeV] m', ; [GeV]

(a) my = 200 GeV (b) my = 800 GeV

Figure A.7: The distributions of the invariant mass of lepton 2 and 3 when ordered by pr
in each event for the full SM background and the two different Majorana signal models,
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the final state neutrino in each event for the full SM background and the two different
Majorana signal models, and the cut that was made based on these.
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Figure A.10: The distributions of the A¢ of the leading and second leading charged
leptons in each event for the full SM background and the two different Majorana signal
models, and the cut that was made based on these.
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Figure A.11: The distributions of the A¢ of the leading and third leading charged leptons
in each event for the full SM background and the two different Majorana signal models,
and the cut that was made based on these.
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Figure A.12: The distributions of the A¢ of the second and third leading charged leptons
in each event for the full SM background and the two different Majorana signal models,
and the cut that was made based on these.
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Figure A.13: The distributions of the hadronic activity in each event for the full SM
background and the two different Majorana signal models, and the cut that was made
based on these.
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Figure A.14: The distributions of the missing transverse energy Eqni’iss in each event for
the full SM background and the two different Majorana signal models, and the cut that
was made based on these.
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Figure A.15: The distributions of the number of leptons in each event for the full SM
background and the two different LRSM signal models, and the cut that was made based
on these.

A.2 2142j final state

In this section, we look at the signal processes for the LRSM model with the two lepton
and two jet final state. We want to choose the cuts that define our single signal region,
which is subsequently split into a electron channel and a muon channel. As we saw in
section 6.5, the relative mass difference is one of the most important factors for the
kinematics of the signal. We therefore use models 4 and 5 for the kinematical cuts, since
model 4 has the smallest relative difference between my and Myy g, while model 5 has
the largest relative difference of the models 3—6, which are the main focus of our analysis.
The plots of these two signals along with the SM background and the cuts made are
shown in figures A.15-A.26.
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Figure A.16: The distributions of the number of jets in each event for the full SM
background and the two different LRSM signal models, and the cut that was made based

on these.
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Figure A.17: The distributions of the transverse momentum of the leading lepton in each
event for the full SM background and the two different LRSM signal models, and the cut

that was made based on these.
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Figure A.18: The distributions of the transverse momentum of the second leading lepton
in each event for the full SM background and the two different LRSM signal models, and
the cut that was made based on these.
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Figure A.19: The distributions of the transverse momentum of the leading jet in each
event for the full SM background and the two different LRSM signal models, and the cut
that was made based on these.
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Figure A.20: The distributions of the transverse momentum of the second leading jet in

each event for the full SM background and the two different LRSM signal models, and
the cut that was made based on these.
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Figure A.21: The distributions of the energy of the leading jet in each event for the full
SM background and the two different LRSM signal models, and the cut that was made

based on these.



158 APPENDIX A. PLOTS USED FOR MAKING CUTS

Zjets Zjets

. ttbar . ttbar

Wiets Wiets
[} sl_ng\elop [ | sl_nglelop
B Diboson B Diboson
B signal B signal
---- Cut

---- Cut

el el

G G

10745 Ceeseeeee se e e fe®s e eesed 1045 Ciieeseeeees ce 0o g e .
10° E oo’ 10° E PR Rl

10, et 10, e

10 500 1000 1500 2000 2500 3000 3500 4000 070 500 1000 1500 2000 2500 3000 3500 4000

E’, [GeV] E’, [GeV]

(a) Model 4e (b) Model 5e

Figure A.22: The distributions of the energy of the second leading jet in each event for

the full SM background and the two different LRSM signal models, and the cut that was
made based on these.
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Figure A.23: The distributions of the hadronic activity in each event for the full SM

background and the two different LRSM signal models, and the cut that was made based
on these.
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Figure A.24: The distributions of the invariant mass of the two leading leptons in each
event for the full SM background and the two different LRSM signal models, and the cut

that was made based on these.
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Figure A.25: The distributions of the invariant mass of the two leading jets in each event
for the full SM background and the two different LRSM signal models, and the cut that

was made based on these.
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Figure A.26: The distributions of the product of the charges of the two leading leptons
in each event for the full SM background and the two different LRSM signal models, and
the cut that was made based on these.
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