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Abstract

Within the Standard Model of particle physics, neutrinos are massless. However, the ex-
perimental observation of flavour oscillations suggests otherwise, motivating the search for
Beyond the Standard Model extensions.

Among these, Seesaw mechanisms offer a natural explanation for the lightness of neutrino
masses, especially when embedded within the Left-Right Symmetric Model.

This thesis presents a feasibility study for a search for heavy Majorana neutrinos predicted
by this model, based on data collected by the ATLAS detector at CERN.

The theoretical framework and the Monte Carlo simulation methods used to model both
Standard Model background processes and the Beyond the Standard Model signal are intro-
duced. The study then aims at improving the expected sensitivity of the search targeting the
heavy-neutrino decay into a dilepton and multi-jets final state, using proton-proton collision
data at centre-of-mass energy /s = 13 TeV, corresponding to 140 fb~! integrated luminosity
collected during LHC Run 2. The signal Monte Carlo model is validated at truth-level,
alternative selection strategies are developed and their efficiency is quantified. Finally, the
expected sensitivity is estimated through a statistical fit and compared to the baseline analysis
approach.
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Introduction

The Standard Model (SM) represents one of the greatest achievements of modern particle
physics. It provides a remarkably good description of almost all current experimental data,
by including fundamental particles and forces acting between them at the subatomic scale,
with the notable exception of gravity. However, the model fails to account for several key
experimental observations, such as the existence of non-zero neutrino masses, thus motivating
the search for new physics Beyond the Standard Model (BSM).

BSM extensions typically introduce new particles and interactions at energy scales poten-
tially accessible at colliders. Among these frameworks there are the so-called Seesaw mech-
anisms, which enlarge the SM by introducing heavy-neutrinos. An appealing model from an
experimental point of view, leading to rich collider phenomenology, is the Left-Right Sym-
metric Model (LRSM), which naturally embeds Type-I and Type-II of the above-mentioned
Seesaw mechanisms.

An excellent environment to probe such scenarios is the Large Hadron Collider (LHC),
and more specifically, the ATLAS (A Torodidal LHC ApparatuS) detector with its optimal
capability to reconstruct proton-proton interaction products and study processes with very
small cross sections O (10 — 100) fb, as the ones expected for BSM processes.

In this thesis, it is presented a search for heavy-neutrinos in proton-proton collision
data collected by the ATLAS detector during LHC Run 2, at a centre-of-mass energy of
v/s = 13 TeV. Starting from an existing analysis that investigates a LRSM-allowed process
never searched for at colliders, this work focuses on identifying and quantifying the optimal
event selection strategy to maximise the signal selection efficiency and analysis sensitivity.
The approach adopted is that of a relative efficiency study: starting from the baseline selection
used in the ongoing ATLAS analysis, an alternative selection strategy is constructed by
introducing variations to the final state objects requirements. Studies of the final-state
leptons and jet transverse momentum thresholds are presented. The final goal is to compute
a scale factor quantifying the gain or loss in signal efficiency induced by each variation of
the event selection. This is complemented by an estimate of the expected sensitivity obtained
through a statistical fit. Together, these results provide a concrete strategy for improving
the signal sensitivity of the existing analysis, guiding future optimisation efforts towards the
observation of this new class of phenomena.

In Chapter 1, the theoretical framework is presented, starting from a brief overview of
the SM, which paves the way to more exotic BSM scenarios, including Seesaw mechanisms
and LRSM. A description of the ATLAS detector, its sub-detectors, Trigger and Data Ac-
quisition systems is given in Chapter 2, followed by the exploited reconstruction techniques
and simulation strategies in Chapter 3. The truth-level MC validation and its results are



presented in Chapter 4. Finally, Chapter 5 presents the event selection optimisation and scale
factor computation, complemented by an approximate smearing-based extrapolation towards
reconstruction level and a statistical fit estimating the expected analysis sensitivity.






Chapter 1

Theoretical framework

The SM is the most powerful tool able to describe the fundamental constituents of matter
and their interactions, that includes three out of the four fundamental forces known in nature:
electromagnetic, weak and strong force. However, some experimental observations such as
the existence of non-zero neutrino masses, which are extraordinarily small compared with
those of the other SM fermions, remain unaccounted for. A possible explanation for both the
origin and the smallness of neutrino masses is offered by extensions of the SM that introduce
Heavy Neutral Leptons.

In this chapter, an overview of the particles and forces included in the SM is discussed.
A description of the BSM frameworks which can address this problem is then provided. In
particular, the focus is placed on Seesaw mechanisms and the LRSM, which embeds Type-I
and Type-II Seesaw scenarios.

1.1 The Standard Model of particle physics: theoretical
formalism

In terms of Group Theory, the SM is a Quantum Field Theory (QFT) [1] built upon the
principle of local gauge invariance of the group

SU(3)c x SU2)L x U(1)y (1.1)

where the Non-Abelian Special Unitary group SU(3)c represents the strong interaction,
governed by Quantum Chromodynamic (QCD) (Sec. 1.3), while the combination of SU(2) X
U(1)y represents the unification of electromagnetic and weak interaction into Electroweak
interaction (Sec. 1.5), described by the Glashow-Weinberg-Salam (GSW) Model. Finally
the Unitary group U(1)y is associated to the weak hypercharge. The subscripts in (Eq. 1.1)
denote respectively the colour charge of the strong interaction (C), the weak isospin of the
left-handed (LH) sector (L) and the weak hypercharge (Y).

Within the SM, interactions between matter fields consist in an exchange of elementary
particles called mediators or gauge bosons. Using Lie’s Algebra group formalism, the number
of these gauge bosons can be found and this is related to the number of generators of each

group:

» SU(3) has 8 generators corresponding to the 8 mediators of strong force, the massless
gluons;
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* SU(2) has 3 generators corresponding to the 3 gauge fields W;;
e U(1) has 1 generator, corresponding to the gauge field B.

Notice that, W; and B are not the actual electroweak physical bosons W* and Z°. The physical
mediators are instead a linear combinations of the gauge fields W; and B.

Under the exact local gauge symmetry (Eq. 1.1) all bosons are predicted as massless,
nevertheless, W* and Z° are proved to be massive. To explain this, Higgs, Englert and Brout
proposed the Spontaneous Symmetry Breaking (SSB) mechanism [2, 3], which introduces an
additional neutral scalar (spin-0) Higgs field, able to give mass to the SM particles (Sec. 1.5.1).

1.1.1 The Standard Model constituents

The fundamental particles of the SM can be distinguished into two classes, depending on
their spin [4]: the mediators of interactions, bosons, have an integer spin and follow the so
called Bose-Einstein statistics, while fermions, which represent the elementary constituents
of matter, have semi-integer spin and follow the Fermi-Dirac statistics. In the SM there are
twelve fundamental spin-% fermions, with a corresponding antiparticle with opposite quantum
numbers each. The SM fermions are organised into three generations with increasing mass
(Fig. 1.1) and each generation contains one SU(2), doublet of quarks and one SU(2), doublet

of leptons:
u c t Ve Vi Vr 12
(d)L, (S)L’ (b)L’ (e_)L’ ('“_)L’ (T_)L . (-2

First generation Ve e d
o
S d ti vu " ° s
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Figure 1.1: Graphical representation of the three generations of fermions: the masses of
the elementary particles are depicted as spheres of constant density. In reality, fundamental
particles are believed to be point-like [4].

° @

The right-handed (RH) components of the charged fermions transform as SU(2);, singlets:
ug, dg, ey, together with their second and third-generation counterparts. Crucially, this
means that no RH-neutrino is present in the SM framework.

Quarks carry colour charge and are therefore directly subject to the strong interaction,
differently from leptons which are colour-neutral. However, both quarks and charged leptons
can participate to electroweak interactions. The existence of exactly three generations of
fermions is one of the unexplained features of the SM.
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Finally, the particle spectrum is completed by the presence of a spin-0 Higgs boson
H, observed for the first time in 2012 by the ATLAS and CMS Collaborations! [5, 6],
representing the only physical scalar of SM, remaining after the SU(2);, x U(1)y gauge
symmetry breaking.

1.2 Quantum Electrodynamics

Quantum ElectroDynamics (QED) [4] is an Abelian theory describing electromagnetism,
which involves interactions between charged particles, mediated by the spin-1 massless
photon. It is based on the gauge group U(1) and is derived starting from Maxwell’s equations
and the free Dirac Lagrangian

Lp =y (iy"d, —my (1.3)

where  is the Dirac spinor, ¥ = ¢y is the adjoint spinor and m is the fermion mass, to
which gauge invariance under local U(1) phase transformation

¢/ N wl — e—iea(x)w (14)

is imposed. This forces the introduction of a gauge field, the photon field, and the replacement
of the derivative with the so called covariant derivative D, = d,, +ieA,. At this point, the
Lagrangian for QED can be written as

_ 1
LQED = W(iyua,u —m)y — ZF,qu#V - j#Au (1.5)

where jH = qyy*y represents the conserved electromagnetic current, that arises as a direct
consequence of Noether’s theorem? [7] applied to U(1), and F, u = 0,A, —0,A, Maxwell’s
electromagnetic tensor. The terms that compose this Lagrangian represent respectively
the free propagation of the fermion (¥ (iy*d, — m)y), the free propagation of the photon
(Al,F wF*Y) and the interaction between the two (j#A,). Notice that, a mass term for the
photon of the type %mzAﬂA“ would break local gauge invariance, therefore the photon is
required to be strictly massless.

1.3 Quantum Chromodynamics

Quantum Chromodynamics (QCD) [8] is the gauge theory of the strong interaction, described
by the SU(3)c gauge group. The theory was developed in the early 1970s and accounts for the
binding of quarks into hadrons and the interactions among hadrons. The QCD Lagrangian is

- . 1
~£QCD = Z wq,a(n’”aﬂéab - gsV”fgbAS - mqéah)‘//q,b - ZF;?VFA/N , (1.6)
q

'In July 2012, the ATLAS and CMS collaborations announced the observation of a new scalar boson with
mass mpg = 125 GeV, consistent with the SM Higgs boson, representing one of the most significant experimental
confirmations of the SM.

ZNoether’s theorem relates continuous symmetries with conserved quantities. It states that every continous
symmetry of the Lagrangian gives rise to a conserved current j# since the equation of motion implies d,, j# = 0;
moreover, every conserved current gives rise to a conserved charge Q = fR3 d3x 0.



CHAPTER 1. THEORETICAL FRAMEWORK

where the sum is done over quark flavours g € {u, d, s, c, b, t}, ﬁq,a and ¥, 5, are the quark
field spinors of colour index a and b, y* are the 4 X 4 Dirac matrices, g, is the strong
coupling constant (the dimensionless a; = g% /(4r) is the analogous to the fine-structure
constant in electromagnetism), tgb = %ﬁc where 1€ are the Gell-Mann matrices, related to
the 8 generators of SU(3), AS (C =1,...,8) are the eight gluon fields associated with the
generators of SU(3)c, m,, are the quark masses and F/ ;‘V is the gluon field strength tensor, that

can be expressed as
F2, = 0,A) — 0,A% + g, fAc AL AT, (1.7)

where fﬁc are the SU(3) structure constants. The non-Abelian nature of SU(3)¢, given by the
fact that its generators do not commute, [tA, tB | =ifa 5ctC, implies that gluons carry colour
charge themselves, giving rise to three and four-gluon self-interaction vertices (Fig. 1.2), a
very defining feature which has no counterpart in electromagnetism, for example.

9 9 9

(=]

9 9 9 9

Figure 1.2: QCD vertices: the presence of self-interactions arises from the request of local
gauge invariance under SU(3)c [4].

A peculiarity of the strong ay = g2/(4n) is that it depends on the energy scale of the
interaction a;(Q?), so it is said to be running and therefore indicates the effective strength of
the strong interaction in that given process, at a given energy scale. This energy dependence
arises from the structure of the QCD vacuum and is responsible for increasing «; at low
energies, while decreasing it at Agcp = 200 MeV. This strong-coupling regime is responsible
for the so called confinement of quarks and gluons, which are never observed as free particles
but are always bound into colour-neutral states, called hadrons.

1.4 Weak interactions

Weak interactions are the one responsible for S-decays. In 1930, W. Pauli [9] hypothesized
the existence of a new particle, the neutrino, to solve an apparent problem of violation of
energy, momentum and angular momentum conservation for these types of decays. Pauli’s
idea was then formalized by E. Fermi [10] into a model for beta decays, which inspired the
modern description of all weak-interaction processes.

1.4.1 Fermi theory for 5-decay

In his original theory (1934), in analogy with QED, Fermi represented S5-decay as an in-
teraction between two currents, each carrying the weak charge. Unlike the electromagnetic
force, which is mediated by the photon and has a long range (R — oo, so massless boson),
the weak force has a very short range (R = 1078 m), so the currents interact directly at a
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single point, without a mediator (point-like interaction). This interaction causes a transfer of
electric (weak) charge between the currents, changing the nature of the particles involved. In
neutron beta-decay, for instance, the neutron current gains one unit of charge and transforms
into a proton-current, while the electron-current loses one unit of charge and transforms into
a neutrino current. At the end, the overall process is charge-neutral, but individual currents
“transfer” charge between each other.

Although providing excellent explanations and predictions for experimental observables,
this theory was still incomplete. The dimensionality of the coupling constant (Gg, which
characterises the strength of the interaction) makes the theory non-renormalisable and the
assumption of parity? conservation was later rejected following the results of Madame Wu’s
experiment [11]. Nevertheless, Fermi’s theory still remains an effective low-energy limit for
electroweak interactions (Sec. 1.5).

1.4.2 Important features

Weak interactions [12] can be described with the Non-Abelian SU(2); symmetry group,
known as the weak isospin group, which has three generators 1,,a = 1,2,3. In two-
dimensional representation, I, = %" where Ty, T, 73 are the three Pauli Matrices. An
important feature that distinguishes weak interactions from the other two types mentioned
before, which are “felt” only by electrically-charged or colour-charged particles respectively,
is that all the twelve fundamental fermions carry the weak isospin and therefore, they can all
undergo weak interactions.

A peculiarity of weak interactions is also that they have a chiral nature, coupling only to
LH SU(2)., fermionic doublets. RH fields instead, are said to be singlets under SU(2);, gauge
group and so do not participate in weak charged-current (CC) interactions (Sec. 1.4.3). This
fact was established experimentally thanks to the observation of parity violation in nuclear
B-decays with the famous Madame Wu’s experiment, and it is taken into consideration in the
SM via the V — A (vector minus axial-vector) structure of weak CC

Jec = %VLV#IL = %97"(1 - )1 (1.8)
where y° = iy%y'y?y3 is the chirality operator*, that couples W* bosons, mediators of
CC interactions, to lepton doublets. A consequence of the chiral structure of this type of
interactions is that the SM neutrinos are only LH [13], while their antiparticles are always RH.
Therefore, neutrinos appear only in the SU(2);. doublet and have no RH counterpart in the
field content. Moreover, since no gauge-invariant Dirac mass term mpVyvg can be written
for the mass term of the Lagrangian of weak interactions (Sec. 1.5.1), neutrinos are massless
in the SM (in conflict with the observation of neutrino flavour oscillations’ [14, 15]).

Finally, since weak interactions violate parity (P¢(X,f) = ¢(=%,t)) and also charge
conjugation (C(particle) = antiparticle), for the C PT-theorem they also violate time reversal
(Tp(xX,1) = ¢(X, —t)), again differently with respect to both QED and QCD interactions.

3Parity is a symmetry transformation for which  — Py = yoi, where i is a solution of the Dirac equation
and P is the parity operator.

4Chiral projection operators are defined as P; = %(1 —v%) and Pg = %(1 +77) and are used to decompose
Dirac spinors into LH and RH chiral components.

>Neutrino oscillations are a quantum mechanical phenomenon, in which a neutrino of a specific flavour
(electron, muon or tau) can transform into one of another flavour, as it propagates through space.
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1.4.3 Mediators of the interactions

Weak interactions can be mediated by three massive vector bosons W* and Z° (Fig. 1.3),
which do not bring a colour-charge. The 79 boson mediates neutral current (NC) interactions,
whose existence was confirmed experimentally at CERN in 1973, with the Gargamelle bubble
chamber [16]. CC interactions instead are mediated by W=* bosons.

p p n X XI

w+ W~ z°

- ARG g

Uy vy

Figure 1.3: Examples of Feynman diagrams for charged current interaction mediated by W*
(on the left) and W~ (in the middle), and neutral current interaction mediated by Z9 (on the
right). [17]

Despite having an intrinsic coupling strength ay =~ 3—10, larger than the one for QED (o =~ %),
the weak interaction is heavily suppressed at low energies due to the large masses of its
mediators W* and Z°, respectively My- =~ 80.4GeV and M, =~ 91.2GeV. At energies of
the order of the Fermi scale (approximately 100 GeV), however, this suppression is lifted and
the weak interaction is expected to reach a strength comparable to the electromagnetic one,
making their unification possible.

1.5 Electroweak theory

In the 1960s, Glashow, Weinberg and Salam (GWS) formulated the gauge theory of Elec-
troWeak (EW) interactions [18, 19, 20], which together with the Spontaneous Symmetry
Breaking mechanism (SSB), allows for the correct unification of weak and electromagnetic
interactions.

This gauge theory is based on the group SU(2)r X U(1)y [12], where the Special Unitary
group SU(2)L, of weak interactions unifies with the Unitary group U(1)y, where Y stands for
hypercharge, related to the third component of the weak isospin /3 through the Gell-Mann-
Nishijima relation [21, 22]

Q:h+§ (1.9)
being Q the charge operator.

In the EW theory, two independent coupling constants are considered: g, for SU(2),
and g’, for U(1)y. Moreover, to preserve local gauge invariance of the new group, also three
bosonic fields A5 with a = 1,2, 3, associated with the three generators of SU(2)., group
(I1, I, I3), and one bosonic field B,,, associated with the generator of U(1)y group (Y), are
needed. However, these are not yet the physical gauge bosons that mediate EW interactions,
which actually appear thanks to the mixing of fields after Electroweak Spontaneous Symmetry
Breaking (EWSSB).
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1.5.1 Higgs mechanism and Electroweak Symmetry Breaking

In the SM, all elementary particles are massless at the Lagrangian level before SSB; however,
it is experimentally proven that the W* and Z° bosons, as well as the other fermions of the
SM, are massive. These masses can be provided by a mechanism which is known as the
Brout-Englert-Higgs mechanism of SSB. In the GWS model, this mechanism is applied to
the SU(2)L x U(1)y local gauge symmetry and is able to provide masses for the three weak
mediators W* and Z° bosons, keeping the electromagnetic mediator, the photon, massless.
In general, the Higgs mechanism is based on two complex scalar fields placed in an SU(2),
weak isospin doublet ¢, with hypercharge Y = +1,

(¢ _ 1 (g1 +ign
‘" (¢°) R (¢3 +z‘¢4)’ 110

where the neutral component of the doublet ¢° and the charged component ¢ are needed to
generate the electroweak bosons. The Lagrangian for this doublet is

Lniggs = (Duo)" (D ¢) -V (9) (1.11)
with D, standing for the covariant derivative and V being the Higgs potential
V(g) = 120"+ A(4'¢)%,  1>0. (1.12)
This potential, for 4% < 0, has an infinite set of degenerate minima satisfying
2 2
fp=-E£ =L 1.13
#'9=-5= (1.13)

where v is the so called Vacuum Expectation Value (VEV). By choosing a specific value for
v, the SU(2)r, X U(1)y symmetry can be spontaneously broken down to U(1)y, preserving
electromagnetic gauge invariance. This choice is dictated by the need of the neutral photon
to remain massless after SSB and so the neutral scalar field ¢° needs to acquire a non-zero
VEV

I {0
0]¢|0) = — . 1.14
(0/6[0) vi(v) (1.14)

At this point, considering Goldstone Theorem® [23, 24] and working in the so called Unitary
Gauge, where the three Goldstone bosons (which would be massless scalar degrees of freedom
otherwise) are absorbed as the longitudinal states of polarisation for the weak bosons W* and
70, the Higgs doublet can be rewritten as

¢= %(V +(;l(x))’ (1.15)

where h(x) is the physical Higgs field. Substituting this into the Lagrangian (Eq. 1.11), in
the term containing the covariant derivative D, = 9, + igAj;l, + ig’%B#, the gauge boson
masses can be determined. For the W=, the mass is found to be equal to

1

my = Egv, (1.16)

®The Goldstone Theorem states that whenever a continuous global symmetry is spontaneously broken, the
spectrum contains at least a massless, spin-zero boson and there are as many Goldstone Bosons as the broken
generators of the symmetry.

10
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where g is exactly the weak coupling constant and v the VEV of the Higgs field. For the
photon and the Z° instead, considering the term in the Lagrangian that contains a mix between
the Az and B, and diagonalising the resulting mass matrix, one massless eigenstate, identified

as the photon, and one massive eigenstate, identified as the 7Y can be found

A, = cosbwB, + sin HWAZ, Z, = —sinfyB, + cos HWAZ, (1.17)
2
where the angle 0y is known as the Weinberg angle and is defined such that sin® 6y = 1— m—VZV
Z

Finally, the mass of the 7Y can be written as

1
mz = ~v\/g? + g2 = ¥ (1.18)

2 cos Oy’

correctly predicted by the GSW model and experimentally confirmed at LEP in the 1990s
[25].

Fermion masses and Yukawa couplings

For what concerns fermion masses instead, they are generated thanks to the Yukawa interac-
tions between the Higgs doublet and fermionic fields. In the lepton sector, the Yukawa part
of the Lagrangian can be written as:

Liawa = V1 Lol +hec., (1.19)

where y; is the Yukawa coupling for leptons and, after SSB, the mass for charged leptons

appears as
_w

A
A similar expression can be found also for the quarks, involving the so called Cabibbo-
Kobayashi-Maskawa (CKM) matrix’ [26, 27]. Nevertheless, since in the SM there are no
RH-neutrinos, there is no Yukawa term for them, so their masses cannot be explained using
the same mechanism as above, as will be discussed in Sec. 1.7.

(1.20)

m

1.6 Limitations of the Standard Model

Despite its extraordinary success, the SM is an incomplete theory and this fact is supported
by several experimental observations and theoretical considerations, like:

* Neutrino masses: the observation of neutrino flavour oscillations is the most evident
experimental proof that neutrinos have non-zero masses, in contradiction with what
expected from the SM, which predicts them as massless;

"The CKM unitary matrix relates the mass eigenstates (d, s, b) to the weak eigenstates (d’,s’, b") in the
quark sector. The unitary matrix for neutrino mixing is instead the Pontecorvo-Maki-Nakagawa-Sakata (PMNS)
matrix.

11
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* Matter-antimatter asymmetry in Universe: as cosmological observations have
shown, the Universe is composed almost entirely by matter. However, right after
the Big Bang, the difference between baryons and antibaryons was zero, meaning that
there was the same amount of matter and antimatter. To explain this, the three Sakharov
conditions [28] required for baryogenesis involve: baryon number violation, C and CP
violation and departure from thermal equilibrium. Even if these conditions are qualita-
tively satisfied in the SM, the amount of CP violation in the quark sector is insufficient
to account for the observed asymmetry;

* Dark matter: evidence for dark matter emerged from two independent lines of obser-
vation. In the 1930s, F. Zwicky noted that the velocity dispersion of galaxies in the
Coma Cluster was far too large to be explained by the visible mass alone, postulating the
existence of unseen matter. Later, in the 1960s, V.C. Rubin studied stellar motions in
the Andromeda Galaxy and found an inconsistency involving the behaviour of galactic
rotation curves. With the distribution of visible matter alone, Newtonian gravity pre-
dicts that rotational velocities should decline with increasing distance from the galactic
centre. However, observations revealed that rotation curves remain flat also at large
radii. This implies the existence of a non-luminous, gravitationally interacting mass
component, which was indicated as dark matter. This is now estimated to constitute
roughly 84% of all matter in the Universe, but it is not accounted for in the SM;

* Absence of gravity: even if it has a very solid structure, the SM does not include
gravity. This is not a problem in the region of interest of collider experiments, where
gravitational effects are believed to be negligible, but in the end, a complete theory
must unify all of the four fundamental forces.

Overall, these facts suggest that the SM must be revised in some sense, to reach a more
fundamental form and this legitimates the study of BSM physics.

Among all the experimental facts listed above, neutrino masses represent the most direct
proof of BSM physics, since they require at least the introduction of new fields to generate
the observed flavour oscillations. The following discussion is dedicated to the introduction
of these new theoretical frameworks, which aim to connect the existence and the smallness
of neutrino masses with a new BSM scenario at high energy scales.

1.7 Neutrino mass generation mechanisms: Standard Model
and beyond

Up to date, only upper limits on neutrino masses could be established experimentally.

The most stringent constraints on electron neutrino mass were obtained by the KATRIN
experiment [29] (2025), through the study of the endpoint of the electron energy spectrum in
nuclear S-decay of tritium (*H), leading to

my, < 0.45eV (1.21)

at 90% Confidence Level (CL).
Constraints on muon neutrino mass instead, arose from measurements performed at PSI [30],
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involving the kinematics of pion-decay, leading to
my, < 170 KeV (1.22)

at 90% CL.
Finally, limits on the tau neutrino mass were obtained from direct kinematical studies of rare
tau-decay 7~ — 377 2n" v, by ALEPH (LEP) [31], yielding

my, < 18.2MeV. (1.23)

at 95% CL.

It is worth noticing that neutrino masses are only upper bounds and their absolute values
and hierarchy are still unknown. Nevertheless, these masses are much smaller with respect
to the ones of the other fermions (Fig. 1.4) and the origin of this huge suppression is still an
open question in particle physics.

Standard Model Fermion Mass Spectrum
1000 TeV o
@ Neutrinos
¢ Charged leptons
Quarks
1 Tev-

Mass

1 MeV -

~ 7 orders
of magnitude

1eV-

Figure 1.4: Fermion mass spectra: the log scale on the y-axis highlights the range of masses.
This spans over 17 orders of magnitude, from the sub-eV for neutrinos, to the approximately
173 GeV of the top quark. The arrow is used to underline that from the heaviest neutrino to
the lightest charged lepton there are approximately 7 orders of magnitude, still unexplained.

A simple way to generate these small neutrino masses is to introduce RH heavy-neutrinos,
one for each generation [32].

1.7.1 Naturalness problem

Itis possible to show that, if neutrinos acquire their masses through the same mechanism of all
other fermions, this would lead to a “naturalness” problem, involving the value of the Yukawa
coupling. In fact, assuming neutrinos to be pure Dirac particles and introducing RH-neutrino
fields within the SM Lagrangian, the fermion mass terms, generated after EWSSB, would
take the form y

nmy =yy 7 (1.24)

1%
mp =y — (1.25)

V2
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where v ~ 246 GeV is the VEV and y,, y; are the Yukawa couplings for neutrinos and leptons,
respectively.

Now, considering the mass of the electron m, ~ 0.5 MeV and a neutrino mass of m, =~
0.05 eV (coherent with limits from oscillation experiments), the couplings would look like

Vy = 10_13 Ly = 10_6 (126)

with 7 orders of magnitude of difference between one another.
This problem can be solved by extending the model to include Majorana fermions, as will
be discussed in the following section.

1.7.2 Majorana fermions

Neutral, massive fermions can be described with Majorana spinors ¢ = ¢ + ¢E (or ¢ =
or + ¢g) [12]. If neutrinos were assumed to be Majorana particles, then they would satisfy
the Majorana condition v = v, meaning that there would be no distinction between neutrinos
and their antiparticles.

Within this framework, neutrino masses can arise from BSM mechanisms, through the
generation of Majorana mass terms. In particular, a Majorana mass can be constructed by
coupling the LH-neutrino field vy to its charge-conjugate vf:

1
-£M = EmL(VL)CVL + h.c. (127)
where C is the operator of charge-conjugation. This term is not invariant under EW gauge
symmetry group SU(2)L X U(1)y. Nevertheless, two possibilities exist to obtain a gauge-
invariant Majorana mass:

» Effective Field Theory (EFT): in which neutrino masses arise from non-renormalisable
operators, with dimension d > 4, added to the SM Lagrangian. In this case, the
smallness of neutrino masses is naturally explained by the presence of a high-energy
scale A > v and, at leading order, this results in

V2

- (1.28)

my

¢ Seesaw mechanisms: introduced in 1979, even before the first evidence for neutrino
masses, which reduce to EFT at low energy.

1.8 EFT and Seesaw mechanisms

From an EFT perspective [33], the SM Lagrangian can be extended by adding dimension
d > 4 operators, together with a factor A*~¢, in order to preserve the true mass dimension
[E]* of the Lagrangian:

Lerr = Lsy+ Ls+ ... (1.29)

af  —
C'B

The d = 5 operator L5 = = (Lg (5*) (¢7Lg) + h.c. (Weinberg operator [34]), where cs

is the dimensionless Wilson coefficient, L = (v, ! L)T is the LH lepton doublet, L€ is the
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charge-conjugate, ¢ is the SM Higgs doublet and ¢ = io»¢*, can lead directly to neutrino
masses. Indeed, after the EWSSB

2
%

(my) ™ = f — (1.30)

and after diagonalisation, the eigenvalues of the mass matrix give the physical masses [12].
In the case of Seesaw mechanisms, the scale of A is related with the mass of a new heavy
RH-neutrino, which acts as the Seesaw partner of the light active LH one. In this case, the

light neutrino mass becomes

2

2V

m, :va—R (131)

where mp = y,v is the Dirac mass and My, is the heavy RH-neutrino mass, suppressed by
the large scale of Mg [35, 36, 37, 38].

1.8.1 Seesaw models

Due to the presence of lepton weak doublets and SM Higgs doublet in L5, both singlet
and triplet mediators can appear. Within this framework, three different realisations [39] of
Seesaw mechanism can be identified:

1. Type-I Seesaw: neutrino masses arise from the exchange of heavy fermion singlets Ng.

This leads to a Majorana mass for the light active neutrino m, ~ Y. ﬁnz—ij N, suppressed
by the large Majorana mass My of the singlet;

2. Type-II Seesaw: introduces an SU(2)p scalar triplet A = (A**, A*, A%) [40], which
couples directly to LH lepton doublets and their charge conjugates, inducing Lepton

Number Violation (LNV). The resulting neutrino mass is m, =~ YA%VZ, where

denotes the trilinear coupling between the scalar triplet and the HiggsAdoublet. This
model, together with Type-I, can be naturally embedded within the LRSM (Sec. 1.9);

3. Type-III Seesaw: introduces an SU(2); fermionic weak triplet X = (Z*, %0 %)
[40]. Differently from Type-I, X is not sterile, however it still gives the typical mass

2

vV

suppression through the same relation m, =~ YZT Ltz

All three types of Seesaw require neutrinos to be Majorana® and lead to the same relation for
the mass (Eq. 1.31). The distinguishing feature among them is the nature of the heavy fields
exchanged in the interaction, as shown in Fig. 1.5.

8In the SM instead, there are no gauge singlet or triplet Higgs scalars, so Majorana masses cannot be
generated [41].
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Figure 1.5: Seesaw models: Type-I Seesaw (left), exchanging SM singlet fermions Ng; Type-
II Seesaw (centre), exchanging SM triplet scalars A; and Type-III Seesaw (right), exchanging
SM triplet fermions Xg. The Y's are Yukawa couplings and uy is the coupling between the
scalar triplet and the Higgs doublet ¢.

1.9 Left-Right Symmetric Models

An appealing model from an experimental point of view, leading to a very rich collider
phenomenology, greatly enhanced by the prediction of additional heavy states and new
interaction channels, is the LRSM. This was motivated by the experimental observation of
parity violation by weak interactions, to search for a higher symmetry in which parity is
conserved at high energy scales and later broken spontaneously [42]. In this framework,
parity violation can emerge as a low-energy consequence of the symmetry breaking, rather
than a fundamental assumption, like in the SM.

The first formulation for a LRSM came in 1970 from Salam, Mohapatra and Pati, later
extended by Senjanovi¢ [36]. In its minimal realisation, LRSM extends the EW sector of the
SM by introducing a local SU(2)r symmetry, which leads to a gauge structure of the kind:

SU3)e x SUR2)L x SUR)r x U(1)pL (1.32)

where B and L are baryon and lepton numbers, respectively. The LRSM predicts the
existence of heavy RH-neutrinos, RH-counterparts of the W and Z bosons and minimal
Higgs fields needed for symmetry breaking. Moreover, both Dirac and Majorana mass terms
arise naturally.

1.9.1 Scalar sector

In its minimal realisation, the LRSM scalar sector [43] contains a bi-doublet @ and two scalar

triplets Ag 1.
¢0 ¢+ At /\/z At
o=|"1 , AR = 1.33
(qb1 & REZ\ A0 —av/V2 (1.33)
whose neutral components acquire VEVs. The scale of the LR-symmetry breaking is set by
(A%) = vg, while the EWSSB is given by (¢?) = v.

Expanding the scalar potential around the minimum, a 2 X 2 mass matrix for the neutral
scalars is obtained. Its diagonalisation gives the two physical mass eigenstates: the SM-like
Higgs boson H with mass m%l ~ 42v? — a*v?/p and the heavier LRSM neutral scalar A with
mass mi ~ 4,0\/%e where « and p are the quartic couplings in the scalar potential.
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The two states mix with a mixing angle

a v

0 (1.34)

~ %g
that is estimated to be around sin6 < 0.44 at 20~ CL, for mpy < 200 GeV. The Majorana
masses for heavy-neutrinos and for the Wx boson instead, arise from the Yukawa term

£ = YNLzARLR + h.c. (135)

that gives
MN = ZYNVR , MWR = VR (136)

where g stands for the gauge coupling of the new SU(2)p r, both strictly related to the scale
of LR-symmetry breaking.

1.10 LRSM-allowed phenomenology

Although the scale of LR-symmetry breaking is not fixed by the theory, LRSMs become
testable at LHC, if the mass of the RH charged gauge boson Wk lies in the TeV range [44]. In
the minimal LRSM, both the SM and the RH heavy-neutrinos are Majorana particles. This
feature allows for lepton-number-violating processes such as the Keung—Senjanovi¢ (KS)
process. The Majorana or Dirac nature of RH-neutrinos can be experimentally probed by
analysing the electric charges of the final-state leptons. Specifically, if neutrinos are Dirac
particles, the decay produces only Opposite Sign (OS) dileptons, while if they are Majorana,
their decay leads to a mixture of Same Sign (SS) and OS dileptons, with approximately equal
probabilities (50% OS - 50% SS).

1.10.1 Keung-Senjanovic process

The KS process represents the golden channel for probing LRSM, as it leads to very clear
and distinctive final state, containing two charged leptons and two jets

pp = WS S IN = 1) (1.37)

Experimentally, there are two cases that can be distinguished, depending on the mass hierarchy
between the RH gauge boson and the heavy-neutrino:

e If my, > my, (Fig. 1.6, a): the W is produced on-shell and its mass can be recon-
structed from the invariant mass of the //jj system;

o If my, < mp, (Fig. 1.6, b): the Wr is produced off-shell and the on-shell heavy-
neutrino Ny decays into a charged lepton and an on-shell Wg. In this case, the W
mass can be reconstructed from the invariant mass of the jj system.
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E=1l
0y

(a) (b)
Figure 1.6: KS process: two cases with my,, > my, (a) and my, < my, (b). The quarks in

the final state then hadronize into jets [45].

The [/jj final state in the electron and muon channels, has been studied extensively by both
ATLAS and CMS collaborations, using data collected at /s = 7, 8 and 13 TeV [46, 47,48, 49].
In these analysis, no evidence for a Wg boson or a N neutrino was observed, therefore upper
limits were set on my, and my,.

1.10.2 Lepton-number-violating Higgs decay

A fundamental feature of LRSM is the spontaneous origin of the heavy RH-neutrinos, which
follows from the breaking of SU(2)g X U(1)p., symmetry by the triplet Ag. This can be seen
as analogue to what happens in Higgs mechanism for charged fermions

Taony ocmy and T ;7 o m5 (1.38)

and suggests that lepton-number-violating decays of the A can directly probe the origin of
heavy-neutrino masses, in the same way in which SM Higgs decays can test the origin of
charged fermion masses [44].

For this reason, the LRSM channel studied in this thesis is

gg — hJ/A — NN — 20*4; (1.39)

proposed in [43, 50], with the corresponding Feynman diagram reported in Fig. 1.7.

5

G

Figure 1.7: Feynman diagram for LRSM heavy-neutrino pair production via A resonance
after gluon-gluon fusion, yielding a final state with SS or OS lepton pair and multi-jets [50].
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The SM Higgs (&), produced via gluon-gluon fusion, mixes with a neutral scalar from the
LRSM (A), which consequently decays into a pair of heavy RH Majorana neutrinos (N).
Each N, subsequently decays into a charged lepton (/*) and two jets, from the hadronic decay
of an off-shell Wx. Since the neutrinos involved in this process are Majorana, it is expected
a LNV in 50% of the events, producing a very peculiar SS dilepton final state together with
four jets and no missing energy.

This process can happen since the SM Higgs can mix with the triplet that breaks sponta-
neously LR symmetry (Sec. 1.9.1). In this way, & can decay into a pair of heavy-neutrinos
h — NN, with a decay rate normalised to the dominant 7 — bb channel, expressed as

(1.40)

T,; 3 \my) \My,

3
FNN N tan02 (I’I’l]\])2 ( MW )2 (1 4m12V)2

that is enhanced by a factor 2-3 based on the A mass (Fig. 1.8), if also QCD and NLO (Next
to Leading Order) corrections [51] are taken into consideration.

My, =3TeV
< 100 0%
= T T T
x == 0% It
iz 50 . N
= | = ffr Y
- %
T s '
= | = iy 10% \
O = Lo} !
05k
10 20 30 40 50 i)

my in GeV

Figure 1.8: Decay rate for the SM Higgs decay into a pair of heavy-neutrinos (h — NN)
normalised to the dominant process & — bb. The 10%, 20% and 30% labels are different
values of the Higgs—triplet mixing angle, specifically, they represent sin 6 = 0.1,0.2, 0.3 [43].

For the process to be experimentally accessible, the production cross-section for gg — A
(Fig. 1.9, left), as well as the Branching Ratio (BR) for the A — NN must be appreciable
(Fig. 1.9, right). This last condition is satisfied as long as 2my < Mx and my < myy, i.e.
below the threshold for decay into gauge boson pairs, where the NN final state dominates.
For what concern the production cross-section instead, this decreases rapidly with increasing
mp but remains sizeable for ma ~ 100 GeV.

19



CHAPTER 1. THEORETICAL FRAMEWORK

] — 1.000 ‘ ‘ ‘
i 0.500 - My maTov_ ]
e to: | S my = 45 GeV
s0.=(5.10200% . // \ \
E | 0100 [/
2 0050 1/ \ N
: R R L
- & { ¢y
3 0.010 \\
b% 0.005 | - :
| -
1 = . S
| AN S AT 0001, | _ L
0.1 | L 1 LA [\ ey O\ ‘ N
“ 20 50 100 200 500 100 150 500 00
e e my in GeV

Figure 1.9: Left: production cross-section 04,4 - BR(A — NN) as a function of mj,, at
Vs = 13TeV with My, = 4TeV and scalar mixing angle sin 6y = s¢ = (5, 10,20)%. Each
curve corresponds to a different value of my. Right: branching ratios for neutral scalar A
decays as a function of its mass ma, for fixed My, = 4TeV and my = 45GeV. The decay
channels into SM particles (bb, 7, WW, ZZ, g8, vy, Zy, hh, tt, cc) are shown in grey,
while the A — NN channel is highlighted in green. The coloured bands correspond to the
uncertainty on the scalar mixing angle sin§. The A — NN branching ratio is dominant in
the intermediate mass range at approximately 110 — 280 GeV [50].

An additional distinctive feature of LRSM neutrinos, is also given by their long decay lengths,
which for low N mass can be written as

0\—1
(cty)™ =

G2 [ Mw \*
F N( W) (1.41)

167‘(’3 MWR

This can vary from millimeter (prompt signatures) to several meters (displaced vertices). In
this framework, the transverse displacement [/ (Fig. 1.10) is useful to distinguish between
these scenarios: specifically, for my, = 4 TeV the signal is predominantly prompt.

T0° Bry_.uwn = 3%

[ le.hl, =4 TeV y ' | ]
60 o
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Figure 1.10: Parameter space in the (ma, my) plane where BR(A — NN) > 5%, for
My, = 4TeV and three values of the scalar mixing angle s6y = 0.05, 0.1, 0.2. Dashed lines
indicate fixed values of the heavy-neutrino decay length in the lab frame, [y = 1mm and
Iy = 1m [50].
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Two final remarks can be made regarding this process. First, to provide a concrete theoretical
estimate, for a 13 TeV run at LHC with 100fb~! luminosity, considering a mixing angle
0 ~ 10% and my = 40 GeV, together with the known cross section o(gg — h) = 43.9pb
and BR(bb) = 57%, 500 events of h — NN are expected [43].

Second, this channel is complementary to the traditional neutrinoless double beta decay
(0v2p) which is usually considered for BSM neutrino studies [52], with the (crucial) difference
that while Ov2f can probe LNV at low energies, 1 — NN — 2[*4j can be studied at LHC
energies.

1.10.3 Searches at colliders

For LRSM, KS process [53] signatures have been searched for by ATLAS and CMS, using
data at+/s = 7, 8 and 13 TeV [46, 47, 48, 49]. CMS has extended the search to hadronic 77 j
final states [54, 55] and to N production from Zg decays [56].

The channel studied in this thesis has never been searched for at any collider. It probes
the LRSM scalar sector through AOR and is complementary to the KS process, since it is
specifically optimised for my < 100 GeV, where the KS process loses sensitivity.

In the future, the High-Luminosity LHC (HL-LHC), expected to collect a total integrated
luminosity of 3 ab™! at 4/s = 14 TeV, will extend the sensitivity of all the searches described
above [57].

Beyond the LHC, the Future Circular Collider (FCC) programme at CERN represents a
step forward in the exploration of the LRSM parameter space [58]. The first stage, FCC-ee,
will operate as an electron-positron collider at centre-of-mass energies ranging from the Z
peak (/s ~ 91 GeV) to above the WW threshold, producing approximately 10'* Z bosons.
Displaced-vertex searches at the Z peak will provide the strongest sensitivity in the low-
mass regime, probing total light-heavy-neutrino mixing parameters down to |6|> =~ 10~!! for
my < 100 GeV [59], several orders of magnitude beyond current limits.

The second stage, FCC-hh, will operate as a proton-proton collider at v/s = 100 TeV with
a target integrated luminosity of 20 ab~!. In the LRSM framework, the extended centre-
of-mass energy will push the direct reach on the W mass well beyond the LHC limits,
while for my > 200 GeV, lepton-flavour-violating dilepton-dijet final states will probe light-
heavy-neutrino mixings down to approximately 107. For my < 100 GeV, displaced-vertex
searches will reach |V, x|*> =~ 107!!, an improvement of six orders of magnitude with respect
to current bounds [58, 60]. The process studied in this thesis will also benefit from the
FCC-hh environment, thanks to the much larger gluon-gluon fusion cross-section at 100 TeV
and to the increased luminosity, that will provide event yields several orders of magnitude
larger than at the LHC.

Finally, FCC-eh, combining a 60 GeV electron beam with the 50 TeV FCC-hh proton
beam at /s =~ 3.5 TeV, will offer a cleaner environment than pure proton-proton collisions.

The complementarity between FCC-ee, FCC-hh and FCC-eh will enable a comprehensive
scan of the LRSM parameter space across many orders of magnitude in both mass and
coupling, with the potential to either discover or conclusively exclude a large fraction of the
theoretically motivated parameter space.
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Chapter 2
The ATLAS Experiment at LHC

The Large Hadron Collider at CERN (Conseil Européen pour la Recherche Nucléaire), is the
world’s most powerful particle accelerator and collider. It was built to address some of the
most challenging, unanswered questions in particle physics and since becoming operational,
it has delivered an unprecedented amount of data, enabling major progress in high-energy
physics research.

In this chapter, the experimental foundations for the analyses presented in this thesis
are given. As a first thing, a description of the LHC, its operating principles and the key
parameters that characterise its performance are considered. Then, a detailed description of
the ATLAS (A Toroidal LHC ApparatuS) detector is done, considering each of its subsystems
and the roles they play in reconstructing the products of high-energy proton-proton (pp)
collisions.

2.1 The Large Hadron Collider

The LHC is located underground, near Geneva, Switzerland, in the tunnels that once hosted
the Large Electron-Positron Collider (LEP) [61]. The main ring has a circular shape (26.7 km
in circumference [62]) and particles (both protons and heavy ions) can circulate and collide
inside of it, after being accelerated up to energies of the TeV scale.

Its construction was completed in 2008, it entered physics operations in 2010 and then,
went through different running periods: Run 1 (2010-2013), colliding protons at beam
energies of 3.5 — 4 TeV [63], corresponding to centre-of-mass energies of y/s = 7 TeV and
Vs = 8 TeV, Run 2 (2015-2018), operating with protons at beam energies of 6.5 TeV [64],
corresponding to centre-of-mass energies of 1/s = 13 TeV and Run 3 (from 2022 until June
2026), exploiting a beam energy of 6.8 TeV [65], corresponding to centre-of-mass energies of
v/s = 13.5 TeV. Each LHC Run was followed by a Long Shutdown period, Long Shutdown
1,2 and 3 (LS1, LS2, LS3), during which repairs and upgrades to both LHC and experiments
were performed. After LS3, the HL-LHC project, expected in the mid-2030s, should become
operational.

At the LHC, protons are divided in bunches separated by a bunch spacing of 25ns
(corresponding to a collision frequency of f = 40 MHz), containing about 10! protons each
[66]. The injected protons are sent through a series of accelerators before reaching the main
ring (Fig. 2.1).
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The CERN accelerator complex
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Figure 2.1: LHC chain of acceleration: LHC is the big dark blue ring, anticipated by a chain
of particle accelerators. Particles are boosted throughout the chain, before being injected into
the main ring, in which they reach the highest achievable energy [67].

The acceleration chain begins when the protons are extracted from hydrogen gas and are
subsequently accelerated up to 160 MeV with a linear accelerator, LINAC 4 (since 2020),
that prepares them to enter the Proton Synchrotron Booster (BOOSTER) circular accelerator.
In here, they reach an energy of 2 GeV and are focused, through a magnet deflector, directly
into the Proton Synchrotron (PS), the oldest synchrotron circular accelerator at CERN, and
into the Super Proton Synchrotron (SPS), afterwards. The SPS represents the final stage of the
injection chain, in which protons are accelerated up to 450 GeV. After that, the beams enter
the LHC, one circulating clockwise and the other anti-clockwise, and after approximately 20
minutes, each beam reaches the final energy of 6.5 TeV. Notice that, at LHC both protons and
ions can be collided, however ions follow a slightly different path with respect to protons.

At this point, when the proton bunches reach the highest achievable energy, the two beams
are squeezed using magnets and can collide at the four Interaction Points (IPs), where the
four main LHC experiments are located:

* ALICE [68] (A Large Ion Collider Experiment): dedicated to heavy-ion physics,
mainly focusing on Pb-Pb collisions. It is designed to study the physics of Quark-
Gluon Plasma (QGP)!, produced under controlled conditions;

'The QGP is a state of matter which is believed to have filled the Universe shortly after the Big Bang, in
which quarks and gluons are no longer confined but exist in a deconfined, strongly interacting medium.
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* ATLAS (A Toroidal LHC ApparatuS) and CMS [69] (Compact Muon Solenoid):
nearly hermetic, general-purpose experiments that share very similar physics programs,
but with some differences in the designs and magnetic systems;

e LHCb [70] (Large Hadron Collider beauty): focuses on heavy-flavour physics, which
aims to study CP violation and rare decays of beauty and charm hadrons. Differently
from ATLAS and CMS, it exploits an asymmetric design to detect mainly forward-
produced particles.

2.1.1 Key parameters for collider physics experiments

In particle physics, new physics can be searched for through two complementary strategies:
direct observation of new particles, which requires sufficiently high centre-of-mass energy to
allow their production, or indirect discovery, which exploits deviations from the predictions
of known phenomena. In both cases, high energy and high luminosity are required.

The energy reach of an experiment is usually determined by the design of the experi-
mental system itself: fixed-target experiments, for example, where a single beam is shot at a
stationary target, achieve a lower energy compared to collider experiments, where two beams
of accelerated particles are brought into collision [4]. In the LHC case, circular collider
technology is exploited, enabling for the reach of the highest achievable energy.

Luminosity is used as a unit of measure for the rate of produced events and must be
carefully managed, as a too high interaction rate can introduce complications such as a too
high pile-up. However, the higher the luminosity, and the longer the machine can run, the
more data can be acquired.

Overall, the physics potential of a collider experiment is shaped by a set of important
parameters that take into consideration energy reach, beam conditions and detector response,
with centre-of-mass energy and luminosity representing the two most critical quantities.

Centre-of-mass energy

In colliders, the centre-of-mass energy +/s is a fundamental quantity which fixes the maximum
invariant mass that can be produced in a collision, thus defining the mass reach for new
particles. In the case of two beams colliding with beam energies E| and E3, the Lorentz-
invariant quantity s = E| + E», for example.

In pp collisions, since protons are composite objects made of partons (gluons and quarks),
another relevant quantity is the partonic centre-of-mass energy §. Each parton carries a
fraction x of the proton’s momentum and the energy associated to each parton is

8§ =X1x28 2.1

where x| and x, are the momentum fractions of the two interacting partons. The probability
to find a parton carrying that specific fraction of momentum in the colliding protons is given
by Parton Distribution Functions (PDFs).

Luminosity

The luminosity is also a fundamental parameter of a collider and is usually measured in units
of inverse barns (b~!), where 1 b = 1072 m?. Luminosity needs to be distinguished between
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Instantaneous Luminosity (L), associated to the event rate and Integrated Luminosity (L),
related to the total number of events which occurred. For a certain process with cross section

o, the event rate is

dN
=L (2.2)

where the instantaneous luminosity can be expressed, assuming a Gaussian profile of the
beams and head-on collisions, as a function of different beam parameters

_ Nznbfreva

L= 4r g, B* 2.3)

where N is the number of protons per bunch, n; is the number of bunches per beam, fiey 1S
the revolution frequency, &, is the normalised transverse beam emittance, 5* is the size of the
beam at the interaction point, the Lorentz factor vy is related to the fact that £ increases with
beam energy and finally F is a geometric factor accounting for the luminosity reduction due
to the crossing angle and the bunch length. Real parameters for LHC are N ~ 1.1-2.3x10'!,
np up to 2808, fiev =~ 11.245kHz, ¢, ~ 1.0 — 3.75 um, B* can vary from some cm to km and
F=~03-1.

Given L, the integrated luminosity can be computed by integrating over time

L= / Ldi 2.4)

In Run 2 of the LHC, for example, the ATLAS experiment collected an integrated luminosity
(Fig. 2.2) of approximately L ~ 140tb~! at 4/s = 13 TeV, providing a huge statistical sample
for precision measurements and searches for rare processes.

iy
[<2}
o

ATLAS

Vs=13TeV

—
S
o

F ) Delivered: 156 fb™'
r D LHC Delivered Recorded: 147 fb™!

- . -1
- [ JATLAS Recorded Psis:139%
:_ DGood for Physics

- -
@ O N
o O o

S
o

Total Integrated Luminosity [fb™"]

N
o

3 V230 V00 18 g A8 TV T8y 18
Month in Year

Figure 2.2: Integrated luminosity recorded (yellow area) and delivered (green area) by
ATLAS detector in Run 2 (2015-2018) during pp collision data-taking at 4/s = 13 TeV. The
cumulative integrated luminosity certified for physics analysis for ATLAS experiment is also
shown (light blue area) [71].
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Pile-up

Luminosity is related to a phenomenon known as pile-up (u) which represents the number
of simultaneous interactions per bunch crossing. A high value of u (u > 60) can degrade
the performance of the ATLAS sub-detectors and affect the precision of the object recon-
struction algorithms. For this reason, different complex techniques are used during particle
reconstruction to reduce these effects, both in data and Monte Carlo simulation.

LHC operations achieved an instantaneous luminosity of £ ~ 2.0 x 10**cm=2 s7! [72]
so, in this framework, each bunch crossing produced not one but many pp interactions
simultaneously, leading to overlapping signals in addition to the initial collision of interest.
The average pile-up can be expressed as

Opp
= 2.5
(u)y =L T (2.5)

where 0,, ¥ 80 mb is the inelastic pp cross-section. During Run 2, ATLAS acquired data at
(u) =~ 30, which was then increased to (u) =~ 60 in Run 3.

2.2 The ATLAS Experiment

ATLAS (Fig. 2.3) is a multi-purpose detector [73], placed approximately 100 m underground
at Point-1 of the LHC ring.

R

Tile calerimeters

LAr hadronic end-cap and
, forward calorimeters

Pixel detector

LAr electromagnetic calorimeters

Toroid magnets
Muon chambers Solenoid magnet | Transition radiation fracker
Semiconductor tracker

Figure 2.3: ATLAS detector, cut-away view [73]: the detector is 25 m in height and 44 m in
length, weighting approximately 7000 tonnes.

It has a cylindrical geometry (25 m high and 44 m long), providing an almost full 4 angular
coverage for particles produced in LHC collisions. Its coordinate system (Fig. 2.4) is defined
by placing the z-axis along the beam pipe, the x-axis pointing towards the centre of the LHC
ring and the y-axis pointing upward. The x — y plane is known as the transverse plane (to the
Z-axis).
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In this system, the azimuthal angle ¢ = arctan(%) (0 < ¢ < 2m) is measured around the

beam axis (Fig. 2.4) and the polar angle 6 = arctan —‘xz;yz (0 < 8 < m) is measured from

the positive z-axis (Fig. 2.5). Given this, 8 = 0 corresponds to the motion along +z-axis and
6 = m corresponds to the motion along —z-axis. A very useful quantity which is computed
usually is the pseudorapidity n = —1In tan(g) , preferred over polar angle since differences
in 7 are Lorentz-invariant under boosts along the beam axis and most physics objects are
distributed approximately uniformly in 7.

proton beam

proton beam
1

Figure 2.4: Schematic illustration of ATLAS coordinate system, to first approximation: the
collision point of the two beams 1 and 2 is denoted as IP and azimuthal angle ¢, pseudorapidity
n and transverse momentum p; are highlighted [66].

n=10

\] 0 N = 00

interaction proton beam
point

Figure 2.5: Illustration of the polar angle in relation with 1: n = 0 for central collisions,
perpendicular to the beam at the IP and 7 = +oo along the proton beams where 8 = 0, +7x
[66].

The ATLAS detector can be divided into three main parts:

* Inner Detector: for charged-particles tracking (Sec. 2.2.2);
* Calorimeters: for energy measurements (Sec. 2.2.3);

* Muon System: for muon tracking (Sec. 2.2.4).

During LS3, the ATLAS detector will be upgraded for HL-LHC and the major upgrades will
involve a new Inner Detector (ITk) made of all silicon, up to || = 4, to face the tougher
radiation environment and the higher y =~ 140. Other upgrades will involve muon chambers,
trigger and Data Acquisition systems and new electronics [74].
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2.2.1 ATLAS Magnetic System
The subsystems mentioned above are embedded into two magnetic field systems:

* Central Solenoid: is a thin superconducting solenoid, 5.8 m long and 2.46 m in
diameter, providing a 2 T axial field inside the Inner Detoector;

* Toroidal magnetic system: composed of a Barrel Toroid, made of eight superconduct-
ing coils arranged symmetrically around the beam axis, providing a field of approxi-
mately 0.5 — 1 T in the barrel muon region and two smaller Endcap Toroids at each
end of the barrel, providing the field for the endcap muon spectrometer.

The presence of a magnetic field is fundamental to obtain particles’ charge and momentum
information, using
_ |pl
q|B|
Where p is the curvature radius, g is the charge, p is the momentum and B is the magnetic
field.

(2.6)

2.2.2 Inner Detector

The Inner Detector (ID) (Fig. 2.6) is the main tracking device in ATLAS and also the closest
to the IP. It is immersed in a 2 T magnetic field, produced by the central solenoid which bends
the trajectories of charged particles in the transverse plane. Thanks to this characteristic,
by measuring the curvature of each track, the transverse momentum pt and the charge
sign of particles can be determined, using (Eq. 2.6). The ID covers the pseudorapidity
range |n7| < 2.5 and is designed to provide excellent spatial resolution using fine granularity
subdetectors, enabling the reconstruction of primary and secondary vertices. Specifically,
the ID is composed of three sub-detectors: the high-resolution silicon Pixel detector, the
Semiconductor Tracker (SCT) [75] and the Transition Radiation Tracker (TRT) [76].

; Pixel detectors
Barrel transition radiation fracker

End-cap transition radiation fracker

| End-cap semiconductor fracker
Figure 2.6: ATLAS ID: composed by the silicon Pixel detector, the Semiconductor Trackers

and the Transition Radiation Tracker. Provides a really high-precision charged-particle track
reconstruction [73].
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Pixel Detector

The Pixel Detector is the innermost component of the ID. Among the ID-sub-systems it has
the highest granularity and thus the highest precision for the interaction vertex reconstruction.
It consists of multiple concentric cylindrical layers in the barrel region and disk-shaped layers
in the endcaps.

The innermost layer is called Insertable B-Layer (IBL) [77] and was added during LS1. It
1s located at aradius of 33.25 mm from the beam axis and uses a new generation of silicon pixel
sensors, which improve the impact parameter resolution, consequently improving secondary
vertices identification. The other three layers of this detector are more distant from the beam
line, respectively at radii of approximately 50.5 mm, 88.5 mm and 122.5 mm.

Overall, the Pixel Detector contains 92 million readout channels, providing a very fine
granularity needed to separate tracks in the dense environment of LHC collisions.

Semiconductor Tracker

The SCT is a silicon micro-strips tracking detector that is extended in the region between
approximately 30cm and 52 cm from the beam axis. It is composed of four cylindrical
barrel layers and two endcaps composed of nine disks each [75] and was designed to provide
precise tracking information. In the barrel region, each track crosses eight strips layers
(corresponding to four space-points) with the strips placed at a distance of 80 um (between
the centres of adjacent strips), resulting in a spatial resolution of approximately 17 um in the
transverse plane and 580 um in the longitudinal one. In total, the SCT consists of about 6.3
million readout channels.

Transition Radiation Tracker

The TRT is the outermost component of the ID and differently from the other two detection
systems, it is made of several layers of gaseous straw tubes. These are filled with a Xe-based
gas mixture, specifically 70% Xe, 27% CO,, 3% O;, and are placed parallel to the beam
axis in the barrel region, while in the end-cap region they are arranged radially in wheels.
This detector has two main objectives: to provide a large number of additional track-position
measurements, approximately 36 per track, improving the overall track momentum resolution
(it provides only transversal plane spatial information, with an intrinsic accuracy of 130 um
per straw) and to detect Transition Radiation®. The intensity of this type of radiation is
related to the Lorentz factor y of the particle: a larger emission is therefore expected for light
particles (like electrons) than for heavier ones (like pions), assuming the same momentum.
In this way, it is possible to perform a very effective electron identification.

2.2.3 Calorimeters: ECAL and HCAL

The calorimeter system (Fig. 2.7) surrounds the ID covering the pseudorapidity range |n| <
4.9 and is able to perform energy and position measurements for electrons, photons and

Transition Radiation is emitted when relativistic charged particles cross interfaces between two materials
which have different dielectric constants.
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hadrons, by inducing and measuring electromagnetic® (EM) or hadronic* showers. To make
sure to have a sufficient containment of showers and to minimize the punch-through into the
muon system, calorimeters need to be sufficiently thick in terms of radiation lengths (X for
EM showers and A for hadronic ones).

Two different types of calorimeters can be distinguished: the Electromagnetic CALorime-
ter (ECAL) [79], which has a very fine granularity and is able to perform precise measurements
of the EM showers energy and position, and the Hadronic CALorimeter (HCAL) [79], which
instead has a coarser granularity and it is used mainly for jet reconstruction and Missing
Transverse Energy (MET) measurements.

Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEC)

LAr electfromagnetic

LAr electromagnetic
barrel

Figure 2.7: ATLAS calorimeters: the two Electromagnetic and Hadronic calorimeters,
respectively segmented in different sub-detectors, can be recognized [73].

Electromagnetic Calorimeter (ECAL)

Is a Lead-Liquid-Argon (LAr) sampling calorimeter that is divided into a barrel component,
covering |n| < 1.475 and two endcap components covering 1.375 < || < 3.2. It has a total
thickness in the barrel of more than 22 X, and of more than 24 X in the endcaps, resulting in
a full containment of electromagnetic showers up to some TeV. Its working principle is that
when a charged particle passes through the LAr (kept at cryogenic temperature of 88 K using
large cryostats), it ionises the medium and the resulting ionisation current is collected on the
electrodes.
The ECAL is segmented into three longitudinal layers:

* Layer 1: has a very fine segmentation in n (Ap = 0.003), which enables precise
measurements of shower width and good discrimination between photons and 7°
decays;

3Electromagnetic showers are cascades of secondary photons, electrons and positrons produced through
Bremsstrahlung and pair production, after the interaction of primary photons, electrons or positrons with matter
[78].

4Hadronic showers are cascades of secondary hadrons, initiated when a primary hadron undergoes nuclear
interactions in a dense material [78].
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* Layer 2: is the main sampling layer and contains most of the shower energy;

* Layer 3: has a less fine segmentation and is used to measure the tails of the showers to
correct energy leakage.

The energy resolution can be parametrised as [80]

b
IE_ 2 624, 2.7

E VE E
where «a is the stochastic term related to shower fluctuations, b is the noise term and c is

the constant term. The numerical values for the coefficients are derived from test-beam
measurements and detector performance studies.

Hadronic Calorimeter (HCAL)

It is constructed all around the ECAL and it is designed to contain and measure the energy
of hadronic showers. This second calorimeter is composed of three distinct sub-detectors
exploiting different technologies:

* Tile Calorimeter: is a sampling calorimeter covering the central region 0.8 < || <
1.7. It uses steel as the absorber and plastic scintillating tiles as the active medium. Its
working principle is that scintillation light is collected by wavelength-shifting fibres
and consequently read out by PhotoMultiplier Tubes (PMTs). Overall, it provides a
total depth of approximately 7.4 nuclear interaction lengths (1), resulting in a good
containment of hadronic showers;

* LAr Hadronic Endcap Calorimeter (HEC): covers the range 1.5 < || < 3.2 and
uses copper plates as absorber with LAr as the active medium, sharing cryostats with
the ECAL endcaps;

* LAr Forward Calorimeter (FCal): is the closest to the beam axis, where particle
fluxes are the highest, and covers the most forward region in the range 3.1 < || < 4.9
[81]. Ituses copper and tungsten absorbers with LAr as the active medium and provides
both electromagnetic and hadronic measurements.

2.2.4 Muon System

Since muons are the only charged particles that can escape the full calorimetric system, a
Muon Spectrometer (MS) (Fig. 2.8) is needed to cover the outermost part of ATLAS detector,
to identify muons and measure their momenta [82]. It is divided into three regions, one barrel
and two endcaps, and it is designed to be sensitive to the range of pseudorapidity |n| < 2.7
(respectively || < 1.2 for the barrel region and 1 < |p| < 2.7 for the endcaps). To bend
muon tracks and recover their momenta, it exploits the toroidal magnetic field provided by
three superconducting toroids (one barrel and two endcap toroids).
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Thin-gap chambers (TGC)

Cathode strip chambers (CSC)

d Resistive-plate
chambers (RPC)

End-cap toroid
Monitored drift tubes (MDT)

Figure 2.8: ATLAS Muon System: the barrel and endcap toroids, together with the four
muon detector technologies can be recognised [73]

The detector technologies used in the MS are of four types:

e Monitored Drift Tubes (MDTSs): are aluminium drift tubes with a diameter of 3 cm
assembled in multiple layers forming MDT chambers, filled with a gas mixture of 93%
Ar and 7% CO,. These precision tracking devices, covering most of the || < 2.7
range, are able to provide a single-hit resolution of approximately 80 um:;

* Cathode Strip Chambers (CSCs): are Multi-Wire Proportional Chambers (MWPCs)
with cathodes segmented into strips [73], covering the pseudorapidity range 2.0 <
|n| < 2.7, reaching a spatial resolution of the order of 50 um;

* Resistive Plate Chambers (RPCs): are gaseous detectors used in the barrel region
(In] < 1.05), able to provide a fast trigger signal for Level-1 muon trigger with a time
resolution better than 2 ns;

* Thin Gap Chambers (TGCs): gaseous detectors used in the endcap region (1.05 <
In| < 2.4), providing fast bunch-crossing identification for the Level-1 muon trigger,
as well as a measurement of the muon ¢ coordinate in the non-bending plane;

2.3 Trigger and Data Acquisition (TDAQ)

An important aspect to be considered is that at LHC designed luminosity, pp interactions
occur at a rate which is much higher with respect to the rate at which events can be fully
reconstructed and saved permanently. The Trigger and Data Acquisition (TDAQ) systems
(Fig. 2.9) are needed for selecting and managing these huge amount of data.
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Figure 2.9: ATLAS Trigger and Data Acquisition System in Run 2: the final L1 decision is

due to the CTP, combining inputs from the calorimeter and muon trigger systems and is used
as the input for the HLT [83].

The Data Acquisition (DAQ) is able to collect data from detector read-out, convert them into
digital format and finally record them, for offline analyses.

The Trigger is responsible for real-time selection of all the potentially interesting events
(for example high pt leptons, photons and jets, 7 from hadronic decays and large missing
transverse energy [84]). The ATLAS trigger system works in two complex stages:

* Level-1 Trigger (LL1): is a hardware-based trigger able to reduce the event rate from
40 MHz to approximately 100 kHz within 2.5 us. The selection is done with dedicated
trigger chambers in the barrel (RPC) and end-cap (TGC) regions, for muons, and with
reduced-granularity information from the calorimeters, for electrons. What remains
from these selections is then processed by the Central Trigger Processor (CTP). After
passing this first step, the events are buffered in the Read-Out System (ROS) and then
processed by the High Level Trigger;

* High-Level Trigger (HLT): is a computer farm performing software-based event
selection, receiving Region-of-Interest (ROI)’ information from L1 and applying more
refined reconstruction algorithms, reducing the rate to approximately 1 kHz.

After the HLT event selection, data are transferred to be stored locally at the experimental site

>The Regions of Interest (ROIs) give the 77 and ¢ coordinates of the interesting event, recorded by the L1
and then are used as the input for the HLT.
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and then exported to the Tier-0° facility at CERN computing centre, for offline reconstruction
[86].

The full set of selection criteria used in a certain data-taking period is organised into the
Trigger Menu. Each entry in the menu is a Trigger Chain, a sequence of L1 seeds and
HLT algorithms that must all be satisfied for an event to be recorded, under that particular
chain. Chains are designed to target specific physics signatures (for example, a single high-pr
electron, a pair of muons, or large missing transverse energy). Since a given event could
satisfy multiple chains simultaneously, the trigger menu is structured with pre-scale factors
and logical OR combinations, to balance physics coverage against bandwidth and storage
constraints.

This trigger selection is a fundamental step in the research process, as it determines the
possibilities and sensitivity of the analyses.

The Tier-0 receives “raw” data in “byte-stream” format from the TDAQ system and performs fast processing
and redistribution of data to Tier-1 centres worldwide [85].
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Chapter 3

Probing Neutrino Mass Generation at LHC

This chapter describes the experimental framework underlying the search for LRSM heavy-
neutrinos at the ATLAS experiment and is divided in two parts. In the first one, the simulation
chain that produces the MC samples used in the analysis is outlined, from matrix element
generation and parton showering, through detector simulation (Sec. 3.1), up to the reconstruc-
tion of physics objects (Sec. 3.1.1) and the derivation of truth-level DAOD files (Sec. 3.1.2).
The ATLAS offline analysis framework is then described (Sec. 3.1.3).

In the second part, the baseline analysis strategy for the gg — h/A — NN — 21*4 pro-
cess studied in this work is presented (Sec. 3.2), covering trigger selections, object definitions,
the definition of signal, control and validation regions, background estimation methods and
the statistical procedure used for signal extraction, together with the expected sensitivity of
the baseline search that motivates the optimisation work presented in the following chapters.

3.1 Monte Carlo simulation

The production of simulated MC samples follows different steps [87]:

* Matrix element calculation: based on QED/QCD calculation, consists of sampling
single events from the matrix element of the hard scatter process. This step can be very
fast or very time-consuming, depending on the complexity of the calculations required,
and produces a list of high-momentum (hard) partons.

* Parton shower and hadronization: starting from the partons from the hard scatter, this
consists in the calculation of the QCD processes happening at low energy scales, up to
hadronization (production of hadrons which do not carry a color charge). The two main
phenomenological models used are the Lund string model and the cluster fragmentation
model. This step yields a list of particles which have a lifetime sufficiently long to
enter into the detector, therefore called stable.

* Detector simulation and pile-up: consists in the simulation of the interaction of stable
particles inside the detector. It is a very complex and computationally-expensive part
of the MC and its output is a list of energy deposits in the ATLAS sub-detectors. The
detector response needs to be additionally adjusted considering pile-up, so also these
interactions are independently simulated;
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* Digitisation: consists of converting the energy deposits of the simulations found previ-
ously into digitised signals, considering also the information from pile-up interactions.

The first two steps of the chain are collectively considered as the event generation and produce
truth files. These files contain the kinematics of all simulated particles as produced by the
generator, before any detector simulation or reconstruction is applied. In particular the truth-
level information contains the nature, the four-momentum, the production vertex and the
daughters of the simulated particles. The term “truth” is used in contrast to “reconstructed”,
which refers to what the detector would actually measure. The most used generator in
this framework is Pythia8 [88], handling Leading-Order (LO) matrix element calculation,
initial- and final-state parton showers, hadronisation (via the Lund string model) and multiple
parton interactions. In the case of this work instead, the matrix elements are computed by
MadGraphS_aMC@NLO [89] that exploits a BSM model mlrsm-nu-1loop, encoded in the
Universal FeynRules Output (UFO) format [90]; then Pythia 8 is used for both showering and
hadronisation.

The detector simulation is usually done using the Geant4 [91] toolkit. After that,
digitisation of the energy deposited in the each sub-detectors is done, producing digits
written in Raw Data Objects (RDOs).

For the truth-level validation algorithm discussed in this thesis, the detector simulation
step is skipped, so the analysis works directly on the generator-level truth files.

3.1.1 Reconstruction of physical objects

After detector simulation and digitisation, a series of algorithms is needed for the reconstruc-
tion of the digital signals into physics objects, like jets, muons,..:

* Tracks and vertices [92]: charged-particle tracks are reconstructed in the ID with an
inside-out' algorithm, exploiting the hits recorded in each subdetector (Sec. 2.2.2).
The process begins with seed-finding, where triplets of space-points from pixel and
silicon detectors are combined to form seeds compatible with a helical track model.
Each seed defines a candidate trajectory, which is then extended through the detector
by a Kalman filter? that incorporates compatible space-points from successive layers.
Candidates surviving quality selections are refitted with a global track fit accounting
for material effects. Primary vertices are reconstructed by finding the position that
best fits the set of tracks compatible with the interaction point, using an iterative fitting
procedure.

* Electrons and photons [94]: are reconstructed from ECAL (Sec. 2.2.3) energy deposits
matched to ID tracks. First, topological clusters (fopo-clusters®) are built and used as

IThe inside-out algorithm starts from seed candidates in the innermost layers of the detector and propagates
outward, progressively adding compatible hits. This is complemented by an outside-in algorithm, which seeds
from the outermost layers and works inward, recovering tracks missed by the primary pass.

>The Kalman filter is a recursive algorithm that estimates the track parameters by combining a prediction
step, based on the propagation of the current state to the next detector layer, with an update step, where the
prediction is corrected using the newly measured hit. It also accounts for material effects such as energy loss
and multiple scattering at each step [93].

3Topo-clusters are 3D clusters of calorimeter cells, grouped according to their energy deposit significance
with respect to the noise level. The shape and size of the cluster depend on the topology of the shower [95].
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seeds to form superclusters, which also recover energy lost due to Bremsstrahlung
radiation (for electrons) and interactions with detector material (for photons). Simul-
taneously, ID tracks are refitted accounting for these energy losses and for photon
pair production, and are then matched to the superclusters. Electrons are identified as
superclusters matched to at least one ID track, while photons are either matched to a
conversion vertex (from y — e*e™ pair production) without a prompt ID track, or left
unmatched to any ID track (unconverted photons).

* Muons [96]: are reconstructed independently in the ID and the MS and then combined
into a global muon candidate. Several reconstruction types are defined: Combined
(CB) muons are obtained from a global fit of ID and MS tracks, also accounting for
energy loss in the calorimeters; Segment-Tagged (ST) muons are typically low-pr
muons for which a full MS track cannot be reconstructed and are instead formed from
an ID track matched to at least one MS track segment; Calorimeter-Tagged (CT) muons
are formed from ID tracks matched to calorimeter energy deposits consistent with a
minimum ionising particle; Inside-Out (I0) muons are obtained by extrapolating ID
tracks into the MS and fitting them with loosely associated MS hits, without requiring
a full MS track; finally, Muon-Spectrometer Extrapolated (ME) muons are standalone
MS tracks extrapolated to the beamline, extending the muon acceptance beyond the ID
coverage.

» Jets [97]: are reconstructed through the anti-k; [98] jet algorithm with a radius param-
eter R = 0.4, implemented in the FastJet package [99]. The algorithm takes as input
a system of topo-clusters and tracks, called Particle Flow Objects (PFOs). For each

2

A
ti *"tj /R
k;; is the transverse momentum of object i and Al.zj = (n; — 17]-)2 + (¢; — ¢j)2 is the

pair of input objects i and j, the distance d;; = min(k>2, k72)-% is computed, where

squared angular distance. This is compared with the beam distance d;p = k;z: at each
iteration, if d;; < d;p, objects i and j are merged into a single pseudojet, otherwise, i
is promoted to a final jet and removed from the list. This procedure continues until all
input objects are clustered, producing jets with conical shapes whose boundaries are
stable against soft and collinear emissions.

* Missing transverse energy (Efrniss) [100]: is the magnitude of the negative vector
sum of the transverse momenta of all reconstructed objects. It is composed of two
terms: a hard term, accounting for the transverse momenta of fully reconstructed and
calibrated hard objects (electrons, muons, jets, etc.) and a soft term, built from ID
tracks associated with the hard scatter vertex but not with any hard object. The EITIliSS is
therefore defined as EITmSS = — (Xhard PT + Zsoft PT) and its magnitude EITniSS = |E¥Iissl
provides a measure of the total transverse momentum carried away by undetected
particles, such as neutrinos.

3.1.2 TRUTH derivation

After passing through the reconstruction algorithms, the output files produced in the Analysis
Object Data (AOD) format are subsequently reduced into a Derived AOD (DAOD) format.
In the case of TRUTH derivations [87], the DAOD files contain only truth-level information
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(the kinematics of simulated particles before the addition of any detector simulation) for all
events. Three formats of TRUTH derivations are available:

 TRUTHO: is a copy of the event file in xAOD* format;
» TRUTH1: is the most heavy format which contains the full truth record;

» TRUTH3: is lighter with respect to the previous cases since it contains just the most
relevant truth information.

The truth-level validation performed in this thesis operates on TRUTH3 DAODs and charac-
terises the generator-level properties of LRSM heavy-neutrino signal samples.

3.1.3 Analysis framework

ATLAS offline analysis is based on Athena framework, written in C++ and built with Gaudi
architecture>[102]. Athena jobs are built around a chain of algorithms, based on three main
methods: initialize(), called once at the beginning of the job, immediately after the
configuration, execute(), that runs once per event and finalize(), called after the last
job [87]. A lot of physics analyses are also done using a lighter environment which is called
AnalysisBase. This uses only packages needed to read DAOD files and to run algorithms
for the analysis, which are implemented with the same initialize(), execute() and
finalize() as in the Athena counterpart. Within AnalysisBase, the processing of events is
done through the EventLoop (EL) framework. In this context, evtStore()->retrieve()
is used to retrieved physics objects from the event store and additionally, the so called
Combined Performance (CP) tools can be used to apply calibration corrections, efficiency
scale factors and systematic uncertainties for each object type (electrons, muons, jets, etc.).
At truth-level, as in the validation algorithm presented in this work, CP corrections are not
applied. The components of the data and simulation processing chain are summarised in
Fig. 3.1.

pp collision / Event Generator (Pythia, MadGraph)
)
Detector Simulation / Geant4

)

Reconstruction — AOD
l

Derivation — DAOD (TRUTH1, TRUTH3, ...)
)
EventLoop / AnalysisBase

)

Statistical Analysis

Figure 3.1: Schematic of the ATLAS data and simulation processing chain.

4Both AOD and DAOD files are stored using the xAOD data model, the ROOT-based event data format
adopted by ATLAS since Run 2, which provides a representation of reconstructed and truth-level objects [101].
>Gaudi is a software package used to build data processing applications for High-Energy Physics experiments.
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The truth-level MC validation algorithm presented in the next chapter operates at the
EventLoop stage, reading DAOD inputs and producing ROOT output for offline analysis.

3.2 Baseline analysis strategy

This section describes the analysis strategy of the baseline search for the process gg —
h/A — NN — 2[*4j (Sec. 1.10.2) at 4/s = 13,TeV, on which the work presented in this
thesis builds. To the best of our knowledge, this represents the first dedicated study of this
signal topology in a collider experiment.

The signal mass points investigated are chosen to maximise the BR for A — NN and the
production cross-section for gg — A (Fig. 1.9, left), while avoiding contamination from the
A — ZZ and A — WW channels (Fig. 1.9, right).

The adopted analysis strategy only considers prompt objects (ct < 3 mm, Fig. 3.2), since
heavy-neutrinos with a decay length exceeding 3 mm produce displaced vertices, which are
not reconstructed by the methods described in this work. The signal mass hypotheses are
therefore restricted accordingly to the region of the (my, m,) parameter space where the N
decay is mostly prompt (Fig. 1.10).
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Figure 3.2: Distribution of the transverse decay length dy (/) of the heavy-neutrino at truth-
level, for the six signal mass hypotheses considered in the analysis.

The bulk of the distributions lies well below the 3 mm prompt-decay threshold, confirming
that the selected mass points are compatible with a prompt analysis.

Overall, this strategy ensures that the analysis targets the most experimentally accessible
region of the LRSM scalar sector at LHC energies.
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3.2.1 Trigger selection and object definition

To select interesting events, unprescaled® dilepton triggers (Tab. 5.1), requiring pairs of
same- or mixed-flavour charged leptons (ee, uu, or eu) are used [103, 104]. Two lepton
selection working points are defined: tight leptons (selected with stringent criteria of back-
ground rejection) are considered signal candidates while loose leptons (selected with less
stringent background rejection criteria), mostly non-prompt, are used to estimate reducible
backgrounds. Signal electrons and muons must also satisfy specific conditions for the pr
(that needs to be greater then 17 GeV for electrons and greater then 22 GeV for muons), |7
and isolation. These thresholds represent the primary bottleneck for the signal efficiency,
since the final-state leptons in the LRSM signal tend to have a soft transverse momenta,
particularly at low masses (my, ma) (See Fig. 4.1).

Table 3.1: Summary of the unprescaled dilepton triggers used in the analysis, divided per
year. The lepton pr threshold in GeV is indicated in the trigger name after the e and mu
characters, for electrons and muons respectively [103, 104].

2015 2016 2017-2018
ee HLT_2el2_lhloose_ HLT_ 2el17_lhvloose. HLT_2el7_lhvloose_
L12EM10VH nod® nod®_L12EM15VHI or
HLT 2e24_1hvloose nod®
ey HLT el7_1lhloose_ HLT el7_1hloose_ HLT el7_1hloose._
mul4d nod® mul4 nod®_mul4

ppu HLT mul8 mu8noll HLT mu22 mu8nol1 HLT mu22 mu8nolL1

To suppress the dominant Drell-Yan (DY) background, the final state leptons are further
selected based on their electric charge, which has to be equal for the two objects (SS leptons).

Jets instead are reconstructed with the anti-k; algorithm (R = 0.4, AntiKt4EMPFlow)
and required to have pt > 20 GeV and || < 2.5. An overlap removal procedure also resolves
ambiguities between reconstructed electrons, muons and jets.

3.2.2 Analysis regions

Selected events are categorised into mutually exclusive analysis regions: Signal Regions
(SRs) maximise the probability of selecting signal events, Control Regions (CRs) constrain
the background Normalisation Factors (NFs) as free parameters in the likelihood fit and Vali-
dation Regions (VRs) which perform cross-check background estimates without entering the
fit. The optimisation of the SRs is performed by maximising the expected signal significance

[105], defined as
s \/2

where § is the number of signal events and B represents the total contribution from background
events. In the limit for § < B, Eq. 3.1 reduces to S/ VB.

(S+B)1n(1+%) —S], 3.1

®A trigger is called unprescaled when every event satisfying the trigger condition is recorded, in contrast to
prescaled triggers, where only a fraction of events is kept, in order to reduce the data acquisition rate.
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The first analysis strategy is cut-based, where signal events are selected by applying
constraints on the values of the kinematic variables characteristic of each event. As a step
further, a new method involving Machine Learning (ML) is used to enhance the signal-
background separation.

Cut-based signal regions

Three SRs are defined by requiring exactly two SS light leptons and a fixed jet multiplicity:
SR2]J (with number of jets Njes = 2), SR3J (Njers = 3) and SR4J (Njes = 4). In these
regions, the dilepton invariant mass m; < 80GeV (to suppress Z-peak background from
charge misidentification), EITniSS < 150GeV (exploiting the absence of SM neutrinos in
the signal) and upper bounds on the leading and sub-leading lepton pr < 100, 150 GeV
respectively are required. In SR4J, an additional variable A(#m1;;;)min is introduced: for each
lepton, the minimum difference among all two-jet invariant mass combinations is computed
and a cut A(m;; j)min < 60 GeV is applied to exploit the expectation that leptons and jets from
the same N decay have a small (almost zero) invariant mass difference.
Dedicated CRs and VRs are instead defined for the three dominant backgrounds:

e The DY CR (DYCR) requires OS leptons with 80 < m;; < 120 GeV and at least two
jets;

* The diboson CR (DBCR) requires SS leptons with 200 < m;; < 300 GeV, at most three
jets and ET"™ > 30 GeV;,

* The top CR (TopCR) requires OS leptons with 130 < m;; < 300 GeV and at least two
b-tagged jets’.

Dedicated validation regions (VRs) are defined with selections analogous to the correspond-
ing CRs, but with modified dilepton invariant mass requirements to ensure orthogonality with
both the SRs and CRs, while ensuring that the targeted background remains the dominant
contribution. Specifically:

e The DY VR (DY VR) requires OS leptons with 120 < m;; < 1000 GeV;

* The diboson VR (DBVR) requires SS leptons with 300 < m;; < 600 GeV and EIT‘rliss >
30 GeV;

* The top VR (TopVR) requires OS leptons with 300 < m;; < 1500 GeV and at least two
b-tagged jets.

This cut-based approach yields very low signal significance across all distributions and
variables, thus motivating the introduction of a multivariate technique to discriminate between
signal and background.

7A b-tagged jet is a jet identified as likely originating from the hadronisation of a b-quark, using dedicated
multivariate algorithms that exploit the characteristic features of b-hadron decays: a displaced secondary vertex,
a relatively long decay length (ct =~ 450 um), and the presence of tracks with large impact parameters with
respect to the primary vertex [106].
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Multivariate analysis regions

A parametrised Multi-Layer Perceptron (MLP) neural network is trained simultaneously on
all signal mass points, taking (my, mx) as additional inputs to ensure continuous interpolation
across the parameter space. The architecture consists of four hidden layers of width 256 with
Rectified Linear Unit (ReLU) [107] as activation function®. Each node applies a non-linear
activation function to a weighted sum of its inputs and the weights are optimised during
training by minimising the loss function via back propagation. A neural network architecture
and the most common activation functions are shown in Fig. 3.3 as an example.

Activation functions

1.04 / —_—
0.5 4 T
g —— Step
=== Sigmoid
L o e B 1
—— Tanh
—-= RelU
=05
=1.01
nput layer hidden layer 1 hidden layer 2 output layer —4 -2 0 > 4

Figure 3.3: Left: schematic representation of a fully-connected neural network, consisting
of an input layer, two hidden layers and an output layer with a single neuron for binary
classification. Right: common activation functions used in neural networks, illustrating their
different behaviours in the positive and negative input domains [108].

The chosen loss function is instead represented by the Binary Cross-Entropy loss [107], that
is minimised to obtain well-calibrated posterior probabilities for the signal. Its input features
include the pr, n, ¢, invariant masses and angular separations of the reconstructed leptons
and jets, as well as event-level quantities and Efrniss.

The ML score (a value in [0, 1] interpretable as a signal probability) is used to define
analysis regions: SRs require ML score > 0.8, CRs require ML score < 0.4 and VRs
occupy the intermediate range [0.4,0.8]. The m;; < 80 GeV requirement is retained in the
SRs to suppress the Z-peak. The selection criteria for all multivariate analysis regions are
summarised in Table 3.2.

Table 3.2: Selection criteria for the multivariate analysis regions, defined on the basis of the
ML score, the number of jets, the number of b-tagged jets, the lepton charge combination
and the dilepton invariant mass m;;. Exactly two leptons are required in all regions.

Quantity MLSR2J MLSR3] MLSR4] MLTopCR MLDBCR MLDYCR MLTopVR MLDBVR MLDYVR

Nbfjets 0 0 0 >2 0 0 >2 0 0
Charge SS SS SS oS SS oS oS SS (0N
Niess ) -3 -4 >2 <3 >2 - <3 >2
mee [GeV] <80 <80 <80 >200 >200 >80 - >200 >80
ML score >0.8 >0.8 >0.8 <0.4 <04 <04 [0.4,0.8] [0.4,0.8] [0.4,0.8]

8Is a non-negative activation function defined as f(x) = max(0, x), that is applied after each hidden layer.
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3.2.3 Background estimation

Backgrounds are classified as irreducible (prompt leptons from SM processes, estimated
from MC simulation with NFs floated in the fit) and reducible (misidentified or non-prompt
leptons, estimated with data-driven methods).

Electron charge misidentification consists in hard Bremsstrahlung followed by asym-
metric photon conversion, trident events (Fig. 3.4, right) or incomplete track reconstruction,
stiff tracks (Fig. 3.4, left) that can flip the reconstructed charge of prompt electrons.

/

Conversion
electron

True electron

True electron

Reconstructed electron /

with wrong charge

‘hBrcmsstrahlung
photon

Figure 3.4: Left: a stiff track, where incomplete reconstruction of a high-curvature track
leads to an incorrect charge assignment. Right: a trident event, where hard Bremsstrahlung
followed by asymmetric photon conversion produces an additional electron of opposite charge
that is reconstructed instead of the original.

Fake and non-prompt leptons involve events with at least one fake or non-prompt lepton
(Fig. 3.5). Non-prompt lepton originating from a Secondary Vertex (SV), such as an in-flight
decay of a b- or c-hadron for example, a jet misidentified as a lepton, or an electron from
photon conversion, which is incorrectly associated to the primary vertex and selected as a
fake lepton, represent the dominant irreducible background.

Prompt Non-Prompt

€, u € M

Lepton track

Low p tracks

High p; tracks

----- Track jet axis
Is0 cone

1Y PV
Figure 3.5: Illustration of prompt and non-prompt lepton production at a hadron collider.

Left: a prompt lepton produced directly at the Primary Vertex (PV) from a hard scatter
process. Right: a non-prompt lepton originating from a SV.
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3.2.4 Statistical analysis

Signal extraction is performed with a binned profile likelihood fit implemented in the TREx-
Fitter framework [109], which interfaces with ROOT, RooFit [110] and RooStats [111]. The
likelihood function takes the form

L, a,7,7) = Lohys(4, @, 7, 7) - Laux (@) - Lyt (), (3.2)

where p is the signal strength (the parameter of interest), @ are Nuisance Parameters (NPs)
encoding experimental and theoretical uncertainties, y account for per-bin MC statistical un-
certainties and 7 are unconstrained normalisation parameters for the dominant backgrounds.
Lphys is a product of Poisson terms over all bins and regions; .L,ux constrains the NPs with
Gaussian auxiliary terms; L, accounts for limited MC statistics with Poisson terms.

The fit proceeds in two stages: first, a background-only fit is performed simultaneously in
all CRs, with the DY, diboson and ¢7 NFs left free to float; the resulting NFs are then tested in
the VRs. Second, an exclusion fit is performed independently for each (my, mp) signal mass
hypothesis, using the ML score distribution as the discriminating variable. Upper limits at
95% CL are set with the CL; method [112] using the profile likelihood ratio as test-statistic
and the asymptotic approximation.

3.2.5 Baseline sensitivity and motivation for further optimisation

The expected 95% CL exclusion limits obtained with the baseline analysis strategy, including
statistical uncertainties only, are shown in Fig. 3.6.
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(a) Exclusion plot shown as a function of m,, with (b) Exclusion plot shown as a function of my,
my fixed at 50 GeV. with mp fixed at 130 GeV.

Figure 3.6: Expected 95% CL exclusion limit from the baseline analysis for the LRSM-
allowed process studied in this thesis, with the corresponding one- and two-standard-deviation
uncertainty bands derived from a statistical-only fit. The theoretical signal cross-section
prediction, given by the N3LO calculation, is shown as the red dotted line.

In Fig. 3.6a, the limit is nearly flat across the scanned range, indicating little sensitivity
dependence on the scalar triplet mass in this region.
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Across the full mass range, the expected limit lies very close to the theoretical LRSM
cross-section prediction, without falling below it. This (almost) overlap between the two
curves implies that no mass point can be excluded at 95% CL. To establish a meaningful
exclusion, the expected limit must lie sufficiently below the LRSM theoretical cross-section.

The analysis strategy developed in this work therefore aims to increase the sensitivity of
the search, reducing the expected limit relative to the theoretical prediction and extending the
accessible region of parameter space.
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Chapter 4

Truth-level MC validation

Starting from the results of the baseline analysis described in Sec. 3.2, the work of this thesis
is aimed at improving the sensitivity by investigating alternative event selection strategies.
The optimisation strategy is structured in three steps, each building on the previous:

1. Truth-level MC validation (Chap. 4): characterisation of the signal kinematic prop-
erties at generator-level, as a necessary first step before any selection optimisation;

2. Alternative selection strategies and scale factors computation (Sec. 5.1): systematic
study of event yields varying the lepton and jet pt thresholds, quantifying for each
selection variation the relative increase in signal and background yields, in order to
identify selections for which the signal increases more than the background;

3. Expected signal strength estimation (Sec. 5.2): statistical fit procedure to assess the
improvement in sensitivity relative to the baseline analysis strategy.

The signal MC simulated events are analysed at truth-level, before the introduction of parti-
cles’ interaction with the detector, to validate the MadGraph5_aMC@NLO [89] model and
study the kinematic of signal events. The target of this analysis is the BSM decay chain
depicted in Fig. 1.7, involving LRSM heavy Majorana neutrinos, and the final-state under
study is composed by two charged leptons and four quarks (which hadronise into four jets).
This process is characterised by the presence of SS leptons in the final-state (in 50% of the
events) and no missing transverse energy from SM neutrinos, making it an experimentally
distinctive topology. However, a key challenge in this channel is the softness of the final-state
objects: both the charged leptons (Fig. 4.1a) and the jets (Fig. 4.1b) carry transverse momenta
pt € [0,20] GeV for many signal benchmark points, making the signal to background dis-
crimination a non-trivial task. The Jet Energy Resolution (JER') is also studied as a function
of jet pr to quantify the degradation in resolution at low transverse momenta, which also
affects the discriminating power of cut-based variables.

The truth-level study is performed across multiple signal mass points, varying both my
and m, in order to understand the kinematic regime the analysis is sensitive to. The analyses
presented in the first part of the chapter are done exploiting six different samples with 10000
generated events each, for six different mass hypotheses for the heavy-neutrinos N; and A, as

'The JER is defined as the relative width of the jet energy (or pt) response distribution, o(pt)/pt and
quantifies the precision with which the jet energy is measured.
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can be observed in the legends of the plots. Then, the number of generated events is increased
to 100000, focusing on a single benchmark mass point (my = 50 GeV, mp = 130GeV) as a
reference; the study is subsequently extended to additional mass points in Chap. 5.

The results of this truth-level study provide the foundation for understanding the expected
signal yield and kinematic properties in the ongoing search for LRSM heavy-neutrinos
described in Sec. 3.2, with the aim of finding ways to improve the achieved significance.
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Figure 4.1: Transverse momentum distributions of the final-state charged leptons (a) and
jets (b) for the signal sample. Both objects are predominantly produced with low transverse
momentum, with a large fraction populating the region below 20 GeV, highlighting the soft
nature of the signal topology.

4.1 Validation algorithm

The validation algorithm processes XxAOD truth-particle containers and truth-jets event by
event. It has got some configurable properties, above which, the PDG-ID of the BSM
particles involved in the process under study, like the A mediator and the three heavy-
neutrinos Ni, N», N3, which are assumed to be mass-degenerate within the same lepton
flavour and are therefore treated equivalently throughout the analysis.

4.1.1 Truth-particles selection

At the beginning of each event, all truth-particles are iterated over and two selection criteria are
applied: particles originating from hadron decays and gluons are discarded. These selections
are designed to retain only particles from the hard scattering and subsequent decays through
EW or BSM processes, also reducing the QCD background.

Any particle whose PDG-ID matches at least one of the configured values, and which has
at least one child, is considered as potential signal.

The decay chain is then traversed to identify the heavy-neutrinos arising from the A
decay, which are selected and classified according to their PDG-ID. These neutrinos are
subsequently assigned to three separate vectors, Ny, No, and N3 (PDG-IDs 61, 62, and 63,
respectively). Similarly, for the heavy-neutrinos, the algorithm iterates over their children in
the decay chain and classifies them by type:
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* Charged leptons: electrons and muons can be accepted if they are not radiated by
photons or produced in 7-decays, while taus can be accepted if they are not originating
from a photon, a hadron or a gluon.

* Quarks: are accepted only if they are not produced in a gluon decay.

4.1.2 Event selection and observables

The signal signature is the one characterized by two charged leptons and four quarks in the
final-state. Events matching this topology are therefore selected, while the hadronization of
the quarks into jets is considered later on in the process. The events which are discarded
by these selection criteria are of three types (Tab. 4.1): the ones containing zero or two
quarks in the final-state (Fig. 4.2a) , the ones containing three or four leptons in the final-state
(Fig. 4.2b), or the ones which are not mediated by A, but by the SM Higgs.

Table 4.1: Summary of the event classification after applying the selection criteria for a
reference mass point my = 50 GeV, mp = 130 GeV. The majority of events correspond to
the target final-state topology with two charged leptons and four quarks, while the remaining
events are rejected either because they do not originate from a A decay or because they contain
a different final-state particle multiplicity.

Category Events
Total events 100.00%
Without A (0 quarks and O leptons) 6.12%
With 2 leptons + 4 quarks 89.94%

With leptons # 2 or quarks # 4, not both 0 3.94%
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(a) Number of quarks in the events that do not pass  (b) Number of leptons in the events that do not pass
the two-lepton and four-quark selection. Most the two-lepton and four-quark selection. Most
events contain two quarks. events contain three leptons.

Figure 4.2: Multiplicity of quarks (a) and leptons (b) in events failing the requirement of two
leptons and four quarks.
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The firsts two cases specifically, come from the fact that the off-shell W, can decay leptonically
into a charged-lepton and a (Majorana) neutrino, giving final-states of the type //vlqq or
llvily.

For all final-state objects, a set of kinematic observables is evaluated. These include
the transverse momentum, pseudorapidity and azimuthal-angle distributions of all charged
leptons and quarks originating from heavy-neutrino decays. The invariant masses of the A,
the heavy-neutrinos and the full A decay system are also reconstructed. Furthermore, the
analysis considers the AR = +/(An)2 + (A¢)? separation between the two leading objects
of the same type, the ratio of sub-leading to leading lepton transverse momentum, the jet
multiplicity and the ratio of sub-leading to leading jet transverse momentum. The missing
transverse energy is included among the studied observables.

The kinematic properties and particle-identification information of all selected objects
are retained for subsequent analysis. At the end of the processing, a detailed summary of
the event selection is also produced, including the number of events surviving each stage
of the selection. The fractions of electrons, muons and taus originating from each of the
three heavy-neutrino generations are also computed, providing a consistency check of the
generator-level branching fractions.

4.2  Am,, observable
At the quark level, a key observable is

A””lqu = |my —my], 4.1)

where m| and m, are the invariant masses of the two lgg systems reconstructed from the
decay products of the heavy-neutrinos

m1 = [Py + By + Ban)? and ma = (i + Pae + Fyp)? 4.2)

with /g, g4 and g p originating from the decay of the same heavy-neutrino and similarly /1, g¢
and ¢gp, originating from the decay of the other heavy-neutrino. In the signal topology under
consideration, the two heavy-neutrinos are produced with the same mass and each one decays
into a charged lepton and two quarks. Consequently, the invariant masses of the corresponding
lgg-systems are expected to reproduce the heavy-neutrino mass, m; ~ m, ~ my, leading to
a Am,,, distribution strongly peaked at zero.

At reconstruction level, however, quarks are not directly accessible and the observable
becomes Am;;, computed from reconstructed jets. In the baseline analysis, what is actually
evaluated A(my;;)min, Where the subscript min is because for each lepton, the minimum
value of |my,;; — my, ;;| over all possible two-jet combinations is taken, in order to reduce
the sensitivity to ambiguities in the assignment of the four final-state jets to the two heavy-
neutrino decay chains. The corresponding distribution for this observable found in the
baseline analysis exhibits a significant broadening well beyond the nominal value, for the
mass hypothesis under consideration (Fig. 4.3), in contrast with the expectations.
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Figure 4.3: Distribution of A(m;;;)min in SR4J (Signal Region with 4 jets present), shown
as a N—1 plot with all the baseline selection requirements applied except the cut on this
variable itself, using v/s = 13 TeV data corresponding to 140fb~'. The lower panel shows
the integrated signal significance as a function of the upper cut value.

The significant broadening of the distribution motivates a truth-level investigation to de-
termine whether this effect originates from detector and reconstruction effects or is already
present at generator-level. Since this variable plays an important role in the signal selection, it
is essential to understand the origin of this behaviour before applying any cut on it. The truth-
level study therefore proceeds in two steps: first, Am;,, is examined at generator-level, where
the jet-assignment ambiguity is resolved by matching directly to the truth quarks, considering
the decay chain info from MC; then, Am,;; is studied after truth-jet reconstruction.

4.2.1 Lepton—quark pairing and results

With two leptons and four quarks in the final-state, there exist 6 possibilities to associate the
four quarks into pairs, then for each pair there are two ways to assign the two leptons, so this
overall gives 12 possible combinations.

For each combination, the invariant masses m; and m, are computed (Eq. 4.2) and the
combination that minimises the Am is stored as the best pairing (App. A.1). However, since
the assignment of leptons and quarks to the correct heavy-neutrino candidate that produced
them is not known a priori, a truth-matching procedure is required.

At truth-level, the full decay chain information is avalaible, so it is possible to trace the
entire decay chain of every particle in the final-state, to find which heavy-neutrino produced it.
This is done by uniquely assigning each lepton and quark to the correct heavy-neutrino which
produced them. For each lepton in the event, the parent’s PDG-ID is checked recursively,
until the PDG-ID of a heavy-neutrino is found. The same procedure is followed also for
quarks. Once all the mothers have been found, [y is paired with the two quarks that have
the same mother as /o and the other two quarks are assigned to /1. To make sure that the
correct topology is respected, the event is accepted only if the two leptons have distinct
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heavy-neutrino ancestors and each one of them is associated to exactly two quarks. The final
pairing is therefore:

N(l)—>lo+qA+qB, N(z)—>ll+qC+qD (43)

The mass difference Am;,, = |m1 — m3| is computed for each correctly matched com-
bination and its distribution is shown in Fig. 4.4. For the benchmark mass point my =
50GeV, mp = 130 GeV, for example, the distribution has a Root Mean Square (RMSZ) of
2.320 = 0.017 GeV.
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Figure 4.4: Distribution of the mass difference Am;,, = |m; — m>| between the two recon-
structed lgqg systems in the final-state.

As a validation for the algorithm, the invariant masses for the two heavy-neutrinos N(!) and
N@ | reconstructed with the masses of the two systems lo+ga+qp and [{ +qc+qp are shown
in Fig. 4.5a and Fig. 4.5b. For the benchmark mass point my = 50 GeV, ma = 130 GeV, for
example, the distribution has a Root Mean Square of 29.043 + 0.084 GeV.

>The RMS is the standard deviation of the distribution and provides a measure of its width, corresponding
to the reconstruction resolution for the observable under study.
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Figure 4.5: Reconstructed invariant mass distributions of the two heavy-neutrino candidates.

The tails observed in the distributions arise from effects of the object propagation and selection
for the invariant mass reconstruction.

4.3 Am;;; observable

After the correct lepton-quark pairing is identified, the algorithm associates each of the four
quarks with a reconstructed truth-jet, using a geometric matching criterion. When all four
quarks are matched, the heavy-neutrino masses are reconstructed using the matched jets, in
the same way as before with quarks instead of jets. This time using the jets’ four-momenta,
the mass difference becomes Amy;;

Amyj; = |my —my|, 4.4)

between the masses of the two systems o + j4 + jpand [1 + jc + jp.
Jets are matched to quarks by identifying the closest jet in terms of angular distance, defined

as
AR =V (An)? + (A¢)? (4.5)

The matching is performed sequentially: for each quark, jets are scanned and the closest
candidate is selected, while ensuring that each jet can be assigned to at most one quark. A
maximum matching criterion of ARp.x = 0.4 is imposed, consistent with the typical ATLAS
jetradius parameter [113]. If no jet within this angular distance is found for a given quark, the
entire combination is rejected. Once a jet is assigned to a quark, it is excluded from further
assignments to avoid multiple matches.

In addition, a complementary inclusive jet-matching variant is also constructed, in which
successful matching requires only that two out of the four quarks need to be matched to jets.
This criterion is relevant for signal efficiency studies (Chapter 5). An alternative pt-based
jet-matching strategy is also developed alongside the standard AR-based approach and is
described in App. A.2.
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The distribution of Am;;; is shown in Fig. 4.6. For the benchmark mass point my =
50 GeV, mp = 130 GeV, the distribution has a RMS of 10.071 + 0.227 GeV, that is way larger
then the one calculated for Am,,, in Sec. 4.2.1.
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Figure 4.6: Distribution of the mass difference Am;;; = |m; — m»| between the two recon-
structed /jj systems in the final-state. No cut on jet transverse momentum was applied.
The observable quantifies the consistency of the reconstruction with the hypothesis of two
equal-mass heavy-neutrinos.

The distributions of the invariant masses of N(!) (Fig.4.7a) and N &) (Fig. 4.7b) reconstructed
with the masses of the two systems lp+ j4 + jp and /| + jc + jp are again used as a validation
of the algorithm.
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(a) Reconstructed invariant mass distribution of (b) Reconstructed invariant mass distribution of
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from the /1 j4 jp system. tained from the /» jc jp system.

Figure 4.7: Reconstructed invariant mass distributions of the two heavy-neutrino candidates
using the jet-based reconstruction.

The reconstructed masses are smeared with respect to the case of quarks, as expected, since
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jet reconstruction inevitably incorporates contributions from additional particles.

4.4 Angular distributions and momentum studies for lep-
ton, quark and jet pairings

For the best pairing found by the matching algorithm, several diagnostic quantities are
computed to characterise the quality of the truth-level associations and to understand the
kinematic properties of the signal decay products. The studies presented in this section are
performed on the benchmark mass point my = 50 GeV and ma = 130 GeV, for which 100000
events are generated. The results for the other mass points are similar.

The angular distance (AR) between the two final-state leptons (Fig. 4.8) is peaked ap-
proximately at 7, meaning that the majority of leptons are produced back-to-back.
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Figure 4.8: Angular distance distribution between the two charged leptons for the benchmark
mass point my = 50 GeV, mp = 130 GeV.

The angular distance between leptons and their associated quarks and jets is also examined
for the events passing both the selection of exactly two charged leptons and four quarks
and the matching procedure. Correct pairings, in which the lepton and the quarks share
the same mother particle N, and wrong pairings, in which they originate from different N
decays are distinguished. The comparison of AR(/, q) (Fig. 4.9a) and AR(!, jet) (Fig. 4.9b)
for correct versus wrong pairings validates the matching procedure: correctly associated
objects are expected to have smaller angular separations due to their common origin in the
same boosted decay system, while incorrect pairings are largely uncorrelated and therefore
populate a broader AR spectrum.

Specifically, the AR(l, g) distribution is broad and peaks around AR =~ 1.5, confirming
that quarks and leptons from the same N decay are not collimated. This is a direct consequence
of the isotropic decay topology of a relatively light N produced nearly at rest in the A frame:
the daughter particles are emitted back-to-back rather than collimated into a single jet-like
object.
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Figure 4.9: Comparison of AR distributions for correct and wrong pairings.

As expected, correct pairings peak at lower AR values, however, both distributions show
a not negligible overlap across the full AR range. This overlap implies that AR(/, g) and
AR(l,jet) are not suitable as cut-based discriminating variables in a cut-and-count signal
region definition, since any threshold would either remove a large fraction of signal events
or retain a significant number of wrong pairings. These quantities may however provide
discriminating power as input features to the multivariate classifier, where their information
can be exploited in combination with other observables.
For each matched quark-jet pair, three more quantities are computed:

» The angular separation AR(q, jet) (Sec. 4.4.1);
* The absolute transverse-momentum difference Apt = pffet - p% (Sec. 4.11)

jet __q
* The relative transverse-momentum difference Apt el = (pr—qu) (Sec. 4.4.3).
T

These quantities can be used to probe the quality of the jet reconstruction, Jet Energy Scale
(JES) and JER at truth-level.

4.4.1 AR between truth-quarks and truth-jets

The angular separation AR(gq, jet) between each truth-quark and its matched jet (Fig. 4.10) is
studied with two different p thresholds on the matched jets: no pr cut, and pJTet > 20 GeV,
for the events passing both the selection of exactly two charged leptons and four quarks and
the matching procedure.

The distribution is peaked at small values (AR < 0.1) in both cases, confirming that the
AR-based matching correctly associates quarks with the nearest jet. The distribution becomes
slightly more peaked when requiring pJTet > 20 GeV, as higher-p jets are more collimated

and carry a larger fraction of the quark’s momentum within the cone of radius R = 0.4.
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Figure 4.10: Distribution of the angular separation AR(q, jet) between truth-quarks and
their matched jets, normalized to unit area, for events passing both the two charged leptons
and four quarks selection and jet-matching, for the benchmark mass point my = 50 GeV,
ma = 130 GeV. The solid blue line shows the distribution with no pJTet cut, while the dashed

red line requires pjTet > 20 GeV.

4.4.2 Aprt between truth-quarks and truth-jets

The transverse-momentum difference Apt = pjTet - p% between each matched quark-jet pair
is shown in Fig. 4.11.
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Figure 4.11: Distribution of Apt = pjTet — p% for matched quark-jet pairs for the benchmark
mass point my = 50,mp = 130 GeV, shown in logarithmic scale.

The distribution is centred near zero, with a mean of (Apt) ~ —0.553 GeV. This negative shift
is consistent with energy loss outside the jet cone: soft radiation emitted at angles AR > 0.4
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is not captured by the jet algorithm, so the pj;t is systematically lower than the originating
quark pr.

4.4.3 Truth-level JER proxy and comparison with ATLAS reco-level
results

To characterise the JER at truth level, the relative transverse-momentum difference
jet q
Pt — Py
Aprrel = 1 (4.6)
T

is studied as a function of the quark transverse momentum p%. The two-dimensional distri-
bution of Apt e versus pff (Fig. 4.12) shows a strong dependence on p% at low momenta,
with the spread decreasing significantly as p% increases.
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Figure 4.12: Two-dimensional distribution of Aptr = (pjTet - p%) / p% as a function of
the truth-quark transverse momentum p%, for the benchmark mass point my = 50 GeV,
mp = 130 GeV. The colour scale indicates the number of matched quark-jet pairs per bin.

This behaviour is expected: for low-pT quarks, the jet cone of radius R = 0.4 captures
a larger fraction of soft radiation relative to the quark energy, and detector effects and
hadronisation uncertainties are larger, leading to a broader distribution. For higher-pT quarks
( p% > 20 GeV), most of the parton energy is contained within the cone and the jet tracks the
quark more faithfully.

To extract a quantitative estimate of the JER as a function of p%, the pff axis is divided
into 10 GeV-wide bins. In each bin, the Apt s distribution is fitted with a Gaussian in the
interval [—1, 1]. The mean of the Gaussian gives the JES, quantifying the average over- or
under-estimation of the quark prt by the reconstructed jet, while the standard deviation o
gives the JER, which measures the fluctuations of the jet response around the mean. The
results are summarised in Tab. 4.2 and the o values as a function of p% are shown in Fig. 4.13.
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Table 4.2: JES (mean) and JER (o) extracted from Gaussian fits to the Aprye distribution in
10 GeV-wide bins of p%, for the benchmark mass point my = 50 GeV, mp = 130 GeV. The
fit is performed over the range Aptre € [—1, 1]. The fit fails for the last bin [90, 100] GeV,
which is thus excluded for the JER interpretation.

p1 bin [GeV] JES (mean) JER (0) Entries
[0, 10] —-0.0278 £ 0.0040  0.2076 + 0.0028 8417
[10, 20] —-0.0955 £ 0.0017 0.2013 +£0.0018 15921
[20, 30] —0.0395 £ 0.0016  0.1246 + 0.0020 7341
[30, 40] —0.0164 £ 0.0017  0.0906 + 0.0021 3318
[40, 50] —0.0002 £ 0.0024  0.0788 + 0.0028 1381
[50, 60] +0.0061 £ 0.0034  0.0687 + 0.0039 660
[60, 70] +0.0103 £ 0.0032  0.0546 + 0.0031 372
[70, 80] +0.0158 £ 0.0053  0.0540 + 0.0073 218
[80, 90] +0.0376 £ 0.0122  0.0723 +£0.0121 131
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Figure 4.13: Gaussian o of the Apry distribution as a function of pff, extracted from
Gaussian fits to vertical slices of the 2D distribution shown in Fig. 4.12, for the benchmark
mass point my = 50 GeV, mp = 130 GeV. The vertical error bars represent the fit uncertainty
ono.

The negative JES values observed at low p% confirm that the jet systematically experiments
energy loss outside the cone. The JES turns slightly positive at p% > 50 GeV, suggesting that
at higher momenta additional soft radiation from the underlying event partially compensates
for the out-of-cone losses.

The resolution improves from approximately 20% at p% ~ 10 GeV to approximately 5%
at pff ~ 70 GeV, consistent with the expected improvement of jet energy resolution with
increasing jet pt [114]. This improvement reflects the better reconstruction quality for
higher-pt jets, consistent with the expectation that the anti-k, jet algorithm with R = 0.4
provides a more faithful representation of the originating parton when the quark momentum
is large enough that most of the radiation is captured within the cone.

This approximated 20% truth-level pt resolution directly translates into a broadening
of the invariant mass difference Am;;; reconstructed with jets compared to the truth-quark-
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level quantity, which is indeed observed when comparing the two distributions (Fig. 4.4
and Fig. 4.6). The degradation of the Am,;; resolution at truth level therefore sets a lower
bound on the discriminating power of this variable in the full reconstruction-level analysis
and motivates the use of multivariate techniques that can exploit correlated information from
multiple observables simultaneously, rather than relying on a single cut on Am;;.

The truth-level JER proxy derived here is qualitatively consistent with the ATLAS
reconstruction-level JER measurements, which report similar trends of improving resolu-
tion with increasing jet pt and a resolution of O(20%) at low pt [115]. The absolute values
differ because the truth-level study does not include detector simulation, pile-up, or in-situ
calibration corrections, all of which modify the jet response at reconstruction level.

59



Chapter 5

Event selection strategies and expected sig-
nal strength

The signal truth-level MC studies, described in Chap. 4, allowed the understanding of the
limits of the current analysis strategy. A sensitivity study is then carried out to aid an
event selection, which enhances the signal selection efficiency. For each selection studied,
Scale Factors (SFs) are computed to quantify the expected improvement of the signal selection
efficiency (Sec. 5.1). A SFis defined as the ratio of the signal event yield (or background yield)
obtained with the proposed selection to that of the baseline analysis described in Sec. 3.2,
providing a direct measure of the improvement introduced by each selection configurations.
To reproduce the effects of detector resolution at reconstruction level, leptons and jets pt are
also smeared according to the ATLAS reconstruction efficiency (Sec. 5.1.4).

The improvement in sensitivity is quantified through the expected signal strength £,
estimated with the TRExFitter [109] profile likelihood framework described in Sec. 3.2.4.
The expected signal strength is then compared between the proposed selection and the baseline
analysis to assess the gain in sensitivity (Sec. 5.2). The aim of this study is to provide an
approximate estimate of the increase in signal strength which could allow to set a 95% C.L.
exclusion limit, if excesses are not found.

In this chapter, a benchmark mass point my = 50GeV and ma = 130 GeV is initially
studied as a reference. Then, additional mass points including my = [30, 40, 45, 50] GeV
and mp € [110, 120, 130, 140, 150] GeV are considered to compute the expected sensitivity.

5.1 Selection efficiency studies

The selection efficiency studies are performed evaluating both the signal and background
events selection efficiency. Different cuts on the minumim pt of the final state leptons,
dictated by the ATLAS single lepton and dilepton triggers, are reproduced at truth-level and
the different event yields are computed. The single lepton triggers that are mentioned are
reported in Tab. 5.1 for electrons and muons respectively.
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Trigger type Trigger name Threshold  Years used
Single electron e26_lhtight nod® _ivarloose Er > 26 GeV 2016"-2018
Single muon HLT mu26_ivarmedium pr >26GeV  2016-2018

Table 5.1: Single-lepton triggers used in ATLAS Run 2. For electrons [104], the trigger
name encodes the E7 threshold, the identification working point (1htight), the absence of
a transverse impact parameter cut (nod®) and the isolation requirement (ivarloose). For
muons [103], the prefix HLT mu is followed by the p7 threshold in GeV and the isolation
working point (ivarmedium). Both triggers correspond to the lowest-threshold unprescaled
single-lepton chains used as primary triggers for the majority of the 2016-2018 ATLAS Run
2 data-taking period. *For the single-electron trigger, the E7 threshold was 24 GeV during
2015 and most of 2016, raised to 26 GeV only at the end of 2016, remaining at this value
throughout 2017 and 2018. In 2015,lower thresholds also for the muon case were supported.

The SFs are defined as
N, sel

N, sym

where Ny, denotes the number of events passing the symmetric requirement pt (/) > 18 GeV
on both leptons, exploited in the baseline analysis (Sec. 3.2.1), while Ny is the number of
events passing the alternative selection. The SFs therefore provide an estimate of the variation
in event selection efficiency between the alternative strategy and the baseline analysis choice.
A SF > 1 indicates that the chosen selection enhances the acceptance of the signal or
background events with respect to the baseline.

A first preliminary check is performed counting the number of events for a reference
sample with no requirement on lepton pt. Then, three lepton pt selection scenarios are
considered:

SF = S.D

* A symmetric selection, requiring p’T > 18 GeV on both leptons, consistent with the
dilepton trigger thresholds used in the baseline analysis.

* An asymmetric selection motivated by the ATLAS Run 2 single-lepton trigger thresh-
old, requiring either pr(licading) > 26 GeV and pt(lsupleading) > 5 GeV. The softer
requirements of 5 GeV reflects the minimum offline threshold needed to ensure a re-
liable lepton reconstruction and identification. This selection will be identified as
selection A, for semplicity.

* Alogic OR of the symmetric and asymmetric trigger requirements. This selection will
be identified as selection B.

In all cases, jets are required to satisfy pJTet > 20 GeV, the case pJTet > 15 GeV, is reported
in App. B.2 for completeness, testing the possibility to use an alternative jet reconstruction
algorithm with a lower pt threshold.

The SFs are computed selecting events which contain at least two jets, to provide an
inclusive estimate which can be applied to all the SRs described in Sec. 3.2.2. The signal
event yields and SFs for the benchmark mass point my = 50GeV, my = 130GeV are
summarised in Tab. 5.2.
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The statistical uncertainties on the individual SFs are estimated by propagating the Poisson
uncertainty on the underlying event counts. Given the definition for SF (Eq.5.1), where N
is the number of events passing the selection A or B and Ngymm is the number of events
passing the symmetric selection, the relative uncertainty on each SF is given by

1 1
OSE _ +

5.2
SF Niel ( )

N symm
where the two terms are combined in quadrature assuming Poisson-distributed event counts.

Table 5.2: Signal event yields and SFs with relative unvertanties for different lepton pr
selection scenarios, for events with at least two jets with pj]?t > 20 GeV, for the benchmark
mass point my = 50GeV, ma = 130 GeV. The percentage is done with respect to the total
generated events (100000).

Selection Events SF
No lepton pr cut 67.71% -
Symmetric: pp 25 18Gev 12.83% 1.000
Asymmetric: pT(lleading) > 26 GeV, pr(lsubleading) > 5GeV (A)  26.52% 2.068 +0.022
OR of symmetric and asymmetric (B) 28.45% 2.218 £0.024

The asymmetric selection yields approximately twice the number of signal events with
respect to the symmetric baseline, while the OR of the two selections further increases the
yield, reaching SF ~ 2.2. This improvement is physically understood by noting that the
signal topology involves a lepton pt spectrum that peaks well below the 18 GeV symmetric
threshold (Fig. 5.1).
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Figure 5.1: Two-dimensional distribution of the leptons transverse momenta, pT Vs. pT,

truth-level for the signal benchmark my = 50 GeV, ma = 130 GeV and pJet > 20GeV. The
majority of the signal events populates the region pt < 18 GeV.
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The OR requirement recovers precisely some of these soft-lepton events (Fig. 5.2), there-
fore representing the optimal selection strategy which is carried forward in the subsequent
sensitivity study.

Nso A130 — Truth Simulation
Selection: Ny =2, Njet = 2

P [Gev]

© signal (67569 events, 67569 shown)
Asymm.: (pf > 26 AND pl! > 5) OR swap
Symm.: pfi* > 18 GeV

OR region: 41.9%
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Figure 5.2: Distribution of the two leptons transverse momenta, p? Vs. psz, in logarithmic

scale, for the signal sample for the benchmark mass point my = 50GeV, mp = 130GeV,
requiring exactly two leptons and at least two jets with pJTm > 20GeV (N; = 2, Njet 2 2).
The shaded red region indicates the OR of the two lepton pr selection criteria. The orange
dashed lines mark the asymmetric thresholds ( plT‘ > 26 GeV and psz > 5 GeV, or vice versa)

and the cyan dashed lines mark the symmetric threshold ( p?’z > 18 GeV).

The OR selection retains 41.9% of signal events (the percentage is done with respect to the
total events that passed the selection of two leptons and at least two jets, N; = 2, Nje > 2,

with pjTet > 20 GeV with no lepton pt cut), with 39.1% passing the asymmetric selection and
18.8% the symmetric one.

5.1.1 Scale factors for background

The same SFs study is performed independently on the main SM backgrounds: DY, diboson,
tt and other (other top and single top events). Considering that this study cannot be performed
for the misidentified leptons contribution, it is chosen to conservatively apply the highest SF
obtained for the backgrounds (Tab. 5.3).
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Table 5.3: SFs and relative uncertanties for A and B selections for each background sample
and p;' > 20 GeV.

Background A B

Diboson 1.227 +£0.005 1.238 +0.005
Drell-Yan 1.215+0.004 1.224 +0.004
Mis-ID lept.  1.234 + 0.008 1.254 + 0.008
Other 1.224 +0.008 1.235 +0.008
tt 1.234 + 0.008 1.254 +0.008

For all the background processes, the SFs are approximately 1.22-1.23. The comparison
of these values with the ones found for the signal (Tab. 5.2) indicates that the signal yield
increase is higher than the number of selected background events.

Fig. 5.3 shows the overlap between the lepton kinematic distribution of the signal sample
and that of the various background processes, in the p% Vs. psz plane. This allows a visual
assessment of how effectively the lepton pr selections (both symmetric and asymmetric,
indicated by the dashed lines) discriminate the signal from the backgrounds in the kinematic
region of interest. The same plot in logarithmic scale, useful to better appreciate the event
density at low pr, is shown in App. B.3.
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Figure 5.3: Overlap, in the p? Vs. psz plane, between the distributions of the signal sample

(my = 50GeV, mp = 130GeV, red circles) and that of the four SM background samples
considered (blue crosses). The signal distribution is obtained from the truth-level MC
sample requiring exactly N; = 2 and Njer > 2 with pt > 20 GeV. The dashed lines indicate

the lepton pr trigger thresholds used in the selection: orange for the asymmetric selection
(A) and cyan for the symmetric selection ( p?’z > 18 GeV).

As can be observed, the background pr distributions are centered at higher values with
respect to the signal events. From these studies is therefore observed that accepting also
final-state subleading leptons with a lower pT, increases more the signal yield with respect
to all the main background processes.

5.1.2 Scale factors for data
The data yield N is computed as
N = Ypiv - SFpib + Yi7 - SFi7 + Ypy - SFpy + YMisiD - SFhighest + Yother * SFOther (5.3)

where Ypib, Y7, YDy, YMisip and Yoemer are the MC expected yields for each background process
in the given analysis region, reported in Tab. B.1 and SFp;,, SF;7, SFpy, SFhighest and SFoer
are the corresponding scale factors derived for each background process.

Both the MC expected yields (Y;) and the background SFs (SF;) carry statistical uncertainties.
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The uncertainty on N is therefore obtained by standard error propagation including both

contributions from Y; and SF;:

ox = ) (SFioy)? + ) (Yiosk,)*.
i i

The overall data scale factor is then defined as

where Nexpected = 25; Y; 1s the total event yield expected from the MC simulation in that
region, which also carries a statistical uncertanty. The uncertainty on SFg,, is thus obtained

Sl::data =

N

N expected

b

by propagating the uncertainties on both Nexpecteq and N

g ( SFdata) _ J( O-Nexpecled

SFata N, expected

) ()

The SFs for data with their uncertanties are reported in Tab. 5.4.

Table 5.4: SFs and their relative uncertanties for data in each analysis region and pj;f '>20GeV

for A and B selections.

Region A B
MLDYCR 1.215+0.005 1.224 +0.005
MLDYVR 1.215+0.005 1.224 +0.005
MLTopCR 1.233 +£0.007 1.253 +0.007
MLTopVR 1.231 +£0.006 1.251 +0.006
MLDBCR 1.223 +£0.006 1.236 +0.006
MLDBVR 1.226 £ 0.007 1.241 +0.007
MLSR2J  1.227 +£0.007 1.243 +0.007
MLSR3J  1.229 £ 0.007 1.246 = 0.007
MLSR4J  1.230 +£0.007 1.247 +0.007

The resulting SFs are stable across all regions (defined in Sec. 3.2.2), with values around

1.21-1.25.

5.1.3 Scale factors for different signal mass hypotheses

Different mass hypotheses are included in order to compute the exclusion limits. The obtained

SFs, computed as described in Sec. 5.1, are reported in Tab. 5.5.
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Table 5.5: SFs and their relative uncertanties for different mass hypotheses for A and B

selections and pj;t > 20 GeV.

(my,mp) [GeV] A B

(50,150) 2.000 +£0.019 2.118 +£0.020
(50,140) 2.017 £0.020 2.154 +0.021
(50,130) 2.050 £0.022 2.202 +0.023
(50,120) 2.013+£0.024 2.181 +£0.025
(50,110) 1.887 £0.024 2.070 +0.026
(30,110) 2.407 +£0.032 2.570 +0.034
(40,110) 2.291 £0.031 2.452 +0.032
(45,110) 2.152 +£0.028 2.320 +0.030

The distributions of the SFs for all the mass points considered are shown in Fig. 5.4.
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- ./*"_’\-\. i
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Figure 5.4: Distributions of SFs for different mass hypotheses for A (blue) and B (orange)
selections, as a function of my or mp, for pJTet > 20 GeV, with relative uncertanty bands. Left:
SFs for the mass points with my = 50 GeV fixed as a function of mp. Right: SFs for the
mass points with mp = 110 GeV fixed as a function of my.

5.1.4 Scale factors consistency

The SFs presented in the previous sections are derived from truth-level MC information,
where the four-momenta of leptons and jets are known exactly. In a realistic experimental
environment, however, reconstructed objects are affected by the finite detector resolution,
which can modify the efficiency of selections based on transverse-momentum thresholds,
related to the ATLAS Run 2 triggers.

To estimate the impact of detector effects on the extracted SFs, a simplified reconstruction-
level study is performed. The transverse momentum of each truth-level object is smeared

according to
reco

pree = p™ (1 + G(0,0(pr)))

where G (0, o (pr)) is a Gaussian random variable with zero mean and relative width o-(pr).
The smearing is applied independently to each object in each event and the event yields for
each selection are computed using final state smeared pt values. The SFs resulting from this

(5.7
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procedure therefore provide a more reliable estimate of the sensitivity of the analysis, taking
into account the effects of the finite detector resolution.

The purpose of this study is not to reproduce the full ATLAS detector response. Effects
such as reconstruction efficiencies, fake objects, flavour-tagging performance, acceptance
losses and non-Gaussian resolution tails are not included. Instead, the procedure is designed
to reproduce the dominant effect relevant to this analysis, that can modify the number of
events passing the different signal selection configurations.

The spectra for leptons and jet pr, together with the Am;,, and Am,;; distributions,
comparing smeared and truth-level scenarios, are reported in App. A.3.

Jet momentum resolution

Jets are expected to provide the largest reconstruction uncertainty. Since the signal topology
contains several low-pr jets close to the 20 GeV selection threshold, it is expected that even
with a small smearing on pJTet, the number of events passing the different selections can vary.
The jet momentum resolution [114] is given by the quadrature sum

oer) _N o 5 oc (5.8)

pPT pT NPT

where N is a noise term (electronic noise and pile-up, dominant for pt < 30GeV), S is a
stochastic term related to the sampling nature of the calorimeters (dominant at intermediate
pt)and C is a constant term arising from non-uniformities and calibration residuals (dominant
for pt > 400 GeV). The parametrisation used in this work follows from a fitting procedure
with the aim of reproducing the overall behaviour observed in Fig. 5.5a and following
Ref. [114], the coefficients N, S, C have been assigned with the following values: N = 2.2,
S =0.8and C =0.05.

In Fig. 5.5 two different jet calibration schemes are shown: EM+JES jets are reconstructed
from topo-clusters built at the electromagnetic (EM) energy scale, which measures the energy
deposited by electromagnetically interacting particles, excluding hadrons. A Jet Energy
Scale (JES) calibration sequence is then applied to correct for the hadronic response and
other effects. PFlow+JES jets instead use the ATLAS Particle-Flow (PFlow) reconstruction
method, which combines charged-particle tracks from the ID with topo-clusters, exploiting
the better momentum resolution of the tracker for low-pt charged hadrons. The resulting
jets are calibrated with a JES sequence [114]. The momentum resolution is dependent on
both pt and . Nevertheless, as can be seen from Fig. 5.5b, the distribution of the JER as a
function of 7 is almost flat. This dependence is therefore neglected and the same resolution
is considered for all the n7 values in this study case.
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Figure 5.5: Relative JER computed by ATLAS with Run 2 data [114].

Leptons momentum resolution

For the muons momentum reconstruction, the ATLAS Experiment exploits the information
from both the MS and ID to reconstruct the muons arising from the primary vertex [116].
Therefore the relative momentum resolution is given by the quadrature sum

o(pr) _ o(pr) ® o(pt)Ms

5.9
pPT PT pPT

where s
o(pr)us _ Po
PT pT

for a fixed value of n, with pg’l S, pll"l S, pg’l 5 the coefficients related to the energy loss in the

o pYSepds . pr (5.10)

calorimeter, multiple scattering and intrinsic resolution terms, respectively. The term %

is defined as
o(pt)ip

PT
ID

for || < 1.9, where p ", péD are the coefficients related to multiple scattering and intrinsic
resolution. For for || > 1.9 it is instead

=piPepi® - pr (5.11)

o(pv)ip _ p . D 1
AP e .
PT Pro® by P

(5.12)

where 6 is the polar angle with respect to the beam line.

Considering that, in this analysis case, the final state signal muons are predominantly pro-
duced with pt < 100 GeV, the momentum resolution is well described by the ID contribution
alone. In fact, as shown in Fig. 5.6, the combined muon resolution follows closely the 1D
parametrisation in this pt regime, while the MS provides a significant improvement only at
higher transverse momenta.
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Figure 5.6: Relative momentum resolution as a function of pt for ID and MS standalone
tracks and for CB (Sec. 3.1.1) tracks. The shaded region shows the +10 region of the fit to
the resolution curve for the CB tracks [117].

For this reason, in the smearing procedure it is assumed that

o(pr) _ o(pd
PT pPT

(5.13)

The values of the coefficients for the ID are reported in Tab. 5.6.

Table 5.6: Coeflicients for the ID momentum resolution parametrisation, extracted from
muon momentum resolution measurements in the four n regions of the ATLAS detector:
barrel (|| < 1.05), transition (1.05 < |n| < 1.7), end-caps (1.7 < |n| < 2.5) and CSC/No-
TRT (2.5 < || < 2.7)[118].

n region p{D (%) pgD (TeV™)

barrel 1.55+0.01 0417 +0.011
transition 2.55+0.01 0.801 +0.567
end-caps 3.32+0.02 0.985+0.019

CSC/No-TRT 4.86+0.22 0.069 +0.003

For electrons, the relative energy resolution is parametrised in Eq. 2.7 and is composed of
three terms: a, the sampling term, b, the noise term and c, the constant term, where b and ¢
both depend on n. The first term of Eq. 2.7 dominates at low energies and its designed value
is approximately O-19% atlow n. The noise term is approximately 350 cosh 7 MeV for a 3x7
cluster in nXx¢ space in the barrel at (u) = 20 bunch crossing, and is dominated by pile-up
noise