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Abstract

In this thesis, I present two searches for new physics performed analysing the data collected by
the ATLAS detector, during the Run 2 of the LHC. The searches are designed to target top
squark pair production in Supersymmetric models which escape the traditional search approaches
and are particularly sensitive to scenarios with compressed spectra or long decay chains. Both
searches are characterised by the presence of multiple charged leptons (electrons or muons) and
missing transverse momentum in the final state.

The results were found to be in agreement with the Standard Model predictions. The observations
were interpreted to set exclusion limits significantly expanding the previous coverage on the
masses of the SUSY particles under test. Models featuring direct production of either the lighter
top squark (£;) or the heavier top squark (£;) were excluded at 95% confidence level for #; and
to masses up to about 1140 and 875 GeV, respectively, as well as neutralino ()2(1)) masses up to
520 GeV, depending on the model considered.

The challenges that silicon detectors will have to face in the high luminosity environment of the
LHC upgrade (HL-LHC) are then presented. In this context, the effect of radiation damage
on pixel sensor prototypes, designed for the ATLAS Inner Tracker upgrade (ITk), is studied,
focusing on the evolution of the active region of the sensors with the increase of radiation. All
the sensors measured after proton irradiation show an increase of depletion depth, reaching a
maximum between 1 x 101* and 3 x 10'* 1 MeV neq/cm?, when irradiated with 16.7 MeV protons,
and between 1 x 10 and 6 x 10'* 1 MeV ne,/cm? when irradiated with 24 GeV protons. These
results present strong differences with respect to the ones obtained after neutron irradiation,
demonstrating the distinct effect caused by the two particles.

In parallel, I investigated the sensitivity for future searches for electroweakino production in nearly
mass degenerate scenarios, assuming an integrated luminosity of 3000 b1 collected during the
HL-LHC data taking. This search is based on events with tracks recorded only in the innermost
layers of the detector, and it is therefore key for the assessment of the physics performance
of the ITk. The discovery potential of the analysis would allow for the discovery of wino-like
(higgsino-like) charginos of mass 100 GeV with lifetimes between 20 ps and 700ns (30 ps and
250ns), or for a lifetime of 1ns would allow the discovery of wino-like (higgsino-like) charginos of
mass up to 800 GeV (600 GeV).
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Introduction

The quest for new physics Beyond the Standard Model (BSM) is key for the understanding
of the laws which regulates particle and their interactions on a cosmological scale. One of the
proposed Standard Model extension is Supersymmetry, a theory that postulates a symmetry
between bosons and fermions, so that for each known particle, a new partner is predicted with
a spin difference of 1/2. In many supersymmetric models, one of these new particles is stable,
neutral and weakly interacting. All of these characteristics suggest that this particle could be a
good Dark Matter candidate. Moreover, the predicted particles help stabilising the Higgs boson
mass from large radiative corrections. This same argument suggests that at least some of the
supersymmetric particles shouldn’t be too heavy. In particular the top squark (supersymmetric
partner of the top quark) is foreseen to be light and could be produced in pairs in proton-proton
collisions. This makes the searches for the top squark very appealing at the energies reached by
the Large Hadron Collider (LHC), the largest machine ever built by humankind.

The work presented in this thesis is inserted in the framework of the analysis of the data collected
from 2015 to 2018 by the ATLAS experiment. This experiment, based at CERN, records and
reconstructs events arising from proton-proton collisions delivered by the LHC. The ATLAS
physics program includes accurate measurements of Standard Model processes together with
searches for new phenomena driven by many theories suggesting extensions of the model. Such
extensions are motivated by several unexplained experimental observations, like the presence of
Dark Matter or the matter-antimatter asymmetry and, at the same time, to correct some issues
linked to the internal structure of the Standard Model.

My goal is to extend the previous searches for top squarks, focusing on models in which the two
top squarks decay further down to a neutralino, a stable Dark Matter candidate foreseen by
Supersymmetry. The production of those particles can result in final states with two or more
charged leptons (electrons or muons) and significant missing transverse momentum. In this
context, many searches have been performed with the data collected during the Run 1 of the
LHC, looking at simpler models, and no evidence for new physics was found. For this reason,
the analyses decided to develope aim to select events with two different kind complex topologies.
The first one is driven by models where the mass of the neutralino is close to mass of the top
squark and it is characterised by a signature with low energy leptons. The second one instead,
targets models in which the SUSY particles follow long decay chains, including the emission of a
Z boson. For both analyses, a new approach with respect to the searches performed during the
first Run of the LHC is needed, in order to probe unexplored areas of the phase space.

The common strategy consists in isolating a kinematic selection in which the new physics signal
would be enhanced and then in estimating the residual contamination due to the known Standard
Model processes. A deviation from the prediction would be considered an evidence of new physics
beyond the Standard Model. Particular care is given to the estimation of the background arising

from events in which at least one of the lepton is not directly coming from the decay of a SM



bosons, as this is one of the major backgrounds for the signatures considered. This can arise
from leptons that come from the decay of a heavy flavour quarks, electrons coming from photon
conversions or in case of hadrons which are wrongly identified in the detector. This estimate is
obtained with a data-driven technique, in order to avoid the use of simulation, that can’t describe
such processes in an accurate way, due to the involvement of low energy QCD interactions and
detector effects.

In parallel with the search program, it is important to keep thinking about the future and to
participate in the the effort of designing, building and commissioning upcoming detectors for
future experiments. With the LHC successfully collecting data at 13 TeV, a series of upgrades is
foreseen, leading to an increase of the design-luminosity in the High-Luminosity LHC (HL-LHC)
project. With the upgraded accelerator, a peak instantaneous luminosity of 7.5 x 103*cm 257!
will be reached, which corresponds to an average of about 200 inelastic proton-proton collisions
per beam-crossing, inside ATLAS. Coping with the high instantaneous and integrated luminosity
will require many changes to the detector and, in particular, a new full silicon Inner Tracker (ITk)
with unprecedented radiation tolerance is being designed. In this context, this thesis investigates
the effect of the radiation damage on monolithic CMOS pixel sensor, prototypes designed for
the ITk. With this goal, an irradiation facility is developed at the Bern cyclotron, to emulate
the effects of the HL-LHC radiation on sensors prototypes. Particular focus is then given to the
study of charge collection in such sensors, performed with the Transient Current Technique.
Finally, the performances of the new ITk can be assessed, by testing the sensitivity for direct
chargino production, in highly compressed mass scenarios, in proton-proton collisions at the
HL-LHC conditions. In these models the chargino decays via a neutralino and a very low energy
pion, which is not reconstructed. The small mass splitting between the two SUSY particles
implies that the chargino has a sizeable lifetime and it can therefore decay inside the tracker. The
resulting characteristic signature in the detector presents a charged track that disappears after
few layers. This search is therefore the optimal benchmark to study the tracking performance of
the ITk for unconventional signatures, and to motivate the search for new physics in the high
luminosity environment.

This thesis is organised as follows. Chapter 1 provides an introduction to the theoretical framework
in which this thesis is set, describing Supersymmetry as a possible Standard Model extension
and the resulting top squark phenomenology. The status of the present limits set by previous
searches is also given. Chapters 2 and 3 are dedicated to the experimental setup, with an
overview of the accelerator system, of the different components of the ATLAS detector, and
of the techniques employed for the reconstruction of the events produced in the proton-proton
collisions, starting from the signals registered in the detector. Then, Chapters from 4 to 6 are
dedicated to the analysis of the data for the top squark searches. The general strategy of the
analysis is explained in Chapter 4, while the details and the results of the two searches are shown
in Chapters 5 and 6. In conclusion, Chapter 7 describes the ATLAS detector upgrades foreseen
for the HL-LHC program, and the effect that the resulting increased luminosity will have on the
charge collection mechanism of silicon sensors, while Chapter 8 presents the prospect for the

search with disappearing tracks.



Chapter 1

Supersymmetry as a Standard

Model extension

The Standard Model (SM) of particle physics, developed during the 20" century, is a comprehens-
ive theory which describes the known elementary particles and their interactions. The predictions
of the Standard Model have been tested by several experiments and the results have been nearly
always in good agreement [1, 2], up to an energy scale of the order of 1 TeV. The discovery
of a Higgs boson [3, 4], announced by the ATLAS and CMS collaborations in 2012, represents
the final success of this theory, as it was the last particle needed to give self consistency to the
Standard Model.

However, in spite of these great achievements, it fails to explain some open issues, like the nature
and the origin of Dark Matter in our universe and the inclusion of gravity as a fundamental force;
moreover some internal theoretical problems can be solved only applying a fine-tuning of the
parameters, which is considered unnatural. These problems, lead to the idea that the Standard
Model may only be an effective theory, which works very well at the energies tested until now,
but needs to be extended to describe the particles interactions at a higher scale.

In this chapter, the main issues affecting the Standard Model are presented, together with the
solutions proposed by one of the possilble extensions to the theory: Supersymmetry (SUSY).
Supersymmetric theories [5-11] were initially proposed as pure theoretical models during the
second half of the 20*" century and only afterwards have been applied to particle physics. The
basic idea is to build a model which gathers bosonic and fermionic fields under the same symmetry.
One generator of this symmetry is the complex operator @, defined by the following action on
physical states:

@ |boson) = |fermion) (1)

Q |fermion) = |boson)
This operator is a spinor and each time @ is applied, the state’s spin change by 1/2.
@ and its hermitian conjugate Q' satisfy the following anti-commutation rules:
{QmQ};} = _2UZﬁPH (1.2)
{Qa, Qs} ={QL.Qf} =0 (1.3)



where o# are the Pauli matrices and P, is a conserved quantity, corresponding to the generator
of the space-time transformations, for the Coleman-Mandula theorem. It is also important to
notice that the commutator of both generators with P* is zero:

[Qompu] = [QL»PM] =0 (1'4)

from which we derive that Supersymmetry is a global transformation.

The particles predicted by a supersymmetric theory, live in the irreducible representations of the
algebra generated by @ and QT, called supermultiplets. From the commutator in Equation 1.4
it’s easy to derive that also P? commutes with the algebra’s generators, therefore all the particles
belonging to the same supermultiplet must have the same eigenvalue of P2, hence the same mass.
Q and Q' also commute with the generators of the gauge symmetries of the Standard Model, so
particles living in the same supermultiplet have the same colour, electric charge and weak isospin
too.

Each supermultiplet must have the same number of bosonic and fermionic degrees of freedom.
This, together with the previous considerations, means that it is not possible to complete the
model using only the Standard Model’s existing particles and it is necessary to include new fields

in this framework: the supersymmetric partners.

1.1 Limitation of the Standard Model

This section contains an overview of the open questions in the Standard Model, focusing on the
issues that can be intrinsically solved by Supersymmetry. A brief idea of how these problems
can be solved is also given, while a detailed description of the Supersymmetry is discussed in the

next sections.

The Higgs boson mass and naturalness

The first problem arises by comparing the mass of the Higgs boson, which is measured to be
(125.10 4 0.14) GeV [12] and compatible with the electroweak symmetry breaking scale. This
consists in the bare term, a free parameter of the SM Lagrangian, and all the virtual corrections
due to the contribution from each particle coupling to the Higgs propagator. In order to deal with
the ultraviolet divergences arising from such contributions, a renormalisation procedure is needed,
with the introduction of a cut-off value A which represents the energy threshold up to which the
theory holds. For example, considering the correction coming from the loop containing a Dirac
fermion f in Figure 1.1, which couples to the Higgs field with a Lagrangian term —\;H f f, the

resulting physical Higgs mass is the following:

2
my ~mi, — %Az—k.“ (1.5)
where mpq is the bare Higgs mass and the omitted terms grow at most logarithmically with A.
The presence of a cut-off scale is not a problem by itself, at the energy levels investigated until
now; but if we assume the Standard Model to be valid up to the Planck scale, the correction
term will be of the order of (1019GeV)?2, which forces the bare term to be equally as big, to result
in the experimentally measured value. This is against the principle of naturalness [13, 14], which

requires that all the relevant parameters of the theory have to be of the same order of magnitude.
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H

FIGURE 1.1: First order corrections to the Higgs propagator, due to a fermionic (left) or a
scalar (right) field

If this is not satisfied, a tiny variation of some parameters may lead to dramatically important
changes to the quantities which are several orders of magnitude smaller. This implies that a
high level of fine-tuning is needed in order to obtain the physics that we observe. A commonly
adopted criterion [15] to measure the fine tuning of a theory is to consider the evolution of the
higgs boson mass, or equivantly mz or G, as a function of the parameters a; of the underlying
theory. The amount of fine tuning is then given by:

a;OMP (a;)

A = max M;QL 04,

(1.6)

Which means that a theory with A = 10 suffers from a parameter tuning of no more than 10%,
while one with A = 100 of 1%.

One solution to avoid fine-tuning would be the cancellation of the correction terms deriving
from fermions by the introduction additional opposite corrections arising from new particles. In
particular, this is possible due to the fact that a generic scalar particle S in Figure 1.1, coupling

to the Higgs field with a Lagrangian term —\g|H|?|S|?, leads to an additional term equal to:

As

2
AT (1.7)

Am? ~ +

In Supersymmetry, which contains two scalar states for each fermion, whose coupling constants
with the Higgs field follow Ag = |\ f|2, the problem of the naturalness and the Higgs boson mass
is automatically solved, as the corrections to the mass given by bosons and fermions, reported in
Equations 1.5 and 1.7 cancel each other exactly.

Dark Matter and R-parity

Many astrophysical measurements, like the rotation velocities of galaxies [16], show anomalies
in the gravity field, indicating the presence of a particular kind of massive, weakly interacting
matter. It must be non-luminous and non-absorbing, therefore it is called Dark Matter. The
presence of Dark Matter is also motivated by cosmological observations, which predict that it
makes up about 25% of our universe [17].

Possible candidates for Dark Matter are the so called WIMPs (Weakly Interacting Massive
Particles): these particles need to be neutral, stable and with a low cross section. In a sub-
set of supersymmetric models the lightest supersymmetric particle (LSP) has exactly these
characteristics and can be considered a Dark Matter candidate.

In the Standard Model, the conservation of the leptonic and the barionic quantum numbers is
accidental and is not imposed by any symmetry, it merely comes from the absence of renormalisable

interaction terms which allows these kind of processes. The same consideration cannot be applied
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to Supersymmetry. All the possible interactions between particles in a supersymmetric theory
are described by the Superpotential: this part of the SUSY Lagrangian can in principle contain
terms which lead to the non conservation of the leptonic and barionic quantum numbers. This
would allow the possibility of processes so far unobserved in nature, such as the proton decay.

The problem can be solved by imposing a new discrete symmetry, which restores the conservation
of both leptonic and barionic quantum number; R-parity[18] (also called matter-parity) is defined

as follow:
R = (—1)3B-D+2s (1.8)

where L and B are the leptonic and the barionic number respectively, and S is the spin of the
particle. It is important to notice that R = 1 for every Standard Model particle, while R = —1
for the super-partners. The result obtained by imposing this symmetry is that every possible
interaction vertex in the theory must contain an even number of supersymmetric particles. This

has three important consequences:

e The lightest supersymmetric particle must be stable. In the models in which the LSP is
neutral, it interacts weakly with ordinary matter, becoming a good candidate for Dark
Matter[19, 20] .

e All the other supersymmetric particles must have an odd number of LSP at the end of their

decay chain.

e At colliders, supersymmetric particles are always produced in an even number.

Grand Unification Theories and other unsolved issues

The unification of the electromagnetic and the weak interactions, proposed by Glashow, Weinberg
and Salam [21, 22], consists in the major step toward the creation of the Standard Model. Since
then, a huge effort begun in order to unify also the strong force under a unique gauge symmetry.
All the models built with this goal are therefore called Grand Unification Theories (GUT).

One problem that prevents the unification is given by the running of the coupling constants of the
three fundamental forces. In the context of the Standard Model, the three values don’t converge,
while the presence of supersymmetric particles with mass around 1 TeVwould lead to a possible
unification at an energy scale of 1016GeV [23-26] . The evolution of the coupling constants in the
Standard Model and in supersymmetric models is shown in Figure 1.2. There are other problems
affecting the Standard Model which can’t be directly solved by Supersymmetry, but still motivate
the search for new physics.

First of all, gravity has to be added to the picture, as the fourth fundamental force. At the
Planck scale its strength becomes of the same order of the other forces, and therefore any theory
describing the fundamental particles and their interactions cannot ignore gravity anymore. It is
impossible to include gravity into the Standard Model by using the usual quantum field theory
framework, as such theory would be non-renormalisable. To avoid this, many alternative models
have been proposed, like String Theory [27] and Loop Quantum Gravity [28], but their predictions
are still out of reach for current experiments.

Then, there are two physical observations which seem to be un-explained by the Standard Model
predictions: the matter-antimatter asymmetry and the neutrino mass.

The first problem arises from the fact that in our universe the presence of matter is dominant
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FIGURE 1.2: Running of the coupling constants in the Standard Model (dashed lines) and in
supersymmetric models (solid lines) [11]. In the SUSY case, the sparticle masses are varied
between 500 GeV and 1.5 TeV.

with respect to antimatter. In particular the following ratio is observed:

p="0""11 1010 (1.9)
Ty

This quantity relates the overall number density difference between quarks and anti-quarks (n,
and ng, respectively) and the number density of cosmic background radiation photons n.,.
If we assume a balance between matter and anti-matter immediately after the Big Bang, a process
where CP is violated is needed in order to produce this kind of asymmetry. Such processes are
actually allowed within the Standard Model context, thanks to the complex phase of the CKM
matrix, but they are highly suppressed and can’t explain the value of the ratio. Therefore, a new
mechanism is needed.
The second problem regards neutrinos and their masses. In the original Standard Model formula-
tion they are required to be massless; however, oscillations between different flavours of neutrinos
have been observed by several experiments and the difference between the masses of the three
neutrinos eigenstates have been measured. Several attempts to include in the Standard Model a
mechanism able to give mass to neutrinos have been made since, but all the models proposed are
either non renormalisable, require the introduction of new fields or the violation of the leptonic
quantum number. In all these cases, this suggests that an extension of the Standard Model is
necessary.

1.2 The Minimal Supersymmetric Standard Model (MSSM)

In this section, the simplest supersymmetric extension of the Standard Model, called Minimal
Supersymmetric Standard Model (MSSM) [29, 30], is presented, focusing on the different particles
included, their interactions and the mass spectrum.
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spin 0 spin 1/2  SU(3)., SU(2)r, U(1)y

quarks & squarks (a JL) (uz dr) (—3’ 2 %)
’ljbR UR (37 17 _2)

X3 . i 3

dR dR (37 1, %)
leptons & sleptons (ver) (ver) (1,2,-3)
x3 €r €R (1,1,1)
. - Hi HY) (Hf HY) (1,2,+1)
Higgs & Higgsinos (H, u ~o = 2

TABLE 1.1: Chiral supermultiplets in the MSSM.

First of all, in order to built a valid extension of the Standard Model it is necessary to fit all the
known particles inside the multiplets foreseen by the theory.

The easiest way to make a supermultiplet is to gather a spin 1/2 fermion with two real scalar
fields, which in turn can be arranged in a single complex scalar; this combination is called chiral
(or matter) supermultiplet. In this way, the right and the left components of the fermion are still
able to behave independently under the gauge transformations, therefore all the known leptons
and quarks can be arranged this structure. Their scalar superpartners are called sleptons and
squarks respectively and are denoted with the same symbols used for their ordinary partners,
with a tilde on top.

In the MSSM, two complex Higgs doublets with weak isospin +1/2 and —1/2 are needed in order

to give mass to all the particles [30]:
(Hy H,) (Hg Hy)

All together, this makes eight degree of freedom: three hidden Goldstone bosons, needed to give
mass to the electroweak vector bosons, and five observable fields: two neutral scalars h and H,
one pseudo-scalar A, and two charged scalar H*. Two different chiral supermultiplets are created
to cover for this Higgs sector. To fill the supermultiplets we need to add two additional spin
1/2 fermions; the name of this kind of superpartners is derived attaching the suffix “ino” to the
ordinary names, in this case Higgsinos.

An inclusive list of all the ordinary and supersymmetric particles living in chiral multiplets is

presented in Table 1.1.

spin 1 spin 1/2  SU(3)., SU(2)., U(1)y

gluon & gluinos g g (8,1,0)
W bosons & winos W* W W+ Wwo° (1,3,0)
B boson & bino B B (1,1,0)

TABLE 1.2: Gauge supermultiplets in the MSSM.

To complete the Standard Model particle zoo we miss the spin 1 vector bosons: they find their
place in gauge supermultiplets (or vector supermultiplets). It is important to remember that
these bosons are all massless before the symmetry breaking, therefore they carry only two degrees
of freedom. The superpartners, called gauginos, are massless spin 1/2 fermions, again with two
helicity states, so the number of fermions and bosons is matched. Table 1.2 shows the structure
of the gauge supermultiplets for gluons and for the four electroweak vector bosons.

The interactions between those particles come from the terms in the superpotential and can be

11



FIGURE 1.3: Example of the gluon, top, antitop vertex (left) and how it may be modified in
order to obtain a stop-antistop couple (right)

easily derived from the Standard Models ones: for any interaction vertex, two lines at a time can
be substituted with the respective supersymmetric partners. An example can be found in Figure
1.3

The phenomenological MSSM

The model described until now holds if particles and their super-partners are degenerate in mass.
However, no particles belonging to the SUSY spectrum have been observed yet. Therefore, if
Supersymmetry is realised in nature, it must be broken in a way that the new particles predicted
are allowed to have a higher mass.

Ideally, Supersymmetry breaks spontaneously, with some mechanism which is still unknown. We
can avoid specifying the breaking mechanism if we break the symmetry “by hand”, by introducing

an additional soft term to the Lagrangian:
L = Lsusy + Leoft (1.10)

Lsort must preserve renormalisability and the Standard Model gauge invariance but breaks the
supersymmetric invariance. It contains all the mass terms and any possible coupling parameter
with positive energy dimension.

As a consequence of this procedure, the MSSM is characterized by more than 100 independent
physical parameters: masses, phases and mixing angles.

In order to build a model that can produce a well defined phenomenology, some assumptions have
to be made, while some constraints on the parameters can be applied using experimental and
theoretical evidences. For example, C'P violating terms and the terms which mix generations are
heavily constrained by flavour physics measurements. The parameters are furthermore reduced
after imposing the R-parity conservation, as illustrated before. In this way, the numbers of
parameters is reduced down to 19 terms in the phenomenological MSSM model (pMSSM) [31],
listed in Table 1.3.

1.3 The mass spectrum

All the supersymmetric particles listed before are not necessarily mass eigenstates and the ones
with the same quantum numbers can in general mix, resulting in different observable states, listed
in Table 1.4.

12



Parameters Description

My, My, Mj; gaugino masses
tan g3 ratio of the VEVs of the two Higgs doublets
My pseudoscalar Higgs boson mass
L higgsino mass
A, Ay, A trlinear couplings for third generation sfermions
MGL, MaR, Mg, Mir, Mé—jiR first and second generation sfermion masses
mgaL, Mig> Mip> Misr> M7R third generation sfermion masses

TABLE 1.3: Free parameters of the pMSSM.

Names Spin  Gauge Eigenstates Mass Figenstates

Higgs boson 0 HYHY HY Hy RO HO A® H*
fLL ’ELR JL JR (same)
squarks 0 51 8r ¢ Cr (same)

EL ER br, bR ??1 7?2 by bay

€L €R Ve (same)
sleptons 0 B R Uy (same)
TL TR Vs T To Ur

neutralinos ~ 1/2 B WO HY HY X1 X3 X8 X4
charginos 1/2 Wt HF 0y 5N
gluino 1/2 g (same)

TABLE 1.4: Interaction and mass eigenstates in the MSSM.

The Higgs sector

As anticipated before, the MSSM contains eight Higgs scalar fields, but only five of those are
observable. They mix up in order to create the following bosons:

e a couple of charged Higgs boson H™ and H~

e a C'P-odd neutral Higgs bosons Ay

e two C'P-even neutral Higgs bosons Hy and hg
Between them, H, H~, Ay and Hy may have masses far from the TeV scale, which makes them
impossible to discover by present experiments. However Supersymmetry requires the lightest

neutral Higgs boson hg mass to be below = 135 GeV, compatible with the measurement of the
Higgs mass made by ATLAS and CMS.

Charginos and neutralinos

The charged gauginos and Higgsinos mix with the following two blocks matrix in the (W=, HE)

basis:
M, V2Myy sin 8 0 0
V2 My cos I} I 0 0 (1.11)
0 0 M, V2Myy sin 8 ’
0 0 V2Myy cos 15} I

13



where My, is the W boson mass and tan 3 is the ratio of the two vacuum expectation values of
the Higgs doublets. The results of the mixing are four spin 1/2 particles called charginos and
denoted with Y7

For the neutral sparticles, the mixing is caused by the matrix:

My 0 —My cos Bsinfy My sin [sin Oy

0 My My cos BcosOy Mg sin 3 cos Oy (1.12)
— Mz cosBsinby My cos 3 cos Oy 0 —
Mz sin Bsinflyy  —Myz sin 3 cos Oy — i 0

in the (B, wo, H{j, fNIg) basis. Here My is the Z boson mass, 0y is the Weinberg mixing angle
and [ is defined in the same way as before. We obtain four neutral particles called neutralinos
(X?). The lightest neutralino ¥ is assumed to be the LSP in many supersymmetric models, as
being neutral makes it an optimal Dark Matter candidate.

In both matrices, My, My and p are mass parameters, often called bino, wino and higgsino mass

respectively and their values set the charginos and neutralinos mass spectrum.

Gluinos

Gluinos are different coloured particles and therefore cannot mix with each other. Their mass
parameter M3 can be related to the M; and M, parameters by the assumption that at the scale
where unification exists, also the masses become degenerate. This leads to the following relation:
M M. M.
22 AEs (1.13)
aq a2 a3
The consequence is that at the TeV scale, gluinos must be havier than charginos and neutralinos;

the mass parameters are expected to approximately follow these rates:

Ms:My: M ~6:2:1

Squarks and sleptons

In principle, all the scalar superpartners with the same quantum numbers can mix, both the “left”
and “right” components, leading to three 6 x 6 matrices for up-type and down-type squarks, and
for sleptons, plus a 3 x 3 matrix for sneutrinos. However, the off-diagonal terms of the matrices
are expected to be proportional to the sfermion mass, with the result that this left-right mixing
is relevant only for sleptons and squarks of the third generation.

The SUSY spectrum and naturalness constraints

Requiring the theory to be natural, implicitly puts some constraints on the mass of the predicted
SUSY particles. Needless to say, the power of such constraints is directly related to the level of
fine tuning which is considered acceptable for the theory.

As shown in Equation 1.6, the amount of fine tuning can be measured as the effect that the
parameters of the theory have on the value of mj. In Supersymmetry, my, includes the p term

at tree level. From a phenomenological point of view, this is reflected in the fact that higgsinos
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FIGURE 1.4: Hypothetical mass spectrum for the MSSM [32]. Particles on the left are
constrained by the naturalness principle, while particles on the right are decoupled from the
Higgs field and aren’t subjected to any limit.

must be light, because their mass is directly controlled by p. Unfortunately, the low cross-section
of direct higgsinos production makes such particles very hard to find at hadrons colliders, even if
realised in very light states.

Going at loop level, additional corrections arise, which correspond to more constraints to the
SUSY spectrum. The Higgs potential is corrected by gauge and Yukawa interactions, with the
largest contribution arising from the loop containing top and stops. Given the higher production
cross-section of top squark in proton-proton collisions, this requirement makes the searches for
such particles very appealing at the LHC.

Finally, further constraints arise from the gluinos, which lead to large corrections to the top
squark mass and therefore enters into the Higgs term at two loops. All the other radiative
contributions to the Higgs term from the other SM particles put much weaker bounds to the
supersymmetric spectrum.

Figure 1.4 shows a hypothetical SUSY spectrum, built following the naturalness arguments just

presented.

1.4 Top squark phenomenology

It is seen that asking for a natural SUSY spectrum requires a limit over the TeV scale for the mass
eigenstates of the top squark, making those searches very appealing at the LHC. This section
reviews the possible production and decay mechanisms for the two top squark mass eigenstates
(fl and t5) and presents the current limits on the top squark mass found by previous searches
carried out by ATLAS and CMS during the first run of the LHC.
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FIGURE 1.6: NNLO+NNLL prediction of the pair production cross section for stops, squarks
and gluinos, at /s = 13 TeV.

Production

At the LHC, in proton proton collisions, the top squark may be mainly produced by two

mechanisms:

e through the decay of gluinos, if those particles are heavy enough to decay into t + ¢; and

light enough to be produced with significant rate

e direct production of a stop-antistop pair

If gluinos are very heavy, the production cross section of the first mechanism is too small and
only direct production is left. The direct production’s diagrams can be simply derived by the t
ones, replacing the two top quarks with the respective supersymmetric partners: the three main

channels are shown in Figure 1.5.

The cross section of this process is calculated at the next-to-next-to-leading order, including
soft-gluon resummation up to next-to-next-to-leading logarithmic accuracy and the resummation
of Coulomb corrections (NNLO,pprox + NNLL) [33]. The theoretical uncertainties are derived
by the convolution with different parton density function (PDF) sets. Figure 1.6 shows the
production cross section of top squark pairs at a centre of mass energy of /s = 13 TeV, as a

function of the top squark mass.
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FIGURE 1.8: The figure shows the plane spanned by the #; and the X1 mass, together with the

Decay modes

All the possible decay modes of the top squark depend on the mass spectrum of the supersymmetric
particles involved. For the sake of simplicity, in all the models considered here R-parity is exact

and the lightest neutralino is the LSP; furthermore, all the unstable particles are expected to

t1 — %2 decay channels dominant in each region [34].

decay instantaneously.

First of all, let’s consider the decay modes in which the #; directly decays to the X! and no other
SUSY particle is involved. This is the principal decay mode if the masses of the other SUSY

particles are much heavier than the #; mass and are therefore decoupled. If mg, > Mg+ mgo, the

light top squark can decay through:

El—>t)z(1)
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In this case, the neutralino is stable, while the top quark decays further, either hadronically or
leptonically. This leads to a final state with light jets, b-jets, leptons (depending on the top decay
channel) and missing transverse momentum; the diagram in Figure 1.7 shows the stop-antistop
decay chain in the eventuality of a semi-leptonic decay.

In case of smaller mass difference between the ¢, and the >~((1), the decay can still happen, but

through off-shell particles, resulting in the following three or four-body decays:

t = bW X! (1.15)
b ff X0 (1.16)

where f and f’ are Standard Model fermions. Figure 1.8 shows the £; — ¥) mass plane and the
region in which each decay is dominant. In the area where the X{ mass is close to the t1, it is

present also the following two-body decay:
=) (1.17)

which is very rare because is one-loop mediated and is therefore competing only with the four-body
decay in (1.16).

If charginos or heavier neutralinos are lighter then the ¢;, intermediate decays can happen, such
as:

B b XE (1.18)
f1 >t X5 (1.19)

The heavier electroweakinos then decay further, emitting SM bosons (Z, h and W) down to the
stable X!. This can result in very long decay chains and consequently busy final states, with
many jets and leptons, depending on the decay modes of the SM bosons. An example of two
possible decay chains, including charginos and neutralinos, is presented in Figure 1.9.

The branching fraction of all decay channels depends not only on the mass spectrum of the
SUSY particles but also on other free parameters of the Lagrangian, such as the mixing of the
electroweakinos. This leads to many possible models, each one with more favourable decay modes.
Figure 1.10 shows two examples of how the top squark phenomenology could show up in nature.
The scenario on the left is motivated by gauge unification at the GUT scale, where the the bino is
the LSP and the wino is the NLSP, and its two eigenstates ()ﬁc and 5(8) are approximately twice
as heavy as the X?. The model on the right, instead, assumes that the lightest neutralinos and
charginos are a mix of bino and higgsino. This scenario is motivated by naturalness arguments
and provides a Dark Matter candidate with the right relic density [35, 36].

Furthermore, if the heavy top squark (#3) is light enough to be produced at the LHC, a new
set of possibilities is open, as it can decay in the same way as the #;, but can also create longer
chains, where the first step consists of:

to >t +h/Z (1.20)

Here, the probability of decaying in either h or Z is mostly influenced by the mixing between the
the stop right and the stop left. Figure 1.11 shows instead one particular model where the heavy
top squark has a mass of around 1TeV and it can decay either in the lighter top squark or in the

lighter electroweakinos.
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decay. A branching ratio of 100% is assumed for the dominant decay in each region.

Simplified models

Given the multitude of possible models with different decays patterns, and the fact that many of
them could produce similar signatures, a simplified approach is used. This approach helps in
driving the event selection for the searches for new SUSY particles and as well to interpret their
results. The so called Simplified Models [37-39] are effective models which are built in order to
include the minimum number of particles necessary to produce a given final state and are usually
parametrised in terms of cross sections, branching ratios and masses of on-shell particles. In
such models, the phase space and the kinematics of the produced particles are calculated exactly,
while the matrix element is approximated using effective parametrisations. Simplified Models are
often used to present results in terms of discovery or exclusion of a certain set of SUSY particles,
but it is important to connect the results obtained in such a way, to more realistic scenarios.
This can be obtained by re-interpreting the analysis results over set of realistic models obtained
by scanning the parameters of the SUSY Lagrangian.

1.5 Previous experimental constraints

Extensive searches for the top squark were performed by the ATLAS [34] and CMS [40—45]
collaborations, using the data delivered during the Run 1 of the LHC, in proton-proton collisions
at /s = 7-8 TeV. No evidence of the top squark has been observed yet, and all the experimental
efforts ended up in setting limits on the top squark mass, depending on the particular Simplified
Model considered.

Figure 1.12 summarises the results obtained by the two collaborations for models where no
supersymmetric particles other than the light #; and the X} are involved. It shows the same mass
plane reported in Figure 1.8, together with the limits imposed by the different analysis, targeting
the decay channel dominant in each area. 95% CL exclusion for a £; mass up to 780 GeV is

obtained for a massless >~<(1).
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In the more complex scenario in which the the lightest chargino is also coupled to the ;, limits
were established in selected slices of the 3D parameter space, in which one of the parameter is
constrained at the time. In Figure 1.13 the results obtained by ATLAS during the first run of the
LHC are reported. These have been interpreted using five different assumptions on the sparticles

mass hierarchy:

fixed chargino mass (106 GeV or 150 GeV)
e mg+ = 2mygo (motivated by unification, see equation 1.13)

small splitting between the #; and the X1 mass (Am (t1, )Zli) =10GeV)

chargino and neutralino nearly degenarate (Am (X9, ﬁt) = 5-20 GeV)

fixed £; mass (300 GeV)

Summarising, in all the models considered with the #; — b X decay, f; masses up to 450
- 600 GeV are generally excluded. With the exception of highly compressed scenarios where
t; masses as low as 200 GeV are still allowed (Figure 1.13 b) and a small unexcluded region
around (myg, mek, mgo) = (180,100, 50) GeV (Figure 1.13 c), where the signal events have similar
kinematics to Standard Model tt events and therefore the analysis sensitivity is much weaker.
Concerning the o, the search effort concentrated mostly on models where the mass splitting
between the ; and the X7 is equal to the top mass. This area of the phase space was not covered
by the traditional £; — t XY searches, as can be observed in Figure 1.12, due to the similarity
between the signal and the ¢ background in term of kinematics. Exploiting the SM boson emitted
by the first step of the dacay, could therefore help in resolving an possible presence of new physics
in such a difficult area. Limits were placed considering the 5 decaying 100% of the time in either
t1 h or t; Z and {, masses up to 600 GeV have been excluded in both scenarios, considering a
massless )2(1), as can be seen in Figure 1.14. Figure 1.15 shows instead the exclusion power for
specific mass points as a function of the branching ratio of the Z,.

The results of all the searches for third generation squarks, together with other SUSY analysis
in ATLAS, have been further interpreted in the context of the 19-parameter pMSSM [46]. To
do so, set of realistic models have been generated by variating the parameters in the range of
phase space allowed by the external experimental constraints and in order to keep the sparticles
accessible the the LHC. The result, showing the excluded models as function of the #; and the XY
masses, is shown in Figure 1.16. The comparison between the black area (100% excluded models)
and the white line (simplified models contour) shows that in many cases using simplified models
is an over-simplification and the limits obtained with them should be taken with a pinch of salt.
To cover al possible models, more complex analysis strategies are needed, which cover more than

the simpler signatures.
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Chapter 2

The LHC and the ATLAS

Detector

The data used in the analysis presented in this thesis come from proton-proton collisions, delivered
by the LHC accelerator at CERN, and have been recorded by the ATLAS detector. In this
chapter, an overview of the accelerator complex is given, together with a detailed description of
ATLAS and its sub-detectors.

2.1 The Large Hadron Collider

The Large Hadron Collider (LHC) is the largest particle accelerator in the world. It has been
built in order to explore a wide new range of energies, never reached before. It is created to
accelerate and collide hadron beams up to a centre of mass energy of 14 TeV. The aim of the
LHC is to allow experimental physicists to investigate the nature of particles interactions up
to the TeV scale, study the electroweak symmetry breaking mechanism and test theories which
predict new physics beyond the Standard Model.

The LHC was built into the same tunnel of the Large Electron-Positron collider (LEP) [47], the
previous CERN big accelerator. For the LHC, the choice of using proton beams is closely related
to the discovery power of this machine. Charged particles irradiate photons when accelerated
and the rate of energy loss for a particle that covers a circular orbit with a radius R depends on

its mass m in the following way:
dE E*

G iR (2.1)
For this reason with protons, that are two thousand times heavier than electrons, it is possible to
reach a higher value of energy, keeping the same acceleration parameters.

As a side effect, protons aren’t elementary objects, but are made of quarks and gluons. Therefore,
the interaction takes place between two of the elementary components, which carry an unknown
fraction of the momentum of the two protons. For this reason, the energy in the centre of mass
of each collision is undetermined.

The project to build this huge machine started in the early nineties, and the LHC became finally
operative in September 2008. The nominal design predicted bunches containing ~ 10'! protons

with an energy of 7TeV for each beam and a bunch crossing frequency of 1/25ns. This would



have produced a nominal instantaneous luminosity £ = 1034 cm=2s7!.

Unfortunately, nine days after the first circulating beam, an accident occurred due to an electrical
fault and 53 magnets were damaged as a consequence. This caused a one year long shutdown in
order to repair the damages and improve the safety conditions. During the autumn of 2009 the
operations started again, with limited performance.

The first proton-proton collisions at /s = 7TeV were registered on 30th March 2010 and for
the following two years the experiments have been able to collect data. During 2015, after an
established shutdown for repairs, upgrades and improvements, the operations have started again
with an upgraded energy in the centre of mass of /s = 13 TeV, close to the nominal target. The
data taking of the Run 2 of the LHC continued until the end of 2018, with gradually increased
luminosity, to finally collect a total integrated luminosity of 156 fb~!. Table 2.2 shows the
evolution of the LHC performances.

Year Energy Peak Lumi Integrated Lumi  Bunch Spacing
2011 7TeV 4 % 10%3cm—2s~1 5.61fb~! 50 ns
2012 8TeV 8 x 10%3cm—2s~! 23.3fb~! 50 ns
2015 13TeV 5 x 10%3cm—2s~! 4.2fb1 2515
2016 13TeV 14 x 1033cm—2s71 38.5fh 1 25 ns
2017 13TeV 21 x 10%3cm—2s~! 46.9fh~! 251ns
2018 13TeV 21 x 1033cm—2s7! 60.6fb ! 25ns

TABLE 2.1: Summary of the LHC performances during the years of operation.

The accelerators complex

The LHC consists of a 27 km ring of superconducting magnets, located in the underground tunnel
at the border between Switzerland and France. The proton beams travel in opposite directions
in separate beam pipes and, after being accelerated to the energy limit of 6.5 TeV, are made to
collide in four different points, inside the experiments: ALICE, ATLAS, CMS and LHCb.

This is only the final step of a complex acceleration chain, illustrated in Figure 2.1. The
acceleration process starts from a ionised hydrogen source: protons are separated from the
electrons with strong electric fields and are firstly accelerated up to an energy of 50 MeV by the
linear accelerator Linac2. The proton beam is then injected into the Proton Synchrotron Booster
(PSB), and reach the energy of 1.4 GeV. The next step is the Proton Synchrotron, which has been
the first CERN synchrotron and during the sixties has been used as the main accelerator. Now it
is part of the LHC chain and is needed to deliver proton beams with an energy of 45 GeV to the
Super Proton Synchrotron (SPS), the last step before the LHC. The SPS, which made possible
the discovery of the W bosons in 1983 by the UA1 and UA2 collaborations, further increases
the energy of the beams up to 450 GeV before the injection in the main accelerator. Heavy ions
follow a slightly different path, being accelerated by the Linac3 and by the Low Energy Ion Ring
(LEIR) before entering in the PS.

LHC experiments

The main LHC experiments (ALICE, ATLAS, CMS and LHCb) are situated in caverns cor-
responding to the four intersection points of the LHC, shown in Figure 2.1. Three additional
experiments (TOTEM, LHCf and MoEDAL) focus on forward emitted particles and are therefore
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FIGURE 2.1: Scheme of the CERN accelerator complex [48].

located along the tunnel, in proximity of the main experiments. A brief list of the experiments

main goals is given in this section.

e ATLAS and CMS are the two biggest experiments. They use different technologies, with

the aim of discovery new particles: from the Higgs boson to the ones predicted by beyond

Standard Model theories.

e LHCD is specialised in investigating the differences between matter and antimatter by

studying light states containing b quarks.

e ALICE is the heavy ions detector, designed to study the physics of strongly interacting

matter at extreme energy densities.

e TOTEM makes precise measurements of protons in the forward region, inaccessible by

other experiments, and it is used to monitor the LHC luminosity.

o LHCf uses forward particles from the LHC as a source to simulate cosmic rays in laboratory

conditions.

e MoEDAL is the newest between the LHC’s experiments and it is searching for magnetic
monopoles.

27



Detector characteristics

Width: 44m
Diameter: 22m
Weight: 7000t

Muon Detectors Electromagnetic Calorimeters

ATLAS

Solenoid CERN AC - ATLAS V1997
Forward Calorimeters

End Cap Toroid

.

=

= \
S———0—c "\ mmj
=

i Inner Detector ieldi
Barrel, Torold Hadronic Calorimeters Hieding

FIGURE 2.2: Schematic representation of the ATLAS detector.

2.2 The ATLAS detector

ATLAS (A Toroidal Lhe ApparatuS)[49, 50] is the largest between the LHC’s detectors. It
weights about 7 kTons and has a cylindrical symmetry centred on the beam axis, with a basis
diameter of 25 m and a longitudinal length of 44 m. The detector design project was proposed in
1994 and it was built during the construction of the LHC accelerator. In 2008 it has been turned
on for the first time, in order to be tested with cosmic ray events and in 2009 ATLAS was ready
for the first LHC collisions.

ATLAS is designed to be a general-purpose detector. When the protons collide in the centre of
the detector, a variety of different particles with a broad range of energies are produced. Rather
than focusing on a particular physical process, ATLAS is designed to measure the broadest
possible range of signals. For this reason, ATLAS is composed by different sub-detectors, each
one designed and optimised for a specific task. It can be divided into three major parts: the
Inner Detector (ID) that surrounds the interaction region and records the tracks left by ionising
particles, the Calorimeter system to measure the energy of electrons, photons and hadronic jets
in the middle, and the Muon Spectrometer in the outermost layer. The complete structure of the
ATLAS detector is shown in Figure 2.2.

ATLAS coordinate system

Due to the shape of the detector, a convenient set of cylindrical coordinates has been chosen.
The beam direction defines the z axis, with the origin located at the center of the detector. The
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transverse plane is then defined by the azimuthal angle ¢ and by the pseudorapidity 7, defined as:

1= fun (2)] o

This particular angular coordinate derives from the limit for massless particles of a quantity
called rapidity (y) defined by the following equation:

1 E+p,
y 2n<EpZ) (2.3)

This quantity has the propriety of being additive under a Lorentz boost S along the z axis:

y' = y + arctanh(B). Hence, the difference in rapidity and differential distributions in in this
variable % are invariant. This is really valuable at hadron colliders, where the rest frame of
parton collisions is unknown.

2.3 The Inner detector

The ATLAS Inner Detector provides the reconstruction of charged particle tracks, with the aim
of measuring the transverse momentum of these particles and identifying collision and decay
vertexes. The structure of the detector is shown in Figure 2.3. It is composed by three concentric
sub-detectors, using different technologies: the Pixel Detector, situated close to the interaction
point, the Semi-Conductor Tracker (SCT) in the middle and finally the Transition Radiation
Tracker (TRT) that constitutes the outermost component; all these sub-detectors are contained
in the Central Solenoid, which provides a nominal field of 2T and bends the tracks in the (R, ¢)
plane, to allow the transverse momentum measurement. The Inner Detector overall dimensions
are 2.1m in diameter and 6.2m in length and it covers a pseudorapidity region of |n| < 2.5.

With the combination of the informations coming from the sub-detectors, it is possible to obtain
a resolution on the impact parameter of a track varying with the pr between 30 — 100 pm in the

transversal plane and between 70 — 170 pm in the longitudinal direction [51].

Pixel Detector

The Pixel Detector is placed as close as possible to the beam pipe, in order to achieve a great
resolution in vertex reconstruction. In the original design project, the cylindrical barrel contains
three different layers: the B-layer (5.05cm far from the beam axis), the L1 (8.85cm) and the
L2 (12.25cm), These layers are 80 cm long and the two end-caps have three disks each, needed
to cover the remaining 7 region. It is made up of 1744 partially overlapping modules (1456 in
the barrel plus 288 in the end-caps), consisting in a 250 pm thick silicon sensor with n* pixels
implanted on a n-doped bulk, 16 front-end chips and one controller chip. Each module has an
active area of 16.4 x 60.8 mm? consisting of 47232 (328 x 144) pixels. The typical pixel size is
50 x 400 pm?, while in the regions between two front-end chips a size of 600 x 50 pm? has been
chosen to guarantee a full angular coverage. This leads to a position resolution better than 15 pm
in the (R, ¢) plane and of 72um and 115 num in the z direction, for the first layer and the others
respectively.

In May 2014, during the shutdown, an additional innermost layer, the Insertable B-Layer (IBL) [52]

with a radius of 3.3 cm, has been inserted in ATLAS in order to improve the tracking precision.

29



r R =1082mm

TRT

L R = 554mm
( R=514mm

R =443mm
scT4

R =371mm

\ R =299mm

R = 50.5mm
R =33.25mm

R =0mm

R =122.5mm
Pixels R = 88.5mm

FIGURE 2.3: View of the transverse section of the ATLAS Inner Detector.

Two different technologies have been used for the upgrade: improved planar sensors in the middle
and 3D sensors in the forward region, with a reduced pixel size of 50 x 250 um? in order to

improve the longitudinal resolution.

Semi-Conductor Tracker

The SCT is the second system of the Inner Detector. It is composed by four cylinders in the
barrel region, covering the pseudorapidity range 1.1 < || < 1.4, with a radial extension between
299 mm and 514 mm, and a length of ~ 1.5 m, plus two end-caps consisting in nine disks covering
the remaining region of |n| < 2.5. It uses a semiconducting silicon technology, like the Pixel
Detector, with larger strip (80 pm pitch) sensors in order to cover a bigger area. In the end-cap
disks, slightly different sizes are needed in order to accommodate the more complex geometry,
with strip pitch ranging from 56.9 to 90.4 pm. Over all, the SCT counts 61 m? of silicon sensors
with around 6.3 million readout channels and deliver position measurement with an accuracy of

17pm and 580 pm in the azimuthal and z directions respectively.

Transition Radiation Tracker (TRT)

The TRT is the outermost system of the Inner Detector and covers a radial distance from 563 mm
to 1066 mm. It consists of straw tubes with a 4 mm diameter filled with a gas mixture of 70%
Xe, 27% CO4 , and 3% Os. In the centre of each tube there is a gold-plated tungsten wire at
ground potential while the wall are kept at a voltage of -1.5 kV, therefore each tube acts as a
small proportional counter.

In addition to this, the spaces between the straws are filled with polymer, therefore transition

radiation is emitted by highly relativistic charged particles as they pass through the material
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boundary; these soft X-rays can be absorbed by Xe atoms and then detected by the tubes. This
effect has a dependence on the factor v = E/m and can be used to discriminate electrons from
heavier particles like pions.

The TRT barrel region contains 52544 straw tubes 1.5m long, parallel to the beam axis. They
cover a radius from 0.5m to 1.1 m and a pseudorapidity range of |n| < 1. The end-caps contain
0.4 m long straws organised perpendicular to the beam axis, covering the following geometrical
range: 0.8m < |z| < 2.7m and 1 < |n| < 2.

The performances of the TRT go in the opposite direction of the silicon-based tracking devices:
the single-point resolution is worst (&~ 120 pm), but this is compensated by a larger number of

hits per track (typically more than 30) and a long lever arm.

2.4 The Calorimeters

The second layer of the ATLAS detector is occupied by the calorimeter system, shown in Figure
2.4, dedicated to the measurement of the energy of photons, electrons and hadronic particles. This
is possible when the particles release all their energy inside the material and are arrested before the
end of the calorimeter. Electromagnetic and hadronic showers have a different behaviour inside
matter and, therefore, two different calorimeters are needed: the Electromagnetic Calorimeter
(ECAL) is collocated right after the solenoid and allows the measurement of photon and electrons
energy, while the Hadronic Calorimeter (HCAL) is placed immediately after and needs more
powerful absorbers to deal with the deeper development of hadronic jets. For both calorimeters
a “sampling” strategy has been adopted: most of the energy of the particles is absorbed in
high density metals, while the measurement is based on a periodical detection of the shape of
the resulting showers, in some active materials. This leads to a worse energy resolution, due
to the fluctuations that affect the energy release processes, but allows to build more compact
calorimeters and, above all, the segmentation makes also possible position measurements. This is
especially important for neutral particles, like photons, that don’t leave tracks inside the Inner
Detector. The performances of the ATLAS calorimeter system, in terms of energy resolution, are
shown in Table 2.2.

Electromagnetic Calorimeter

The Electromagnetic Calorimeter uses lead layers as absorbing material and liquid argon ionisation
chambers for the shower sampling. This sub-detector is designed with the characteristic accordion
geometry shown in Figure 2.5: such configuration allows for good energy and space resolution,
together with a full azimuthal coverage, while it has the disadvantage of having a time resolution
longer than the nominal separation between two events. The total thickness is more than 22

radiation lengths (Xy) in the barrel and more than 24 X, in the end-caps, in order to contain

Calorimeter Resolution (o0g/E)

ECAL 10%VE & 0.7%
HCAL 50%VE & 3%
FCAL 100%VE & 3.1%

TABLE 2.2: Energy resolution obtained by the ATLAS calorimeter system.
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FIGURE 2.4: Schematic description of the calorimeter system of the ATLAS detector.

almost every electromagnetic shower and about 2/3 of the hadronic ones.

The barrel is divided in three layers, called strips, middle and back. The strip section is 6 X long
and has high segmentation in the n direction, in order to discriminate between photons and .
The middle part extends up to 22 Xy and contains most of the energy of the showers originated
by photon and electrons with energy up to 50 GeV. Finally, the back provides 2 additional X
and is used to estimate the energy leakage in the hadronic cells. In order to study the shower
development before the start of the calorimeter and estimate the energy loss inside the Inner
Detector, an additional pre-sampler layer of liquid argon is added inside the solenoid. Because of
the transitions between the different components, there are regions in 7 (called crack) where the
performances of the EM calorimeter are worse. In particular, this happens at 7 = 0, between
1.37 and 1.52 , and at |n| = 2.5.

Hadronic Calorimeter

The Hadronic Calorimeter makes use of different absorbers and active materials for the barrel
region and for the end-caps.

The Tile Calorimeter is placed in the central region and uses a sampling technique with steel
and scintillators. It extends from a radius of 2.28 m to 4.25m and is longitudinally segmented in
three layers; the pseudorapidity coverage is || < 1.0 for the barrel and 0.8 < |n| < 1.7 for the
extended barrel.

The Hadronic End-cap Calorimeter (HEC), instead, consists of two independent wheels per
end-cap, covering the region 1.5 < || < 3.1, and uses a copper-liquid argon sampling technique.

Each wheel is divided into two longitudinal segments, for a total of four layers per end-cap.
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FIGURE 2.5: 3D view of the accordion geometry of the ECAL.

Forward Calorimeter

Finally, the Forward Calorimeter (FCal) covers the 3.1 < |n| < 4.9 region and allows both elec-
tromagnetic and hadronic energy measurements. This system, based on liquid argon technologies,
is not used for precision measurements, but provides information for the missing transverse
energy evaluation and the reconstruction of very forward jets. It is built in order to have an high

tolerance to radiation, which is extremely important in this region close to the beam pipe.

2.5 The Muon Spectrometer

The Muon Spectrometer (MS), shown in Figure 2.6, is in the outermost part of ATLAS: muons
lose a negligible amount of energy by ionisation in the materials of the calorimeters, therefore they
are not absorbed and can reach this region of the detector almost unperturbed. The muon system
has two different functions: it needs to provide high precision tracking, for which high granularity
is needed, and to serve as trigger for the recording of the events, requiring the employiment of
fast detectors. Different technologies have been exploited to satisfy these requirements.

The muon tracks measurement is provided in the central ) region by the Monitored Drift Tubes
(MDT), while at large 7, the higher segmented Cathode Strip Chambers (CSC) are used. The two
systems can provide hit measurements with a resolution of 80 pm and 60 pm respectively. The

magnetic field used for the momentum measurement derives from the external toroids system,
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FIGURE 2.6: Location of the Muon Spectrometer inside the ATLAS detector.

which provides a field of 0.5 T and 1T in the barrel and end-caps respectively. The field’s lines
are circumferences centred on the beam axis and bends the particle trajectories in the (R, z)
plane. In order to reduce multiple scattering affecting the tracking precision, the whole system is
placed in air.

The detectors participating to the trigger decisions need a very fast response: the Resistive Plate
Chambers (RPC) are used in the barrel region, while the Thin Gap Chambers (TGC) are used
in the end-cap. Together they cover the region for |n| < 2.4.

2.6 Triggers and Data Acquisition

Considering a bunch-spacing of 25ns, bunches filled with protons collide inside the ATLAS
detector with a rate of roughly 40 MHz. This large amount of data can’t be fully reconstructed
and stored; therefore, the number of events collected by the detector has to be reduced down to
approximately 1 kHz in a very short time frame. The ATLAS trigger system has been designed
to reduce the initial data rate by several orders of magnitude, selecting only the small fraction of
events interesting for the ATLAS physics programme.

The trigger system consists of two trigger levels, a hardware-based first level trigger (Level-1)
and a software-based high-level trigger (HLT), as illustrated in Figure 2.7. The Level-1 trigger
is implemented to determine Regions-of-Interest (Rols) in the detector, exploiting informations
coming from the calorimeters and from the Muon Spectrometer; it reduces the event rate from
the LHC bunch crossing rate down to 100 kHz. The Rols are then passed to the HLT which uses
the full detector information in either the Rol or the entire event to form a decision. In the HLT,

reconstruction algorithms similar to the ones used for the off-line analysis of the data run in a
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large farm of ~ 40.000 processor cores and a decision is formed typically within 300 ms. The
output rate of the HLT is around 1 kHz.

The increased luminosities, above 1.5 x 10%* cm™2s~!, recorded during the Run 2 of the LHC,
are responsible for severe limitations on the ATLAS TDAQ system due to the increased trigger
rate. In order to guarantee the stable running of the system, either additional pre-scale factors or
an increase of the trigger thresholds would be needed. However, this would reduce the physics
acceptance, counteracting the gain of the higher luminosities. Therefore, the L1 topological
trigger (L1Topo) upgrade has been commissioned. The L1Topo trigger decision is derived from
combinations of trigger objects identified by the calorimeters and the Muon Spectrometer L1
triggers, and can be based on topological quantities such as angular distances and invariant
masses, at the LHC bunch crossing rate. Topological triggers have the benefit of allowing lower
energy thresholds for multi-object final states without increasing the trigger rates.

After an event is accepted by the L1 trigger, the data are transferred off the detector to the
Readout Drivers (RODs). Digitised signals are formatted as raw data and then transferred to the
Data Acquisition System (DAQ). The events that pass also the HLT selection are then moved to
permanent storage at the CERN computing centre.

During all these processes, the Detector Control System (DCS) permits the safe operation of the
ATLAS detector hardware. It monitors and archives the operational parameters (like magnetic
field, temperatures and humidity), points out any abnormal behaviour, and allows any automatic
or manual corrective action that has to be taken.
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FIGURE 2.7: Schematic overview of the Run 2 ATLAS trigger and data acquisition system [53].
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Chapter 3

Particles reconstruction and

identification

The interactions in the detector of the particles produced in proton-proton collisions and of
their decay products are stored in term of the electric signals acquired in the various ATLAS
sub-detectors. For each event stored by the data acquisition system, the information coming
from the sub-detectors is elaborated in order to reconstruct all the particles contained in the final
state such as photons, leptons and hadrons. This Chapter will focus on the reconstruction and
identification techniques for the particles used in the searches presented in this thesis: electrons,
muons, and jets arising from quarks and gluons. Section 3.6 is dedicated to the description of
the missing transverse momentum, a global quantity which indicates the presence of weakly

interacting particles in the final state.

3.1 Tracks and primary vertex

The reconstruction of the charged particles trajectories (called tracks) with pr > 0.4 GeV and
In| < 2.5 is performed exploiting the information coming from the Inner Detector [54]. Hits found
in the Pixel Detector, are used as seeds for the reconstruction algorithm. Then, the combination
with the information coming from the SCT leads to a set of track candidates and finally the
results are further combined with the TRT measurements. This procedure can also be applied
backwards, starting from reconstructed segments inside the TRT. This is particularly useful to
recover the tracks corresponding to converted photons, if no hit inside the Pixel Detector is
registered.

The tracks reconstructed in this way are then used as input for the primary vertex identification

algorithm [55]. It follows an iterative procedure that can be divided in two major steps:

e a “finding” algorithm is used to isolate the vertex seed by looking for the mode of the

z-coordinates of tracks at their respective points of closest approach to the beam spot;

e then the “vertex fitting” algorithm, which takes as input the seed position and the available
tracks, determines the position of the vertex and evaluates the compatibility of each track

with the defined interaction coordinates.



FIGURE 3.1: Schematic representation of a Topocluster. The numbers inside the cells indicate
the signal-to-noise ratio threshold.

If some tracks are found to be incompatible with the vertex (at a distance of more than three
standard deviations), they are used to seed a new vertex and the procedure is repeated until each
track in the event belongs to one vertex, or no more vertices can be found. After this procedure,
the parameters of the tracks are re-evaluated adding the constrains of the vertex coordinates.

During Run 2, the average number of interactions per bunch crossing is more than 30, so many
vertices are reconstructed in each event. The vertex associated to the group of tracks for which
the squared pr sum has the highest value is called primary vertex and it is considered the origin

of the different particles arising from the hard scatter.

3.2 Jets

Gluons and quarks arising from the hard scatter are coloured particles and can’t exist in free
states. Other coloured quarks and gluons are therefore created to form colourless hadrons: a jet
is a cone of particles produced by this hadronisation process.

At first, it is necessary to identify the clusters of the energy deposits in the calorimeter cells left
by the particles in the jet and to associate to those clusters the relative four-momentum vector;

for this purpose a “TopoCluster” algorithm is used [56]. Calorimeter cells with a signal-to-noise

noise

nowse above a threshold (|| > 4) are chosen as seed to start the clustering, then

ratio v = Ecen /o,
all the neighbouring cells with |y| > 2 are added. Finally, a ring of guard cells, with signal
significances above the basic threshold is also considered when forming the cluster. A schematic
representation of the calorimeter cells belonging to a Topocluster is shown in Figure 3.1.

After the initial cluster is formed, a search for the local maximum considering the energy in the
cells is performed: if more than one maximum is found, the cluster is split. Finally, a zero-mass
four-vector, built using the direction with respect to the primary vertex and the sum of the
energy in its cells is associated to the cluster.

When all the clusters are identified, a complex algorithm is exploited to gather them and build the
corresponding jet, in ATLAS the jet candidates are reconstructed using the anti-kr jet clustering

algorithm [57]. The first step consists in the calculation of the distance between two clusters (d;;)
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and the distance between each cluster and the beam (d;g), defined as follows:

dip = p7y (3.1)
AR

2n Zn) R2

dij = min (pTivaj

(3.2)

where AR?J- = (yi —yj)* + (¢ — ¢;)?, y; is the rapidity of the cluster i and pr; is its transverse
momentum. n is equal to -1 for anti-k1 algorithms, while the value of the R parameter defines
the width of the final reconstructed jets, a choice of R = 0.4 has been made for the jets used in
the searches presented in this thesis.

The algorithm works in the following way:

e a set containing all the possible distances is considered;

e if the smallest element of the set is a d;p the related cluster becomes a jet and it is removed
from the procedure;

o if the smallest element is a d;;, the objects ¢ and j are combined, with pt™" = pp; + pr;

and a new set is created with the new object replacing ¢ and j.

The algorithm is iterated until all the clusters are classified as jets.

The transverse momentum of the resulting jet needs to be corrected in order to take into account
the fraction of the hadronic shower that can’t be recorded by the calorimeters (soft neutrons,
neutrinos, energy used to break nuclear binding...) and energy loss in the inactive material.
This correction is made by applying calibration factors, based on Monte Carlo simulations.

The uncertainties relative to the scale and the resolution of the jet energy (JES and JER) are
derived as a function of the pt and 7 of the jet, as well as of the pile-up conditions and the jet
flavour composition (more quark-like or gluon-like) of the selected jets in the events. They are
determined using a combination of data and MC simulated samples, comparing the jet response
asymmetry in di-jet, Z+jet and y+jet events [58, 59].

In the set of reconstructed jets, some misidentified jets having non-collision origin can emerge.
These jets arise from Beam Induced Background (BIB), cosmic showers and calorimeter noise.
To discriminate collision jets from these backgrounds, a set of different variables divided in three
categories is used: variables based on signal pulse shape in the EM calorimeters, energy ratio
variables, and track-based variables. Pulse shape variables provide good discrimination against
the noise. The energy ratio variables and track-based ones are instead mainly used to reject the
BIB and cosmic muon showers.

Further discrimination is needed to suppress jets arising from pile-up events. The Jet Vertex
Fraction variable (JVF) [60] helps to remove jets which are not associated to the primary vertex
(PV) and is defined as the sum of the scalar transverse momentum of the tracks that are associated
with the jet and originated from the PV, divided by the scalar pp sum of all the tracks associated
to the jet. Applying a lower cut on JVF rejects the majority of pile-up jets, but leads to a
selection efficiency that depend on the number of reconstructed primary vertices in the event
(Nv). A multivariate combination of JVF and (Ny ) called the Jet Vertex Tagger (JVT) [61] is
constructed in such a way that the resulting jet efficiency is stable as a function of (Ny).
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efficiency for the IP3D, SV1, JetFitter, MV2 and DL1 b-tagging algorithms evaluated on tt
simulated events [65].

Identification of b-hadron initiated jets

The identification of jets originating from bottom quark fragmentation (b-jets), called b-tagging,
exploits the specific features of the b-quark of having a relatively long lifetime (of the order
of 1.5 ps) that results in a observable displacement of the decay vertex from the centre of the
beam-spot.

In ATLAS, three kind of b-tagging algorithms are used in order to produce a set of variables that

can discriminate between different jet flavours:

e the impact parameter based algorithm (IP2D and IP3D), which make use of the signed

impact parameter significance of the tracks matched to the jet [62];

e the inclusive secondary vertex reconstruction algorithm (SV1), that tries to reconstruct an

inclusive displaced vertex within the jet [63];

e the decay chain multi-vertex reconstruction algorithm (JetFitter), which aims to reconstruct
the full decay chain (primary vertex — b — ¢) [64];

Finally, the variables obtained from the three algorithms are combined using multivariate
classifiers to discriminate b-jets from light (u, d, s or gluon) jets and c-jets. Two high-level tagging
algorithms have been developed [62]. The first one, MV2, is based on a boosted decision tree
(BDT) discriminant, while the second one, DL1, is based on a deep feed-forward neural network
(NN). The light-flavour jet and c-jet rejections as a function of the b-jet tagging efficiency are
shown in Figure 3.2 for the various low- and high-level b-tagging algorithms [65].

The b-tagging efficiency can differ in MC simulation and data. MC simulated events are then
corrected with the scale factors derived as the ratio of the efficiency in data and in MC. The

scale factors are derived on a per-jet basis in a parametric form based on the jet pr, 7 and truth
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flavour.

Systematic uncertainties on the b-tagging efficiencies are estimated by varying the 7, pr and
flavour-dependent scale factors that corrects the tagging rate in simulation to match with the
data, within a range that reflects the uncertainty in the measured tagging efficiency and mis-tag
rates in data [66, 67]. Figure 3.3 shows the measurement of the uncertainties on the b-tagging
probabilities for the output of the MV2 algorithm.

3.3 Electrons

Electrons are identified using information coming from the electromagnetic calorimeter and
from the ID. At first, the corresponding tracks and electromagnetic clusters are reconstructed
in an independent way, following the procedures described in Section 3.1 and 3.2 respectively.
Then, variables (see Table 3.1) describing the shape of the electromagnetic shower, track-cluster
matching, and the quality of the track are used to form a likelihood discriminator [68]. The
selection on this discriminator is chosen in order to obtain a large background rejection and high
and uniform efficiency over the full acceptance of the detector and it is therefore depending on 7;
this cut is also corrected depending on the number of primary vertices in the event.

Finally, three standard working point (loose, medium and tight) are chosen, corresponding to
a reconstruction efficiency respectively of 95%, 90% and 80% for electrons with Ft = 40 GeV.
Figure 3.4 shows the efficiency of electrons reconstruction for the three different working points.

A calibration of the electrons energy is necessary in order to consider effects like energy losses in
passive materials, EM shower leakages and fluctuations in the energy deposited in the calorimeters.
The corrections of the electrons energy scale and resolution are evaluated using a number of well
know SM processes as reference, such as Z — eTe™ and J/1) — eTe™, which cover a wide range
of values. The corrective parameters are evaluated from a fit over the invariant mass distributions
of di-electron events, with the goal of obtaining the correct peak value for the resonances and at
the same time, minimise the experimental width. The agreement between data and Monte Carlo
simulations obtained after the calibration is illustrated in Figure 3.5.

Uncertainties on the energy calibration, as well as the ones on reconstruction and identification
efficiency, are computed considering the error on the scale factors applied to match the MC
simulations and the data.

40



Type

‘ Description

Hadronic leakage

‘ Ratio of Et in hadronic calorimeter to E1 in the EM cluster

EM third layer

Ratio of the energy in the third layer to the total energy in the EM
calorimeter

EM second layer

Lateral shower width

Ratio of the energy in 3 x 3 cells over the energy in 3 x 7 cells centred at
the electron cluster position

Ratio of the energy in 3 x 7 cells over the energy in 7 x 7 cells centred at
the electron cluster position

EM first layer

Lateral shower width

Fraction of energy outside core of three central cells but within seven
cells

Difference between the energy of the cell associated with the second
maximum, and the energy reconstructed in the cell with the smallest
value found between the first and second maxima

Ratio of the energy difference between the maximum energy deposit and
the energy deposit in a secondary maximum in the cluster to the sum of
these energies

Ratio of the energy measured in the first layer of the electromagnetic
calorimeter to the total energy of the EM cluster

Track quality

Number of hits in the IBL

Number of hits in the Pixel Detector

Total number of hits in the pixel and SCT detectors

Transverse impact parameter relative to the beam-line

Significance of transverse impact parameter

Momentum lost by the track between the first and the last measured
point divided by the original momentum

Likelihood probability based on transition radiation in the TRT

Track-cluster
matching

An between the cluster position in the first layer and the extrapolated
track

A¢ between the cluster position in the second layer and the extrapolated
track

Ratio of the cluster energy to the track momentum

TABLE 3.1: Main variables used for the electron identification.
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3.4 Muons

Muon identification [69] is based on the information provided by the Inner Detector, the Muon
Spectrometer and, in minor part, from the calorimeters. Four different types are defined,

depending on which sub-detectors are used in reconstruction:

e Combined muons (CB), identified by the matching of a MS track with an ID track. For
muons of this type, the momentum is recalculated with a global fit using information from
both sub-detectors.

e Segment-Tagged muons (ST), resulting from the combination of tracks in the ID with at

least one partially reconstructed track in the MDT or CSC chambers.

e Calorimeter-Tagged muons (CT), originating from tracks in the ID matched to an energy

deposit in the calorimeter compatible with a minimum ionising particle.

e Extrapolated muons (ME), for which the trajectory is reconstructed based only on the MS
track and a loose requirement on compatibility with originating from the IP.

Then, following the same model used for electrons, different sets of requirements are defined
in order to create four working points (Loose, Medium, Tight and High-pt) with the aim to
suppress fake tracks reconstructed from spurious hits, non-prompt muons originating from in-flight
decays of charged hadrons and signals detected in the MS caused by jets not contained by the

calorimeters.

e The Loose identification criteria are designed to maximise the reconstruction efficiency. All
muon types are used, and the only cuts applied are to discard the n regions where the MS

looses efficiency.

e Medium muons follow the default selection in ATLAS and are built in order to minimise
the systematic uncertainties. Only CB and ME muons are used, in different |7| regions,
and a very loose selection is applied on the compatibility between ID and MS momentum

measurements in order to suppress the contamination due to misidentified hadrons.

e Tight muons are selected to optimise the purity of the sample. Only CB tracks with a good
quality of reconstruction and good compatibility between the momenta measurements are

chosen.

e The High-pr selection is defined to maximise the momentum resolution for muons over
100 GeV. CB muons passing the Medium selection and having at least three hits in three

MS stations are selected.

The 1 dependence of the muons reconstruction efficiencies for the different working points is
shown in Figure 3.6. The efficiency drastically decreases around |n| & 0 because of the presence
of service cables that reduce the detector acceptance in the low ¢ region. The Loose selection
allows the mitigation of these losses by filling the MS acceptance gap using the calorimeter and

segment-tagged muons contributions.

The momentum scale and resolution for the muons are studied using reference processes such as
Z — ptu~ and J/vp — pTp~. These measurements allow for comparison on how the procedure
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FIGURE 3.6: Muon reconstruction efficiencies for the four identification working points, meas-
ured in Z — pp events as a function of 7 [69].

behaves when applied to data and Monte Carlo samples, in order to derive the scale factors
needed to correct the discrepancies arising from the energy losses in the detector materials and the
possible distortions in the magnetic field, which aren’t accurately described in the simulation. The
invariant mass distributions for the Z — pu+pu~ and J/¢ — p*u~ candidates events are shown in
Figure 3.7 and compared with uncorrected (dashed black line) and corrected (solid red line) MC
simulation. The systematic uncertainty associated to the momentum resolution is obtained by
varying the fit parameters for the ID and MS tracks. Uncertainties on the reconstruction efficiency
are computed considering the error on the scale factors applied to match the MC simulations to
the data [70].
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candidate events reconstructed with CB muons [69].

3.5 Lepton Isolation

Leptons originating from the prompt decay of heavy bosons must be discriminated from the
ones deriving from the decay of quarks, from converted photons inside hadronic jets or from the
ones which are misidentified hadrons. All of these are generated in proximity of a jet and are
surrounded by high detector activity; on the contrary, prompt leptons tends to be well separated
from other particles in the event. The measurement of the detector activity around a leptons
candidate, referred to as isolation, is therefore a powerful tool for background rejection in many
physics analyses. The presence of other particles near electrons and muons can be quantified
from the tracks of nearby charged particles and from the energy deposits in the calorimeters,
leading to two classes of isolation variables [68, 69].

The track-based isolation variable py2*“"*fmax is defined as the sum of the transverse momenta of
the tracks measured in a cone built around the track, excluding the momentum of lepton-track itself.
The solid angle which define the cone dimensions depends on the lepton transverse momentum
p% (min(10 GeV/ps, Rimax)) to improve the efficiency for leptons coming from boosted particle
decays. The tracks considered in the sum must originate from the primary vertex associated
to the lepton track, have pr > 1GeV and |n| < 2.5, and at least seven hits in the two silicon
sub-detectors.

EloPofimas s computed by adding the energy of the

The calorimeter-based isolation variable
topological clusters around the lepton deposit in a cone of radius AR = Ry, The energy deposit
from the muons is removed by excluding clusters within AR < 0.1, while for electrons the energy
measured in the cells in the middle of the cluster (3 in the 1 direction and 5 along ¢) is excluded.
As an example, the distributions of the two variables for medium quality muons are shown in
Figure 3.8. With the combination of the two it is possible to define several working points, either
with fixed cuts or with adjustable cuts in order to obtain a specific efficiency of reconstruction.

Table 3.2 show the existing working points with their characteristics.
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Working point Particle Calorimeter isolation Track isolation
FCLoose e BP0 Ipr < 0.15 prreore®0 /pp < 0.2
FCLoose I E;f’pOQO/pT < 0.15 pyareonedl i < 0.3
FCTight e EXP% Ipr < 0.06 pEreore?® /pr < 0.06
FCTight w BP0 I < 0.04 pEreores? /pp < 0.15
FCTightTrackOnly I - prpreenest pn < 0.06
Gradient e EpPo® < 0.1143 x pr + 92.14% 0.1143 x pr + 92.14%
FCHighPtTrackOnly " - pEreone20 < 1 95 GeV
FCHighPtCaloOnly e EXP%0 < max(0.015 x pr, 3.5 GeV) -

TABLE 3.2: Table showing the available isolation working points.
3.6 Missing Transverse Momentum

Presuming the conservation of momentum, the transverse momentum recorded by the detector
in each event should sum to zero. Any measured imbalance is known as missing transverse
momentum (E2%) [71] and may indicate the presence of weakly-interacting particles in the

final state. In the SM, this quantity arises from neutrinos, but it may also come from particles

miss

predicted in theories beyond the SM, making the Ef'*® a very important variable in searches for

new physics.
The z and y components of the EXisS are calculated as:

Emiss,soft

=By 2(y)

miss,
2(y) tE

miss,jets
+E »()

miss,y miss,T
By TE 2(v)

Ezly) 2(y) 2(y)

o (y) +

(3.3)

where each term is given by the negative vectorial sum of the momenta of the respective particles.
Then, the absolute value and the direction of the vector can be calculated:

miss
ET

¢miss

— \/(Ecrbniss)2 + (E?Ilniss)Q (34)

= arctan (E;“iSS/E;“iSS) (3.5)
The soft term in Equation 3.3 consists in all the energy deposits in detector not associated with
any reconstructed particle or jet. These deposits can be in the form of be tracks in the Inner
Detector (track-based soft term) or signals from the calorimeters (calorimeter-based soft term).
Since tracks can be matched to the primary vertex, the track-based soft term is more robust in

case of a high number of pile-up interactions, and it is chosen for the EX* calculation in Run 2.
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FIGURE 3.9: Distributions of EJ"* (left) and E}"** (right) for an inclusive sample of Z — pp~
events extracted from data and compared to MC simulations [72].

The resolution of the ES measurement can be evaluated using Z — pu events, where very little
invisible contribution is expected. Figure 3.9 shows the distributions for z and the y components
measured in such events: the value of the resolution is estimated from the root-mean square
of the combined E™® and E;“iss, parametrised as a function of the scalar sum of the energy
recorded (X ET) and of the number of primary vertices.

The systematic effects arising from the energy scale and resolution of the soft term are computed
from comparisons of data to MC simulated events [71]. The systematics arising from the
reconstructed particles are calculated separately and consequently propagated to the E%“iss

calculation.
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Chapter 4

Supersymmetry searches

This Chapter presents the common strategy for the searches for SUSY particles presented in this
thesis. Furthermore, the common tools and techniques used in the analyses will be discussed.
A description of the dataset collected by ATLAS between 2015 and 2018, and the simulated
events used to aid the background estimation and to model the SUSY signals is given, together
with an illustration of all the steps toward the event selection optimisation, the background
estimation, the evaluation of the systematic uncertainty and the statistical interpretation of the

results. Details specific to only one analysis are described in the dedicated Chapters.

4.1 Dataset and Monte Carlo simulation

This Section describes the dataset collected by the ATLAS detector and the collection of simulated

events analysed in the searches presented in this Thesis.

ATLAS dataset

The data analysed in this thesis were collected by the ATLAS detector during Run 2 of the LHC,
between 2015 and 2018. The collision conditions vastly changed during this period, going from a
peak instantaneous luminosity of £ = 5.1 x 1033 cm™2s~! in 2015, up to £ = 2.1 x 103* cm 257!
in 2018, resulting in a mean number of pp interactions per bunch crossing of (u) = 34. Figure 4.1
shows the distribution of the mean number of interactions per crossing in the four years of the
data taking, along with the total one.

Data quality requirements are applied to the recorded data, to ensure that all subdetectors were
operating at nominal conditions and that the LHC beams were in stable-collision mode. The
integrated luminosity resulting after this cleaning procedure is 36.1 fb~!, with an uncertainty of
3.2%, for the 2015/2016 dataset (exploited in the analysis presented in Chapter 5) and 139 fb—!,
with an uncertainty of 1.7%, for the full Run 2 set. The evolution of the integrated luminosity
during the years is presented in Figure 4.2. The uncertainty on the integrated luminosity was
derived from the calibration of the luminosity scale using z-y beam-separation scans and using
the LUCID-2 detector for the baseline luminosity measurements [74].
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Simulated samples

Simulated events, generated with the Monte Carlo (MC) technique, are used for the estimation
of the background arising from SM processes and to model the SUSY signal. The goal of the
simulations is to describe, as accurately as possible, the characteristics of the physics processes
of interest and how they appear in the detector. The production of simulated events can be

decomposed into the following steps:

e matrix element calculation, parton showering and hadronisation;
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e addition of pile-up and underlying events;
e simulation of the particle interactions inside the detector;

e reconstruction.

The first part consists in the evaluation of the production cross section of the targeted physics
process. This includes the choices of the parton distribution function (PDF), to extract from
the protons the two partons participating to the hard scattering, the factorisation and the
renormalisation scales. The parton showering instead, simulates soft and co-linear QCD emissions
from the interacting partons produced in the hard scatter. In order to avoid the double counting
between the extra jets obtained with the parton shower, and the ones arising from the matrix
element calculation at higher QCD orders, a careful matching procedure is needed [75-77]. Finally,
the hadronisation stage allows quarks and gluons obtained in this way, to form the observable
hadronic jets.

The secondary interactions arising from other protons in the same bunch crossing (pile-up) are
generated separately and then overlaid to each generated hard scatter event.

The last step of event generation consists in relating the set of generated particles to the response
obtained by the detector; this is performed simulating the full ATLAS detector with GEANT [78].
After this procedure, the simulated events have the same format of the real data and the same
particle reconstruction can be applied to both.

4.2 Analysis strategy

The goal of this Section is to illustrate the general strategy for a search for SUSY particles. The
techniques presented here are then applied in two searches for top squark, presented in the next
chapters.

Event selection

In order to extract a potential new signal from the SM background, it is necessary to select events
with kinematic properties that would enhance the sought for signal. In spite of the generally
tiny cross section of the SUSY processes, this is achievable exploiting selections over particular
kinematic discriminants, which show different distributions in the two cases. The area of the
phase-space selected in this way is called Signal Region (SR). The choice of the optimal set of
selections for the SR is obtained comparing the kinematic distributions of simulated events for
the physics processes involved. Figure 4.3 shows, as an example, the difference in the Eiss
distribution for t#Z production (one of the main backgrounds in top squark searches with many
leptons in the final state) and a signal model considering the #; decaying via t; — t + X5. The
two distributions are normalised to unit area, in order to better show the difference in shape. In
a realistic analysis, many kinematic variables are considered at the same time, and the discovery

potential of the SR is tested for each possible set of cuts, using a statistical significance Z defined

ro (o () - B () "
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FIGURE 4.3: EP™ distribution normalised to unit area for simulated t#Z (green) and #; pair
production (light blue) events. The events are selected requiring at least three leptons in the
final state.

Here, b is the number of expected background events, ¢ is the uncertainty on this number and n
is corresponding to the sum of the expected background and signal events. Since a collection of
signal samples with different parameters (usually the masses of the SUSY particles) is targeted in
each analysis, the optimal SR may differ for different models considered. For this reason, SUSY
searches usually include more than one SR, each one optimised over a class of models with similar

kinematic features.

Background estimation

Once the SR is defined, it is necessary to estimate the SM backgrounds which populate such a

region, with as much accuracy as possible. This goal can be achieved with different techniques:

e estimated the background the prediction using simulated MC events, normalised to their

cross-section;

e exploiting simulated MC events, but constraining them with data, in kinematic regions

close in term of phase space to the SR;

e with data-driven methods.

The first method is the most straightforward, however it often comes with higher systematics
uncertainties and it is therefore reserved for the minor processes participating in the SR. The third
one is mostly used for backgrounds that require a very large number of simulated events to obtain
a prediction which doesn’t suffer from statistical fluctuations, or which enter in the SR due to
detector effects, which are harder to simulate. This is the case for the background events arising
from non-prompt of mis-identified leptons, which will be comprehensively presented in Chapter 5.
The second method, instead, is used for the backgrounds which present an identical signature in

the detector with respect to the new physics signal (often called irreducible backgrounds) and is
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FIGURE 4.4: Scheme illustrating a simplified configuration for CRs, VRs and SR. All the
regions here are made orthogonal using cuts on the two kinematic variables a and b.
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the focus of this section.

The extreme phase space of the SRs, is can be very different from a kinematically point of view
from the regions where the MC simulation have been tuned and validated. For this reason, the
simulation might poorly model the data in the tails of the kinematic distributions and provide an
inaccurate prediction. In order to improve the modelling and to reduce the related uncertainties,
the MC simulated events of a specific process can be normalised to the data using a kinematic
selection enriched with the SM process itself, called Control Region (CR). The normalisation
factor obtained in this way is then propagated to the SR, for the final prediction. For the
reasons explained before, the CR needs to be close to the SR in term of phase space. At the
same time, it has to contain very low signal contamination, in order not to over-estimate the
background prediction, hiding eventual new physics phenomena. Additionally, a high purity for
the background process of interest is favoured, to avoid fluctuation of the normalisation factor.
Typically, multiple CRs are defined, each one targeting a specific background. In this case, a
simultaneous fit is performed considering all the orthogonal CRs. The parameters of interest of
the fit are the scale factors for each process, which are subsequently applied to all the regions
of interest in the search. Finally, the background estimation is validated in additional regions
of the phase space, called Validation Regions (VR). The VRs are defined in a similar fashion
of the CRs, presenting similar kinematic cuts to the ones used for the SRs, while keeping a low
signal contamination. The main difference is that the VRs don’t take part in the background fit,
instead are used to check the validity of the normalisation in an independent way.

An example of the design of control and validation regions is presented in Figure 4.4, where a
simplified SR is defined through two arbitrary variables a and b, and the CRs and the VRs are
placed orthogonally.
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The Likelihood fit

The extraction of the normalisation factors is performed by maximising the probability that the
observed data in the CRs and the SRs would agree with the given background model. To do so,
a likelihood function is built as the product of the poissonian distributions of the event counts
in the the regions and of additional gaussian distributions that implement the constraints on

systematic uncertainties. It can be written as:

L (n,0°|usig, pisw, b, 0) = Psp x Por % Csyst =

= P(nsr|Asr(tsig, ,0)) x [] P(nilXi(hsig, pnse, b, 6)) x Ceyst(6°,60)  (4.2)
i€CR

The first two terms (Psg and Pcr) reflect the measurements of the number of observed events in
the SR and in each CR i. The Poisson expectation valuses Agg and \; are functions depending
on: the predictions b of the backgrounds, the nuisance parameters which model the systematic
uncertainties (0), the normalisation factors for background processes (usr), and the signal
strength parameter (fgg). Usig 1S fixed at 0, when testing the background-only hypothesis.

The third term takes into account the systematic uncertainties, which are included using the
probability density function Csys¢. For each independent nuisance parameter, Cyys: is the product
of the distributions corresponding to the auxiliary measurements describing the systematic

uncertainties, where 8° are the mean values around which @ can be varied.

4.3 Statistical interpretation of the results

Following the careful evaluation of the SM backgrounds, the number of the expected events in
each SR is compared with the observed data. The distance between the observed data and the
prediction is measured using a test statistic. The p-value is then the probability that the test
statistic would have been at least as large as its observed value, given that the hypothesis H is
correct: oo

p-value = / f(q|H)dgq (4.3)

qobs

where f is the probability density function of the test statistic given the hypothesis H and gops is
the value of the test statistic obtained with the observed data.
The hypothesis can be considered excluded if its observed p-value is below a specified threshold.
In addition, the significance Z corresponding to a given p-value is defined as the number of
standard deviations at which a normal distributed random variable, with mean of zero, would
give a one-sided tail area equal to the p-value. In the particle physics community, the threshold
for the rejection of the background hypothesis has been set at a significance of Z = 5, which
corresponds to a p-value of 2.8 x 10~7. For the exclusion of a new a signal hypothesis, a threshold
p-value of 0.05, which corresponds to Z = 1.64, is instead used.
If we consider a situation where the background only hypothesis (Hy) and the alternative
hypothesis (H7) give similar a distribution of the test statistic (which may be the case for SUSY
signals with very low cross-section), a down-fluctuation in data could result in the exclusion of

the signal hypothesis, even if it is almost indistinguishable from the background only one. To
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avoid this problem, the modified confidence level (C'Ly) [79] is defined as:

+oo
_ Pu Jooo flalH1)dg (1.4)
L—py 1— [ f(qlHo)dg

CLs

With this method, the situation described above will result in small numbers for not only the
numerator but also the denominator, with a consequently higher C'Lg to prevent the exclusion of
the alternative hypothesis. Requiring for the C'Lg to be less then 0.05 is the default procedure
used in this thesis to reject the new signal model hypothesis.

The test statistic used for this procedure is the log-likelihood ratio, defined as:

L(:u“Siga é))
. L(/J’Sigae)

where L is the likelihood function defined in Equation 4.2 and 6 is the the set of values of the

parameters which maximise the likelihood for the specific signal hypothesis.

(4.5)

Null hypothesis test and model independent limits

As a first step, the background-only hypothesis is tested, fixing pus, = 0, and a p-value is
associated to each SR, representing the discrepancy between the observed number of events and
the predicted background. By convention, if the significance of this p-value reaches the 5 sigma,
a claim of discovery can be made. If this is not the case and there is no (or moderate) excess, the
results are used to place upper limits on the presence of new physics in the phase-pace considered
by the analysis. This is done by scanning the number of events that could enter the SR selection
for a general new signal, with the goal to find the number which gives a C'Lg of exactly 0.05. The
upper limit calculated in this way, can also be scaled by the integrated luminosity, in order to
express the result in terms of effective cross-section.

Model dependent limits

As a second step, the observation is compared with specific SUSY signal models. The alternative
hypothesis is defined including all the SM backgrounds and the signal model under test (with signal
strength p, = 1) in all regions, in order to account for possible signal contamination in the CRs.
A simultaneous fit is performed and the observed data in the CRs and SRs are used as constraints.
This procedure is performed multiple times, for every signal scenario under consideration. If the
models are defined scanning over two parameters, usually masses of the sparticles considered, a
grid in the 2D phase space is defined. For each point of the grid (corresponding to one signal
model) the C'Lg is calculated, converted in significance, and the results are interpolated between
models, in order to obtain an exclusion contour at 95% confidence level in the parameters phase

space. Figure 4.5 illustrates this procedure.

Combination of multiple Signal Regions

When a specific SUSY model is tested, stronger limits can be obtained combining orthogonal

SRs. This can be useful, for example, to target different signal scenarios at the same time, by
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FIGURE 4.5: Sketch showing the 2D grid defined by the signal models considered for the

statistical interpretation. The red dots represent the models with a CLs < 0.05, which are

therefore excluded. The light blue area marks the excluded slice of the phase space obtained
with the interpolation of the significance for each signal point.

defining a dedicated region for each channel. Alternatively, it can be useful when signal and
background present different shapes for a key kinematic variable. In this case the SRs can be by
defined dividing the distribution in multiple bins, with the goal to provide more information to
the likelihood, compared to the use of only the integrated signal region. This technique is called
shape fit.

In both cases, the likelihood function presented in Equation 4.2 is modified to in order consider
the additional SRs.

4.4 Systematics uncertainties

The effect of the systematic uncertainties is evaluated for all the signal and background processes.
They are defined in order to cover for uncertainties related to the detector effects and theoretical
modelling of the physics processes. The experimental and theoretical uncertainties are implemen-
ted in the MC simulated events as the variation of quantities, such as the reconstructed particles
four-momenta or the cross section. Consequently, they are incorporated in the background fit as
nuisance parameters, each of them described by a gaussian centred on zero and of width one.
Zero corresponds to the nominal rate in all regions, while 1 correspond to the “up” and “down”
systematic variations. Different nuisance parameters are treated as uncorrelated. Then, the
final error on the fitted total background in the CRs and SRs properly takes into account the
correlation matrix between the different errors.

The experimental uncertainties include all the effects relative to the reconstruction of particles
and jet in the detector, such as the uncertainty on the energy scale and resolution, and the
differences in term of reconstruction efficiencies obtained in data and MC simulated events. The
evaluation of these uncertainties is specific to the particles considered and it was presented in
Chapter 3.
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Regarding the theoretical modelling of the MC simulations, the following uncertainties are

considered:

e Generator choice: each step of the simulation chain can be performed using different
softwares and this can result in not identical final predictions. In these cases a systematic

uncertainty evaluated comparing the results obtained with different generator is applied.

e Factorisation and renormalisation scales: the computation of the production cross section for
any physics process is performed with perturbation expansions and this implies that a choice
over a factorisation and renormalisation scales has to be made. These scales are arbitrary
and should not affect the all-order computation, but since the truncated approximation of
the calculation is considered, some difference can be observed when varying such scales.

These differences are taken as an uncertainty.

e Matrix element and parton shower matching: the extra jets arising from the matrix element
computation and the ones from the parton shower need to be matched to avoid double
counting of the radiation. Different matching procedures are available and the uncertainty

cover for the differences observed;

e PDF choice: the PDFs are obtained by fitting experimental data. Several PDF sets are
available, exploiting data from different experiments or employing different parametrisations
in the fit. The modelling variations observed changing the PDF set is also considered as an

uncertainty.

e Cross section: given that the cross-section computation is not an exact calculation, it also
comes with its theoretical error. This uncertainty can however be totally absorbed when

background processes are normalised in CRs.
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Chapter 5

Search for top squarks in

compressed scenarios

In this Chapter, a search for direct top squark pair production is presented, selecting events with
two isolated leptons (electrons or muons) and missing transverse momentum. The search exploits
36.1 fb~! of proton-proton collision data collected by the ATLAS experiment in 2015 and 2016,
at a centre-of-mass energy /s = 13 TeV.

Depending on the mass splitting between the top squark and the lightest SUSY particle, different
decay channels become dominant. In case of mass differences smaller then 80 GeV, the energy
is not enough to produce neither an on-shell top quark or a W boson and the four body decay
(t = bff' X7, where f and f’ are two generic fermions) can be the most important one. The
analysis presented in this Chapter is optimised to target such cases. The characteristic signature
for these kind of signal models is the presence of low pr fermions, arising from he virtual W boson
decays, that in the case considered here will be respectively a charged leptons and a neutrino.
Signal events can be distinguished from SM processes by requiring a high-pr jet from initial state
radiation (ISR), which leads to a sizable transverse boost of the sparticle system and enhances
the Eiss,

Previous ATLAS searches [34] have set exclusion limits at 95% confidence level on the signal
scenarios considered here, using the data collected during the first Run of the LHC, at a centre-
of-mass energy of \/s = 8 TeV. The analysis presented here exploits the higher center of mass
energy and the improved reconstruction techniques for leptons with low momentum, to enhance

the sensitivity for scenarios with higher £; masses.

5.1 Targeted models

The analysis is optimised and interpreted using simplified models, considering #; pair production,
with the £; decaying into bff’f([f with 100% branching ratio, as illustrated in the diagram in
Figure 5.1. While the Figure shows the leptonic decay of the off-shell W boson, as an illustration
of the targeted final state, the SM branching fraction of the W is considered for the event
generation. The XY is considered the LSP and it is therefore stable. All the other SUSY particles
are treated as decoupled and don’t participate to the decay.



FIGURE 5.1: Diagram representing the four-body deca(?/ of the ¢ to a b-quark, a charge lepton
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FIGURE 5.2: Schematic view of the generated signal models, as a function of the f; and X1
masses. The shaded regions represent the exclusion obtained by previous

A set of signal models has been generated in the area of the phase space where the four body
decay of the £; is dominant, considering different values of m(#;), ranging from 260 to 650 GeV,
with the Am({y, )2(1)) set to 80, 50, 35, 20 and 10 GeV. A representation of the signal models
considered is presented in Figure 5.2, together with the limits placed by the ATLAS searches
with Run 1 data [80, 81]. The red area shows the region excluded at 95% confidence level when
interpreting the analysis with simplified models defined in the same way as the one used in this

thesis. The orange area instead, is obtained considering the competitive decay of the #; into c>~6(1),
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with a 100% branching fraction.
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5.2 Leptons and jets selection

The selection criteria for jets, electrons and muons used specifically in this analysis are provided
in this section. More details on how such quantities are reconstructed in ATLAS are discussed in
Chapter 3.

Electron candidates are required to have their pseudorapidity |n| < 2.47, pr > 7 GeV, and to
pass the Loose likelihood-based identification requirement [82]. The likelihood input variables
include measurements of calorimeter shower shapes and of track properties from the ID. In order
to pass the signal selection, electrons are further required to pass the GradientLoose [83] isolation
criteria and the following cuts on the impact parameters: |do/o(dp)| < 5 and |z - sin (0)| < 0.5.
Muon candidates are selected in the pseudorapidity region |n| < 2.4, must have pr > 7GeV and
to pass the Medium identification, based on requirements on the number of hits in the different
ID and muon spectrometer subsystems, and on the significance of the charge to momentum ratio
(¢/p) measurement [70]. Signal muons have the further requirement to pass the GradientLoose [83]
isolation criteria and to respect the following impact parameter prescription: |dp/o(dp)| < 5 and
|20 - sin (0)] < 0.5.

Jets are reconstructed from energy clusters in the calorimeter [84] with the anti-k; jet clustering
algorithm [57] with a radius parameter R = 0.4. Only jet candidates with pr > 20 GeV and
|n| < 2.8 are considered. Additional selections are applied on jets with pr < 60 GeV and |n| < 2.4
in order to reject jets produced in pileup collisions: a significant fraction of the tracks associated
with each jet is required to have an origin compatible with the primary vertex, by asking the
JVT discriminant [61] to be less then 0.59. Events are discarded if they contain any jet with
pr > 20 GeV failing basic quality selection criteria that reject detector noise and non-collision
backgrounds [85].

Jets resulting from the hadronisation of b-quarks are identified using the MV2cl10 b-tagging
algorithm. This algorithm is used at a working point that provides 77% b-tagging efficiency in
simulated tf events, and a rejection factor of 134 for light-quark flavours and gluons and 6 for
charm initiated jets.

Leptons and jets can have similar signature in the detector, and in case of ambiguities the same
mark in the detector can be reconstructed as both categories. In order to avoid this problem and
to assign each signature to the correct particle, an algorithm for the removal of the ambiguities is

applied on candidate leptons and jets.
e Non-b-tagged jets which are at AR = /Ay? + A¢p? < 0.2 (here y stands for the rapidity)
from an electron candidate are removed;

e Removal occours also for jets which lie close to a muon candidate and are consistent with

the characteristics of jets produced by muon bremmstrahlung;

e Any lepton candidate within AR < 0.4 from the direction of a surviving jet candidate is

removed, in order to reject leptons from the decay of a b or ¢ hadron;

e Electrons which share an ID track with a muon candidate are also removed.

5.3 Event selection

Events are required to have exactly two signal leptons (electrons or muons) which must be of

opposite charge, with an invariant mass my, greater than 10 GeV, in order to remove leptons
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SR

Leptons 2, opposite charge
EI}“SS [GeV] > 200

pT (61) [GGV] 7— 80
pr(€2) [GGV] 7—35

Myy [GeV] > 10

Njets >2
pr(j1) [GeV] > 150
pr(fs)/ EApss < 0.14
R254j > 0.35

Ry > 12
Np—jets veto on j; and jo

TABLE 5.1: Signal region definition.

from low mass resonances. Furthermore, upper limits on pr(¢1) and pr(¢2), respectively of 80
GeV and 35 GeV, are applied.

Those events are selected using an EXS5-based trigger and presents an additional offline cut
at Emiss > 200 GeV, to ensure constant efficiency. Using this trigger strategy, allows to lower
the pr threshold of the leptons down to 7 GeV, increasing the acceptance for the signal models
considered. Using dileptonic triggers, instead, would have meant requiring both leptons with
pr > 20 GeV, strongly affecting the final sensitivity.

The momentum imbalance in signal events is actually moderate, since the two XY can be produced
back-to-back, cancelling each other’s contributions. The EX** can then be enhanced by requiring
the presence of a high-pr jet from initial state radiation (ISR) recoiling against the sparticle pair
system. This further helps to discriminate against SM events.

The leading jet is then considered to be the ISR jet and required to have pr > 150 GeV. Since
the jets resulting from ¢ decays tend to have low pr in this scenario, at most one more energetic
jet is permitted in the event and the transverse momentum of the third jet (if present) must
satisfy pr(js)/E®s < 0.14. Furthermore, the two most energetic jets in the event must not be
identified as b-jets.

Finally, the missing transverse momentum and the pr of the leading leptons and jets are used to
define two useful ratio variables :

Ry = BE™/(pr(t) +pr(f2)), (5.1)

Rousj = EF™ /(B + pr(6) +pr() + Y pr(i), (5.2)
i=1,...,N<4
where pr(¢1) and pr(¢3) are the leading and subleading lepton transverse momenta respectively
and pr(j;=1,... n<4) are the transverse momenta in decreasing order of up to the four leading jets.
A summary of all the cuts applied to define the SR can be found in Table 5.1, while the expected
background yields are shown in Table 5.2. The dominant contribution is arising from events with
fake or non-prompt leptons, followed by ¢ and diboson (V'V') production.
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SR

Expected SM events 29+ 6
Zrr events 1.0£0.5
V'V events 6+t1
tt events 8+3
ttZ events 0.03 +0.01
Wt events 1.14+0.3
Zeey Luy events 0.21+0.09
FNP 13+5
Others 0.8£0.3
m(f1, X1) = (350,300) GeV 23+ 2

TABLE 5.2: Expected SM yields in the signal region for an integrated luminosity of 36.1 fb=1.
5.4 Standard Model background estimation

The irreducible SM backgrounds satisfying the SR requirements illustrated above are all the
processes with two leptons in the final states, mostly t, diboson production and the Z boson
decaying into 77 with both 7 leptons decaying leptonically. These backgrounds are estimated via
MC, with the aid of three CRs to constrain the simulation in data. A simultaneous “background”
fit is performed to the number of events found in the three CRs, as described in Section 4. In the
fit, the normalisations of tf, diboson and Z — 77 are allowed to float, while the other backgrounds
are determined directly using simulation or from additional independent studies in data. The
agreement of the background prediction with data is compared in three additional VRs, which
are not used to constrain the background normalisation or nuisance parameters in the fit and
are defined to be enriched with the background of interest. The background due to fake and
non-prompt leptons, collectively referred to as “FNP”, mostly consisting of semi-leptonic ¢t and

W +jets events, requires a dedicated data-driven estimation, described in Section 5.5.

Irreducible backgrounds

Dedicated control regions are defined the for the largest SM background contributions with two
prompt leptons in the final state: t, diboson, and Z — 77 events. The selections criteria of the
three regions (Cth—_ Pody "CR{LPOY and CRY,2°Y) are described in Table 5.3.

The CRs for diboson and Z — 77 production are made orthogonal to the SR by requiring the
presence of exactly one jet. This jet is requested to have pp > 150 GeV to keep a similar topology
with the ISR. The two regions are then made mutually exclusive by applying opposite cuts to the
invariant mass of the two leptons. On the other end, the t£ CR keeps the same jet multiplicity
requirements of the SR, but lowers the pr range of its leading jet putting an upper threshold at
150 GeV.

The background prediction is then tested in three validation regions that are defined to be
kinematically similar, but disjoint, to both the CRs and the SR. This is achieved varing the cuts
on Rygs; and Ryp, as shown in Table 5.4.
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4—body 4—body 4—body
CR‘tf CR‘VV CRZTT

EFi== [GeV] > 200 > 200 > 200
Leading lepton pr [GeV] (7,80) (7,80) > 20
Sub-leading lepton pr [GeV] (7,35) (7,35) > 20
Njets >2 =1 =1
Leading jet pr [GeV] (100,150) > 150 > 150
mee [GeV] > 10 > 45 (10,45)
Ra - <54 -
Tp—jets - =0 =0

TABLE 5.3: Definition of the three CRs for the irreducible backgrounds normalisation.

4—body 4—body 4—body
VR‘tt_ VR‘VV VRZTT

EFi= [GeV] > 200 > 200 > 200
Leading lepton pr [GeV] (7,80) (7,80) > 50
Sub-leading lepton pr [GeV] (7,35) (7,35) (7,20)
Njets > 2 =1 =1
Leading jet pr [GeV] > 150 > 150 > 150
mee [GeV] > 10 > 45 (10,45)
Ragy; < 0.35 - -
Rae <12 >5 -
Nb—jets - =0 =0

TABLE 5.4: Validation regions definition for the main irreducible backgrounds.

Normalisation Factor value

e 1.03 £ 0.32
vy 0.79 £0.46
Lz 1.07 £ 0.38

TABLE 5.5: Normalisation factors for ¢, dibosons and Z,. background processes.

Table 5.6 shows the expected and observed number of events in each of the control regions after
the background fit, while the normalisation factors obtained for the three normalised background

processes are presented in Table 5.5.

Excellent agreement between data and the SM predictions is observed in the validation regions,
as shown in Table 5.7. Figures 5.3 and 5.4 show a selected number of distributions in the control
and validation regions for this analysis after applying the normalisation factors provided by the
background fit.
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CR4;body CRé\l/—Vbody CRé_bOdy
123 TT

Observed events 1251 110 106
Total SM events 1251 4+ 35 110 £ 10 106 £+ 10
Fit output, ¢t 960 + 50 47 £ 20 10+ 6
Fit output, V'V 37 £ 22 40 £ 22 18+ 11
Fit output, Z-- 22+ 8 0.00%9-67 544+ 16
tz 5.6 +0.8 0.08 £0.01 0.05 £ 0.02
Wt 62+ 19 9.0+ 2.7 2.7+£24
Zee, Zyup 0.74+0.5 0.2 1.6 +0.6
FNP 154 £ 14 13.1+£2.0 167
Others 11.24+1.6 0.51 £0.12 32406
Fit input, tf 931 46 10
Fit input, VV 47 51 23
Fit input, Z,, 20 0 51

TABLE 5.6: Background fit results in the three CRs. The nominal expectations from MC
simulation are given for comparison for those backgrounds (tf, diboson and Z,.) that are
normalised to data. Events with fake or non-prompt leptons are estimated with the data-driven
technique described in Section 5.5.

4—bod 4—bod 4—bod
VRtf v VRVV v VRZTT Y
Observed events 2698 21 43
Total SM events 2900 £ 500 24+5 57+8
Fit output, tf 2300 £ 500 52427 5.3+2.38
Fit output, VV 80 £ 40 8+5 9+5
Fit output, Z-- 89 4 33 0.0015:95 2549
ttz 14.24+0.8 0.01 +£0.01 0.01 £0.01
Wt 150 £+ 60 1.4+0.7 1.7+ 04
Zees Lup 8.6 +3.0 0.08 £0.02 0.62 +0.34
FNP 260 + 40 9.6 +1.1 14+4
Others 30.6 £2.3 0.01 £0.01 1.09 +£0.22
Fit input, tt 2200 5 5.1
Fit input, VV 99 10.1 11.9
Fit input, Z.- 83 0.00 23

TABLE 5.7: Background fit results in the three VRs. The nominal expectations from MC
simulation are given for comparison for those backgrounds (tf, diboson and Z.) that are
normalised to data. Events with fake or non-prompt leptons are estimated with the data-driven
technique described in Section 5.5.
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CR>°Wafter the background fit.
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5.5 Estimation of the background from non-prompt or misid-

entified leptons

The subject of this section is the study of a data driven technique to estimate the background
arising from events with one or more non-prompt or misidentified leptons (often referred as fake
leptons). These events comes from SM processes which should not enter the analyses selection,
because they present fewer prompt leptons in the final state. However, due to errors in the
identification of the reconstructed particles, the lepton multiplicity can be artificially increased and
those processes can contaminate the analysis regions of interest. This background is particularly
dominant in analyses selecting leptons with low momenta and it requires therefore a dedicated
estimation.

Fake and non-prompt leptons (FNP) mainly arise from three sources:

e when a hadron inside a jet decays into a lepton;
e when a lepton is reconstructed from the conversion of a photon;

e if a hadron inside a jets is wrongly associated to a lepton by the reconstruction algorithms.

Most of these processes strongly depend on the showering development of the jets and can’t be
well modelled by Monte-Carlo simulations, as non perturbative QCD is involved. Furthermore,
since the probability to obtain a FNP lepton is quite low, a unsustainable large number of events
needs to be generated and reconstructed in order to obtain a sufficient amount of statistics in the
extreme corner of the phase space targeted by the searches. Achieving an accurate simulation
of this kind of events requires therefore a large computational power. For all these reasons, it
becomes necessary to develop a method to estimate the FNP leptons background which relies on
data as much as possible.

The Matrix Method allows to predict the rate of events with FNP leptons using the probability
of identification for both real and FNP leptons, measured from data in dedicated control regions.
In this Section the description of the method is presented, as well as the calculation of needed
inputs. For sake of simplicity, all the examples illustrated here are relative to the search with two
leptons presented in this Chapter, but can be easily extended to other signatures.

The Matrix Method

The aim of this method is to build a matrix which relates the number of leptons selected in a
generic kinematic region with the number of fake or not prompt leptons which have wrongly
passed the selection.

First of all, two different identification selections of leptons are defined. The tight selection
matches the main analysis selection, while the loose one has some relaxed constrain and includes
therefore more candidates. In particular, electrons are asked to pass looser identification criteria
and no isolation is asked for both electrons and muons. This selection criteria corresponds to the
ones used for the definition of baseline leptons candidates

In case of a selection with two loose leptons, all the events can be divided in four categories
(loose-loose, loose-tight, tight-loose and tight-tight), with respect to the number of leptons which
also pass the tight selection. In parallel, the same events can be categorised regarding the true

nature of the leptons: real-real events containing two prompt leptons, real-fake and fake-real



events with one real and one FNP lepton and finally fake-fake events in which both leptons are
wrongly identified.
The number of events in each category can be connected by the equation:

NTT NRR
NTL _ NRF
JNICE R et (5.3)
NLL NFF
with:
T1T2 r1f2 fira fifa
_ ri(1 —rs) (1= f2) fi(l —r9) Ji(1 = f2) (5.4)
(1 —=7r1)ra (1-r1)f2 (1= fi)ra (1= f1)fe '

(I=r)1=r2) A=r)(I—f2) A=fi)(L—-r2) (1—-fi)(1-f2)

In the matrix M, r; is the probability for a real lepton which pass the loose selection to pass also

the tight one, while f; is the same probability for a FNP lepton, as shown in the equation:

# of real tight leptons
# of real loose leptons (5 5)
f‘ __ # of FNP tight leptons :

? 7 # of FNP loose leptons

r, =

The index i = 1,2 refers to the two pr-ordered leptons selected in the event. In the general
case, for events with n leptons, the matrix dimension is extended to 2", to acomodate for all the
possible combinations. The fake rates f; and the real efficiencies r; are calculated in dedicated
control regions, selected in order to obtain samples enriched with fake or real leptons respectively.
When the matrix is constructed to parametrise the loose-to-tight probabilities for a generic single
event, the components of the vector in right term of Equation 5.3 can be interpreted as the
probability of the single event to belong to each of the four categories and they are denoted as
Drry Drf, Pfr and pgs. Those probabilities can be obtained by inverting the system of equations.
In the two lepton channel, we are interested in how many events with at least one FNP lepton
are selected by the analysis requirements, so identified as tight-tight events. Therefore, for each

event the following weight we.ye is calculated:

Weake = T1f2 - Pry + fire - Dpr + fifo - Dys (5.6)

The estimate of the fake events in each region is carried out by considering the events with two

loose leptons satisfying the selection requirements, weighted with weaye-

Measurement of the real efficiencies

This measurement must be performed on a sample of real loose leptons.

A pure sample of such leptons can be obtained in data by using the tag and probe method on Z
boson candidate events. To apply this method, events with exactly two same flavour, opposite
charge leptons and with an invariant mass close to the Z boson resonance (81 GeV < my; <
101 GeV) are selected. These events are additionally required to have fired single lepton triggers.
Then, tight selection requirements are applied to select one of the two leptons, to ensure that it is

a prompt lepton coming from the decay of the Z boson. If the lepton passes all the requirements,
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it is considered as tag and its partner can be used as a probe to evaluate the real efficiencies. The
probe lepton has a high probability of coming from the Z decay, but no constrains have been put
directly on the lepton, allowing to build a pure sample of prompt leptons without any bias.

To pass the tag selection a lepton has to:

be identified as a tight lepton;

satisfy more stringent isolation requirements, placed on the energy of the tracks surrounding
the leoptons (p¥r¢one20 /pp < 0.01 for electrons and p¥reen®30 /p < 0.01 for muons);

have pr > 30 GeV;,

be the lepton that has fired the trigger.

The last requirement is added because the trigger decision is based on the leptons kinematics
and their isolation. Thus, this can introduce a bias in the sample if the probe lepton is matched
with the trigger, buy applying an involuntary selection to the leptons used to populate the loose
sample.

The efficiencies can strongly depend on the kinematics properties of the leptons, and are therefore
parametrised as a function of py and 7. The size of the parametrisation bins is chosen in order to
take into account the variation of the loose-to-tight probabilities with the value of these variables,
yet being careful to avoid to be dominated by statistical uncertainties. The probabilities are

parametrised over five py bins [GeV]:
(7:12), (12: 20), (20; 35), (35; 50), > 50
and over five bins of |n]:
(0;0.7), (0.7: 1.37), (1.37; 1.52), (1.52; 2), (2; 2.5)

Consequently, the efficiencies are parametrised in a total of 15 different bins.
The results of the measurement, as a function of one variable individually and integrating over
the other one, are shown in Figure 5.5 and Figure 5.6 for electrons and muons respectively. The

ratio in the lower pad displays the real efficiencies used as input for the Matrix Method.
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FIGURE 5.5: Measurement of the prompt electron efficiencies as a function of pr and 7. In

both figures, the upper pad shows the distribution obtained for loose and tight electrons, in

the bin considered for the parametrisation, while the lower pad presents the ratio used as input
for the Matrix Method.
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FIGURE 5.6: Measurement of the prompt muon efficiencies as a function of pr and 7. In both

figures, the upper pad shows the distribution obtained for loose and tight muons, in the bin

considered for the parametrisation, while the lower pad presents the ratio used as input for the
Matrix Method.
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Measurement of the fake probabilities

The fake rate is measured in a selection in which the presence of prompt leptons is expected to
be very rare, thus any reconstructed lepton can be considered to be FNP.

To obtain such a sample, a modified tag and probe technique is adopted, developed in a similar
to the one used for the real efficiencies, but with the opposite goal. This is achieved selecting
events with two same-charge leptons, a very rare signature in the SM. In such selection, making
sure that one lepton is a real, increases the probability for the other one to be fake. Events are
therefore selected with one electron and one muon with the same charge. Then, the leading lepton
is asked to have pr > 30 GeV, to be tight and to pass stringent isolation requirements. If the
prompt lepton passes this selection, his partner can be used as a probe to evaluate the fake rate.
The most relevant Standard Model process which may contains one real electron and one real
muon with the same charge is the W Z production, in which both electroweak bosons decay
leptonically. To remove the real contamination deriving from this process, it is asked that
each event must contain exactly two leptons; the remaining events which meet the selection
requirements are the ones in which one of lepton is not reconstructed and are subtracted using
MC simulated events.

An additional source of real contamination is given by those processes that may have two different
flavour, opposite-charge leptons in the final state, like t and Z — 77, but pass the selection
because the charge of the lepton is wrongly measured. This phenomenon, called charge flip, is
dominated by cases when an electron irradiates a photon, which then converts rapidly: if one of
the two electrons of the conversion carries most of the momentum, it can be reconstructed as
the main electron and therefore the wrong charge may be assigned. The radiation is emphasised
inside the detector’s materials. For this reason the charge flip contribution is more important for
electrons at high 7. In order to reduce the contamination due to this kind of events an additional
cut of |n| < 1.3 is imposed for the electrons passing the tag requirements. This operation is
not needed for muons because being heavier particles, the emission of photons is suppressed,
and therefore the charge flip is really rare. The remaining contamination due to charge-flip is
subtracted using MC simulated events.

After the subtraction of the real contaminations from the loose and the tight leptons samples, the
fake rate is computed parametrised in a similar way as the real efficiencies, as a function of pr
and 7 of the leptons. The results are shown in Figure 5.7 and Figure 5.8 for electrons and muons
respectively. In all the Figures, the distributions for loose (red) and tight (blue) leptons observed
in data are represented by the dotted histograms in the upper pad, while the real contamination
simulated with MC is shown with the histograms filled in the same colours. It can be noticed
that such contamination is negligible for soft leptons, while it start to become important when
the pr of the lepton reaches over 30 GeV. In the lower pad of the Figures, instead, the ratio
calculated after the real contamination subtraction is shown: this is the final fake rate, used as
input for the Matrix Method.
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FIGURE 5.7: Measurement of the electrons fake rate as a function of pr and n. In both figures,
the upper pad shows the distribution obtained for loose and tight electrons in data as well
as the real contamination extracted from MC, while the lower pad presents the ratio used as
input for the Matrix Method.
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Validation

The estimation of the number of events with FNP leptons can be validated defining kinematic
regions enriched with such background. These regions must be defined taking into account the
origin of the FNP leptons in the SRs, trying to match the relative composition of the different
sources.

In this search, the FNP estimation is validated using a selection requiring two leptons with the
same charge, where the FNP contribution is expected to dominate. Two different validation
regions are established for this purpose. The first one, called VRFgn¢, is defined by keeping all
the SR selections, apart from the inverted charge requirement (in the SR the leptons are required
to have opposite charge); this VR has the goal to validate the fake estimation in an identical
area of the phase space. In the second VR (VRF)o0se) some of the requirements of the SR are
dropped, in order to increase the statistics of the selection and check the modelling of the main
analysis variables. The definitions of the two validation regions can be found in Table 5.8. The
expected and observed yields are found to be comparable, with less than two sigma deviations, as
shown in in Table 5.9. Finally, the distributions of Ra4; and Ry for the events in the VRFi40se
selection are presented in Figure 5.9, as an example. The modelling was found to be accurate for

all the distributions exploited in the analysis.

VRFloose VRFtight
Leptons 2 same-sign leptons (ee, ey, uu)
b-veto veto on b-tagget jets for jet; and jet,
EF== [GeV] > 200 > 200
Leading lepton pr [GeV] (7,80) (7,80)
Sub-leading lepton pr [GeV] (7,35) (7,35)
mi [GGV} > 10 > 10
Mjets >2 >2
Leading jet pr [GeV] > 150 > 150
Rogaj - > 0.35
Ray - > 12

TABLE 5.8: Event selection applied for the definition of the two regions designed for the
validation of the FNP leptons estimate.
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FIGURE 5.9: Distributions of Raes; and Ra¢ for events passing the VRFio0se requirements.
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VRFloose VRFtight

Observed events 300 10
Fitted bkg events 264 + 24 14+£3
Fit output, 1.6+3:2 0.0279:52
Fit output, VV 24+ 11 0.7+£0.4
Fit output, Z,, 0.4+0.2 -
tz 0.94 £ 0.09 0.01 £ 0.00
Wt 0.0270 83 -
FNP 230 + 20 13+2
Others 6.3+£04 0.03 £ 0.01
Fit input, t£ 1.6 0.02
Fit input, VV 31 0.9
Fit input, Z,, 0.4 -

TABLE 5.9: Expected and observed yields in two regions designed for the validation of FNP
leptons estimation.

5.6 Systematic Uncertainties

The effect of the systematic uncertainties is evaluated for all signal samples and background
processes. For the background processes for which the normalisation is extracted in dedicated
control regions, the systematic uncertainties only affect the extrapolation to the signal regions.
Table 5.10 summarises the contributions of the different sources of systematic uncertainty in the
total SM background predictions in the SR. The primary sources of uncertainties for this analysis
are related to the estimation of the FNP leptons background and the theoretical uncertainties
on the modelling of the backgrounds determined using CRs. The statistical uncertainties of the
simulated event samples are also taken into account. The major contribution to the experimental
systematic uncertainties, described in Chapter 3, arises from the jet energy scale.

Systematic uncertainties are assigned to the FNP background estimate to account for poten-
tially different compositions (heavy flavour, light flavour or conversions) between the signal and
control regions. Two different measurements of the fake rate are independently derived from
the same-charge dilepton samples, selecting either W+jets or tt events and enriched by fakes
from light flavour decays and photon conversions or from heavy flavour decays respectively. The
first measurement, obtained vetoing events with b-tagged jets, is used to derive the nominal
parametrisation. The full difference between the prediction derived from the W+jets (nominal)
and the t (alternative) parameterisations is assigned as a symmetrised systematic uncertainty
on the central FNP prediction. The uncertainty on contamination from prompt leptons in the
regions used to measure the probabilities for fake and non-prompt leptons to pass the signal
criteria is evaluated by varying the expected MC contribution by 30%. Finally, the one-sigma
statistical variations of the nominal parametrisation are also considered. Figure 5.10 shows the
uncertainties on the fake rate as a function of the pr of the lepton: the composition uncertainty
is dominant for soft leptons, while the real lepton contamination and the statistical uncertainties
start to become important as the energy increases. All these uncertainties related to the fake
efficiencies have been propagated independently through the Matrix Method, to provide the final
uncertainty on the FNP estimation.

The uncertainties on the modelling of the tf and single-top backgrounds in simulation are estim-

ated by varying the renormalisation and factorisation scales, as well as the amount of initial and
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SR

Total background systematic 20%
Diboson theoretical uncertainties 2.7%
tt theoretical uncertainties 8.1%
Fake and non-prompt leptons 14%
MC statistical uncertainties 10%
V'V normalisation 9.2%
tt normalisation 8.6%
Z.. normalisation 1.5%
Jet energy scale 4.4%
Jet energy resolution 1.0%
EXss modelling 1.3%
b-tagging 2.2%
Pile up reweighting 1.4%
Lepton modelling 2.5%

TABLE 5.10: Sources of systematic uncertainty on the SM background estimates, evaluated after
the background fit. The values are given as relative uncertainties on the expected background
event yields in the SR.
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FIGURE 5.10: Uncertainties on the fake rate for electrons (left) and muons (right).

final state radiation [86]. Additional uncertainties on the parton shower modelling are assessed
as the difference between the predictions from PYTHIA and HERWIG, and on the generator
choice by comparing POWHEG and MADGRAPH5_AMC@NLO [86]. An additional uncertainty
on the interference between tf and single top quark Wt production is assigned by comparing
the predictions of dedicated LO WWbb MADGRAPH 2.5 sample, where the same ¢t and Wt
production diagrams are included, but top quarks are not required to be on-shell.

The diboson background MC modelling uncertainties are estimated by varying the renormal-
isation, factorisation and resummation scales [87]. For ¢tZ production, the predictions from
the MADGRAPH5_AMC@NLO and SHERPA generators are compared, and the uncertainties

related to the choice of the renormalisation and factorisation scales are assessed by varying
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the corresponding generator parameters up and down by a factor of two around their nominal
values [88].

The uncertainties related to the choice of the QCD renormalisation and factorisation scales in
Z/~* + jets events are assessed by varying the corresponding generator parameters up and down
by a factor of two around their nominal values. Uncertainties on the resummation scale and the
matching scale between the matrix element and the parton shower are evaluated by varying up
and down by a factor of two the corresponding parameters in SHERPA.

The cross-sections used to normalise the MC samples are varied according to the uncertainty on
the cross-section calculation, that is, 5.3% uncertainty for single top quark in the Wt-channel [89],
13% for ttW and 12% for ¢tZ production [77]. For ttWW, tZ, tW Z, tth, ttt, tttt, and tribosons
production processes, which constitute a small background, a 50% uncertainty on the event yields
is assumed.

5.7 Results

The data are compared to the background prediction in the SR and good agreement with the
predicted number of events is observed, with no significant excess over the SM expectation. Figure
5.11 shows the distributions of Ras4; and Ry, for events satisfying the SR requirement apart from
the ones on the represented variable, which is well modelled in both cases. The total number of
observed events in the SR is compared with the background-only fit results in Table 5.11. The
observed yield is within one standard deviation of the background prediction in the SR.

Two different sets of exclusion limits for new physics beyond the SM are derived from these
results. A model-independent upper limit on the visible cross-section o5 of new physics, defined
as cross-section times acceptance times efficiency, is derived by performing a fit which includes
the observed yield in the SR as a constraint, and a free signal yield in the SR as an additional
process. These limits assume negligible signal contamination in the CRs. Model independent
upper limits at 95% confidence level are presented in Table 5.12.

Finally, model dependent limits (at 95% confidence level) are computed on #; pair production

scenarios. A profile likelihood fit is performed including the expected signal yield for each signal
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FIGURE 5.11: Distributions of Raes; (left) and Ra (right) for events satisfying all the SR
selections except for the one on the variable shown in the figure, after the background fit. Red
arrows indicate the signal region selection criteria.
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SR47body

Observed events 30
Total SM events 28 + 6
Fit output, t 7.942.0
Fit output, VV 45+23
Fit output, Z-- 1.24+0.6
tt +7 0.03 +0.01
Wt 1.08 £0.27
Zeey, Lup 0.21 + 0.09
Others 0.80 4 0.30
Fake and non-prompt 12.8 +4.3
Fit input, tf 7.7
Fit input, VV 5.7
Fit input, Z,- 1.1

TABLE 5.11: Background fit results in the SR. The nominal expectations from MC simulation
are given for comparison for those backgrounds (¢t, VV and Z,.) that are normalised to data

in dedicated CRs.

Ovis [fb] 595

obs

95
Sexp

0.48 17.4

1677

TABLE 5.12: Model-independent 95% CL upper limits on the visible cross-section (ovis) of new
physics, the visible number of signal events (Sip), the number of signal events (S2%,) given
the expected number of background events (and +1o excursions on the expectation), and the

discovery p-value (p(s = 0)).

model considered and its associated uncertainties in the CRs and in the SR. Limits for simplified

models in which pair-produced #; decay with 100% branching ratio into bf f’ X! are shown in

the #;-X! mass plane in Figure 5.12. In the four-body decay regime, top squark masses are

excluded up to 400 GeV for m; — mgo = 40 GeV. In Figure 5.13 the same result is shown in

combination with the sensitivity obtained by other searches targeting different signal models

in the two lepton channel [90]. For each signal model the search with the highest expected

sensitivity is considered for the calculation of the limit. Comparing with the blue area, which
shows the observed exclusion from the ATLAS /s = 8 TeV analyses [34], it can be noticed how
the sensitivity in the compressed region has been extended by nearly 200 GeVwith respect to the

previous results.
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FIGURE 5.12: Exclusion limits at the 95% confidence level for a simplified model assuming ¢;

pair production, decaying via t; — bf f/)z(f with 100% branching ratio. The dashed grey line

and the yellow band are the expected limit and its 1o uncertainty. The thick solid red line is
the observed limit for the central value of the signal cross-section.
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different searches in the two-lepton channel.
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Chapter 6

Search for top squarks in final

states containing a Z boson

Z bosons can appear in the decay chain of top squarks. This can happen either in the decay of
the to, via t; — X9 or through the decay of intermediate produced sparticles, like for example
when the #; dacays to ¢ and )28, with the X9 consequently decaying via X5 — ZX1. Both examples
are illustrated in Figure 6.1. The presence of the Z boson allows to efficiently discriminate
these signal from the SM top quark pair production (¢f) background by requiring a same-flavour
opposite-sign (SF-OS) lepton pair originating from the Z — ¢T¢~ decay. The presence of an
additional lepton which could be produced in the decay of the top quarks in the event can further
increase the discriminating power of the search, given the rarity of SM processes with three
leptons in the final state.

This Chapter presents the results of a search for top squarks in final states with Z bosons at
/s = 13 TeV using the complete data set collected by the ATLAS experiment in proton—proton
(pp) collisions during Run-2 (2015-2018), corresponding to 139 fb~lof integrated luminosity.
Searches for top squark production in events involving Z bosons have been previously performed
by both ATLAS [91, 92] and CMS [93, 94], with no evidence for new physics yet.
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FIGURE 6.1: Diagrams fog the top s(guark pair production processes considered ig this analysis:
(a) t1 — tX2 with X2 — h/ZX1 decays, and (b) t» — Zt1 with i1 — bf f'X1 decays.



6.1 Targeted models

Two classes of simplified models are used for the analysis optimisation and the interpretation
of the results. In both classes, direct top squark pair production is considered, with all SUSY
particles are decoupled except for the top squarks and the neutralinos involved in their decay. In
all cases the X! is assumed to be the LSP.

The first set of models features direct ¢; production with #; — t)zg, with the X3 which decays
either via Z (X3 — ZX1) or h (X3 — hX}) bosons with a 50% branching ratio. In these models,
the X} is assumed to be very light, while the X5 and the t1 masses are varied, keeping the X5 — X9
mass difference to be large enough to allow on-shell Z or Higgs boson decays. The set of sparticle

masses chosen for the signal models generated in this way are shown in Figure 6.2.
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FIGURE 6.2: Signal samples investigated for the #1£; — tEX5X2 models. The BR of the #; decay
is fixed to 50% in Z and 50% in h. The figure shows also the limits placed on such models by
the analysis performed on this channel with the intermediate Run 2 dataset [91].

Additional simplified models featuring direct £ production with £, — Z#; decays and #; — XY
are also considered. Being heavier, the £, has a lower cross-section than that of the #;, and their
decay properties can be similar. However, searches for the latter can provide additional sensitivity
in regions where the #; falls in a phase space difficult to experimentally discriminate from the
background due to the similarities in kinematics. This can be the case in scenarios where the
lighter top squark is only slightly heavier than the sum of the masses of the top quark and the
lightest neutralino (5((1)). To target this kind of models, the mass difference between the #; and
XY is set to 40 GeV, and the four-body decay channel £; — bff’f((f is assumed to occur, where
f and f’ are two fermions from the W* decay. Figure 6.3 shows the values of the f, and X9
masses considered, for this scenario. All the simulated signal sample are generated as described

in Section 4.1.
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FIGURE 6.3: Signal generated for the to — le, t — bff>~((1) models.
6.2 Selection of particles and jets

In this section the definitions of the reconstructed particles and jets used specifically in this
analysis are provided. More details on how jets, electrons, muons and the transverse missing
energy are reconstructed in ATLAS were given in Chapter 3. Identification criteria for Jets,
Electron and Muon are summarised in Table 6.1.

Jets

Jets are reconstructed using the anti-k; jet algorithm [57] with the distance parameter R set to
0.4 and topological clusters as input. They are selected if they have pr > 30 GeV and lie within
In| < 2.8. To mitigate the effects of pileup, the JVT [61] requirement is applied and jets are
rejected in case they have pr < 120 GeV, |n| < 2.5 and JVT< 0.59. This requirement reduces
the fraction of jets from pile-up down to 1%, with an efficiency for pure hard scatter jets of about
90%. In order to remove events with fake EIsS arising from the mis-measurement of a jet, an
event is vetoed when a jet (with || < 4.9) is judged as bad according to quality selection criteria
that reject detector noise and non-collision backgrounds.

The b-jets are tagged using the MV2c10 tagging algorithm [62], using the calibrated bins of the
BDT score. A jet is consider tagged, if it lays in the last three bins, equivalent to 77% b-tagging

efficiency.

Electrons

Two levels of electron selections are defined: baseline leptons have to pass a first loose selection,

while signal leptons are subject to more stringent cuts. Baseline electrons must satisfy the Loose
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identification [68], have Ep > 4.5 GeV and |n| < 2.47 and pass following requirements on the
longitudinal impact parameter: |z - sin(f)| < 0.5 mm and on the transverse impact parameter:
|do/o(do)| < 5. Signal electrons are additionally required to pass the Medium identification [68]
and the FCTight isolation working point, similar to the one described in [68].

Muons

Muon candidates must have pr > 4 GeV and || < 2.4 and must be identified as Medium [69].
Additionally, they need to pass the requirements on the longitudinal impact parameter: |zp -
sin(f)| < 0.5 mm and on the transverse impact parameter: |dy/o(dp)| < 3.

Finally, signal muon are required to pass the FCTightTrackOnly isolation working point, similar
to the one described in [69].

Events containing cosmic muons are vetoed; these particles are identified in cse they satisfy the
following conditions on the longitudinal and transverse impact parameters with respect to the

primary vertex: |zg| < 1 mm and |dy| < 0.2 mm.

Removal of reconstruction ambiguities

When all the jets, electrons and muons are reconstructed, some ambiguities can arise in the
classification, and the same reconstructed object can occur in different categories. The overlap
removal (OR) is an algorithm applied to candidate leptons and jets, to remove such ambiguities
and is defined as follow.

e Jet candidates with pr < 100 GeV within AR = /(Ay)2 + (A¢)? = 0.2 of a baseline
electron are discarded, unless the jet has a value of the b-tagging discriminant larger than
the value corresponding to approximately 85% b-tagging efficiency, in which case the lepton

is discarded since it is likely to have originated from a semileptonic b-hadron decay.
e Jet candidates within AR = 0.2 of a baseline muon are discarded, irrespective of the jet prp.

e Any remaining electron candidate within AR = 0.4 of a jet, and any muon candidate
within AR = min{0.4,0.04 4+ pr(u)/10 GeV} of jet is discarded. In case of the muon, if the
jet has fewer than three associated tracks, the muon is retained and the jet is discarded
instead to avoid inefficiencies for high-energy muons undergoing significant energy loss in
the calorimeter.

e Finally, any baseline electron sharing an Inner Detector track with a remaining baseline

muon is also removed.
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Selection

Jets pr > 30 GeV
|n] < 2.8
JVT > 0.59 if pr < 120 GeV and |n| < 2.5
B-jets pr > 30 GeV
Inl < 2.5

MV2c10 > 0.63 (e, ~ T7%)

Baseline Electrons

Signal Electrons

ETt Jeosh(n) > 4.5 GeV
In| < 2.47
Loose identification
|z08in 8] < 0.5mm and |dy/o| < 5

E°st Jcosh(n) > 5 GeV
Medium identification
FCTight isolation
|z08ind] < 0.5mm and |dp/o| < 5

Baseline Muons

Signal Muons

pr > 4 GeV
Il < 2.4
|z0sinf| < 0.5 mm and |dy/o| < 3

pr > 5 GeV
Medium identification
FCTightTrackOnly isolation
|z0sin 0] < 0.5 mm and |dy/o| < 3

TABLE 6.1: Sumamry of jet, electron and muon selection criteria.
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6.3 Event selection

Events are accepted if they have fired a trigger requiring either two electrons, two muons or one
electron and one muon. The trigger-level requirements on the pr, identification and isolation of
the leptons involved in the trigger decision are looser than those applied offline to the candidate
leading and subleading leptons. This ensures constant trigger efficiencies in the relevant phase
space [95].

A pre-selection of events of interest is performed by requiring the presence of at least three
signal leptons (electrons or muons), with at least one SF-OS lepton pair whose invariant mass
is compatible with the Z boson mass (|mg — mz| < 15 GeV, with mz = 91.2 GeV). The
leading lepton is required to have pr > 40 GeV and the subleading to have pr > 20 GeV. In
addition, at least three jets with pr > 30 GeV are required in each event and a preliminary
cut of EXsS > 50 GeV is applied. These requirements are summarised in Table 6.2 and are
applied throughout the analysis unless stated otherwise. Figure 6.4 shows the distributions of the
variables used for the preliminary selection of events. The observed events are compared with
the expected SM distributions. These are obtained with MC simulated events for the irreducible
backgrounds and with the data-driven method discussed in Chapter 5 for the events with at
least one fake or non prompt lepton (FNP). Two sets of SRs are optimised for the best discovery
sensitivity, using the significance reported in Equation 4.1, for the two classes of models discussed
in Section 6.1. The kinematic variables and the list of cuts used for each SR definition are
illustrated in the following.

Variable Pre-selection
Number of signal leptons >3
Number of SF-OS pairs >1
Leading lepton pr [GeV] > 40
Subleading lepton pr [GeV] > 20
Im3E-08 —my| [GeV] <15
Njets (P > 30 GeV) >3
Emiss [GeV] > 50

TABLE 6.2: Definition of the event pre-selection used in the analysis.
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FIGURE 6.4: Comparison between the distribution of observed data and the expected SM

prediction, for an integrated luminosity of 139 fb~'. The contribution from all SM backgrounds

is shown as a histogram stack, all the backgrounds come from MC, apart form the fake and

non prompt leptons, which are estimated as explained in Chapter 5; the bands represent the

statistical uncertainty. The lower panels show the ratio of the observed data to the total SM
background prediction.
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Signal regions targeting the ¢; models

Two signal regions are defined, in order to have optimal sensitivity for different signal scenarios,
depending on the mass splitting between X9 and X9.
Signal region SRy is optimised for large X5 — X1 mass splitting. It includes requirements on
m%, a variation of the stransverse mass mrs, which is used to bound the masses of a pair of
particles that are presumed to have each decayed semi-invisibly into one visible and one invisible
particle [96, 97]:

miss

mro(p}, P, PT) = min  max(m3(p%, gt), mk (P, 43)) (6.1)
P L

In the formula, pAiss

is the vector sum of the transverse momenta of the two invisible particles,
mr indicates the transverse mass of two vectors (defined as m2 = (Et1 + Et2)? — (P11 + P12)?),

pT and pg are the momenta of the two leptons, and g} and g% are vectors which satisfy

InlSS

ar + g7 = PR
In the case of m%, the two visible legs of the two semi-invisible decays are set to be the system

The minimum is taken over all the possible choices of gk and g2.

of the SF-OS lepton pair with an invariant mass closest to mz, and the third lepton. Further
important discriminating variables are the ER5, and the jet and b-jet multiplicity. Figure 6.5
presents the distribution of the EX and the m3! varlables in a selection with all the SRy cuts
applied, apart from the plotted variable itself; the upper pad in each plot illustrates the expected
distribution for the SM background and for three representative signal samples, while the lower

pad shows the significance obtained by selecting events over the value of each bin.

Models with small mass differences between the X5 and the X! are targeted with SR, which
instead features requirements on the transverse momentum of the SF-OS lepton pair (p%), tighter
cuts on the jet multiplicity and less stringent cuts on the ERS with respect to SRis. The
distributions of the first two variables are shown in Figure 6.6; the lower pad shows the significance
obtained cutting on each variable, as described before.

The requirements of SR1a and SRy are summarised in Table 6.3.
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FIGURE 6.5: Distributions of the main discriminating variables for signal and backgrounds,
with all the SR1a cuts applied, apart from the one on the plotted variable. The lower pad
shows the significance obtained by selecting events at each value of the histogram’s bins.
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Requirement / Region SRia SRip
Third leading lepton pr [GeV]  >20 > 20
Njets (P > 30 GeV) >4 >5
Np—tagged jets (PT > 30 GeV) >1 >1
Leading b-tagged jet pr [GeV] - >100
Emiss [GeV] > 250 > 150

P [GeV] - > 150
mT2[GeV] > 100 -

TABLE 6.3: Definition of the signal region selections used to target the #; models.

To further improve the exclusion power of the analysis, two multi-bin fit are defined. SR;p and
SR;p are additionally split in four ER bins and four p4 bins respectively. In the case of SR,
an additional bin in the range of ERs (200,250) is added to improve the exclusion depth for
low-mass signal models. Tables 6.4 and 6.5 present the expected background and signal yields
obtained in each bin.

The expected sensitivity achieved with this strategy, presented in Figure 6.7, allows to increase
the range of sparticle masses tested in these kind of models, particularly improving in the case of
high X5 masses.
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SRya binl SRia bin2 SRia bin3 SRia bind
ERiss [GeV] (200 — 250) (250 — 300) (300 — 350) > 350
Total SM events 5.2 +0.7 2.3+0.4 1.440.3 1.940.4
Multi-boson 0.5+0.1 0.21 £ 0.07 0.12 4 0.04 0.27 4 0.07
ttZ 2.9+0.4 1.14+0.2 0.7+0.2 0.8+0.2
FNP 0.6 +0.3 0.3+0.2 0.18 £ 0.03 0.3+0.2
tZ and tWZ 0.5+0.3 0.4+0.2 0.340.2 0.2+0.1
Others 0.7+0.2 0.34 % 0.09 0.17 £ 0.06 0.27 4+ 0.07
m(f1) = 1000 GeV, m(X3) = 350 GeV 0.71 £ 0.07 0.84 = 0.09 0.74 4 0.08 2.9+0.2
m(f1) = 1000 GeV, m(X3) = 500 GeV 0.71 £ 0.07 1.040.1 1.040.1 41403
m(f1) = 1000 GeV, m(X3) = 800 GeV 0.36 £ 0.04 0.43 £ 0.05 0.62 £ 0.07 3.9+40.3

TABLE 6.4: Expected yields in the four E bins of SRa, for an integrated luminosity of

139fb~ 1.

SRyp binl SRip bin2 SR;p bin3 SRip bind
P&t [GeV) (150 — 300) (300 — 450) (450 — 600) > 600
Total SM events 7.1+0.9 3.7+0.6 1.6 +0.3 1.02 +0.22
Multi-boson 1.0£0.3 0.42 + 0.09 0.22 + 0.06 0.16 + 0.06
ttz 4.8+0.6 2.5+0.4 1.140.2 0.58 4 0.12
FNP — 0.04 £ 0.02 —— ——
tZ and tWZ 1.0£0.5 0.6+ 0.3 0.3+0.2 0.3+0.2
Others 0.32 + 0.08 0.04 £ 0.01 —— ——
m(f1) = 800 GeV, m(X3) = 130 GeV 6.9+0.5 3.8+0.3 1.340.1 0.56 & 0.07
m(f1) = 850 GeV, m(X9) = 130 GeV 6.6 +0.4 1.940.1 1.440.2 1.040.1
m(f1) = 900 GeV, m(X3) = 130 GeV 3.440.2 1.840.1 0.74+0.1 1.140.1

TABLE 6.5: Expected yields in the four pfbins of SR1g, for an integrated luminosity of 139 fb~1.
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FIGURE 6.7: Expected exclusion obtained with SR1a (top) and SRip (bottom). In the latter,

the expected sensitivity is improved in the difficult scenarios where the X2 mass is low and there

is just enough phase space to produce an on-shell Z boson. I both plots, the grey numbers

show the C'Lg obtained for each signal model tested; the black dashed line and the yellow band

are the expected limit obtained with the interpolation and its =10 uncertainty, respectively.

The blue lines show the previous results obtained looking at this phase space with the partial
Run 2 dataset [91].
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Signal regions targeting the ¢, models

Two SRs are optimised for the t, — Z#; with £; — bff’f(? models, SRop and SRep, targeting
small and large mass splittings between the £, and the X3 respectively. Due to the overall soft
kinematics of the particles in compressed t; signals, SRy features upper bounds on the pr of
the third leading lepton and on pfrz, as well as no requirement on the number of b-tagged jets
since they are likely to be soft in this scenario and can be missed. On the opposite side, when
Am(ta,t1) is large, both the Z and the f; acquire some momentum, and all the decay products
are in average more energetic; this is reflected in the choice of cuts for the SRop definition, which
features higher FXsS and pff[ requirements, and relax the upper cut on the third lepton pr. The
list of cuts applied to both SRs is presented in Table 6.6, two examples of kinematic variables are
instead shown in Figure 6.8.

In order to extend the sensitivity for less energetic signal models, SRop is supplemented with three
more independent regions, defined by relaxing the cuts on the EX and on the pre distributions,

as sketched in Figure 6.9. This allows for an increase in the sensitivity, especially at lower #;

Requirement / Region SRoa  SRop
Third leading lepton pr [GeV] <20 <60
Njets (P > 30 GeV) >3 >3
Np—tagged jets (PT > 30 GeV) - >1
Leading jet pr [GeV] > 150 -
B [GeV] >200 > 350
P [GeV] <50 > 150

TABLE 6.6: Definition of the signal regions used to target the £z models.
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and backgrounds. The SRs cuts are applied, apart from the one on the plotted variable. The
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FIGURE 6.9: The four different kinematic selections applied to increase the sensitivity of SRap.

SRa2a
Total SM events 6.2+1.6
Multi-boson 3.2+0.9
ttZ 0.84£0.3
FNP 1.84+1.1
tZ and tWZ 0.240.1
Others 0.21 %+ 0.06
m(f2) = 500 GeV, m(X}) = 350 GeV 13.8+1.4
m(f2) = 700 GeV, m(X)) = 550 GeV 2.040.2
m(f2) = 800 GeV, m(X}) = 400 GeV 0.20 & 0.02
m(f2) = 600 GeV, m(X) = 300 GeV 1.3+0.1

TABLE 6.7: Expected yields in the SRs targeting f> models, for an integrated luminosity of
139fb~!. The errors shown are the statistical uncertainties only.

masses, and it is particularly important as this is the first search at the LHC for this specific

signal topology.

All five SRs defined in this way, are orthogonal in terms of pf or EXisS making them statistical
independent and therefore easily combinable for the final interpretation. The expected sensitivity
obtained in this way is shown in Figure 6.10, as a function of the {5 and the X! masses. To
produce the exclusion contours the full systematics uncertainties, as described if Section 6.5 have
been considered for the backgrounds.

The expected exclusion is compared with the limits obtained from the analysis presented in
Chapter 5, for the correct combination of masses (Am/(f1, )2(1)) = 40 GeV). Using the {5 decay
products as proxy to discriminate from the SM background, it is possible to reach sensitivity to

higher XY masses, with respect to the traditional searches.
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SRQB binl SRQB bin2 SRQB bin3 SRQB bin4
EDiss [GeV] (300 — 350) (300 — 350) > 350 > 350
P&t [GeV) (50 — 150) > 150 (50 — 150) > 150
Total SM events 4.1+0.6 4.7+£0.7 4.9+0.8 5.74+0.9
Multi-boson 1.1+£0.3 1.0£0.3 1.5+0.4 1.8+£0.4
ttZ 1.4+£0.2 244+04 1.2+£0.2 224+04
FNP 0.8+ 0.2 0.73 +0.08 1.24+0.2 0.7£0.1
tZ and tWZ 0.4+£0.2 0.5+0.3 0.7+0.4 1.0+ 0.5
Others 0.4+0.1 0.12 +£0.03 0.36 +0.08 0.16 £ 0.03
m(1) = 500 GeV, m(X}) = 350 GeV 5.0+0.5 1.10 +0.08 11.740.9 4.340.2
m(t;) = 700 GeV, ’m(f(?) = 550 GeV 0.63 £0.07 0.13 £ 0.01 0.84 £ 0.06 0.27 £ 0.01
m(f1) = 800 GeV, m(X]) = 400 GeV 0.34 £ 0.04 2.5+ 0.2 1.340.1 8.94+0.5
m(f1) = 600 GeV, m(X3) = 300 GeV 4.740.5 12.140.9 8.6 4+ 0.7 14.240.7

TABLE 6.8: Expected yields in the SRs targeting o models, for an integrated luminosity of
139fb~!. The errors shown are the statistical uncertainties only.
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FIGURE 6.10: Expected exclusion obtained combining the 5 signal regions targeting the &
models. The grey numbers show the C'Ls obtained for each signal model tested, the black dashed
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light blue already excluded area is derived from the constraints obtained from the analysis

presented in Chapter 5 for the correct mass combinations.

6.4 Background estimation

As shown in Tables 6.4, 6.5, 6.7 and 6.8, the dominant SM background contribution in all the

SRs is expected to originate from ttZ production, from multi-boson production (mainly W Z)

and from backgrounds containing at least one non-prompt or mis-identified (fakes) lepton. The

normalisation of the ¢Z and multi-boson backgrounds is obtained by fitting the yield from

MC simulation to the observed data in dedicated CRs enhanced in one of the two background

components, and then extrapolating this yield to the SRs, with the mechanism explained in

Chapter 4. The estimation of the background arising from fake or non-prompt leptons is estimated

with the Matrix Method, a data driven techniques which is comprehensively described in Chapter 5.
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FIGURE 6.11: The probability for prompt loose leptons to satisfy the tight selection. The

Figure shows the efficiencies parametrised as a function of pr and 7, as they are used in the

Matrix Method, for electrons (left) and muons (right). The pr distribution is divided in the
following bins: (5;7), (7;12), (12; 20), (20; 35), (35; 50), > 50.

Backgrounds from other sources (mostly tZ, tWZ, ttW and other rare SM processes), which
provide a subdominant contribution to the SRs, are determined from MC simulation only.

For each set of signal regions, a simultaneous “background fit” is performed to the numbers of
events found in the CRs, where the normalisations of the ##Z and the multi-boson backgrounds
are allowed to float freely, while the other backgrounds are fixed to the estimate from simulation
or data-driven techniques. The impact of the systematic uncertainties considered in the fit is
described in Section 6.5. The level of agreement of the predictions for the main backgrounds is

compared with data in dedicated validation regions (VRs).

Fake and non-prompt lepton background

The background from fake and non-prompt leptons (FNP) is estimated from data with the Matrix
Method; the description of this procedure is given in Chapter 5, while this section is dedicated to
its application to this analysis.

Two types of lepton identification criteria are defined for this evaluation: tight and loose,
corresponding to the signal and baseline electrons and muons described in Section 6.2. The
method relates the number of events containing FNP leptons to the number of observed events
with tight or loose leptons using the probability for loose prompt or FNP leptons to satisfy the
tight criteria.

The probability for prompt loose leptons to satisfy the tight selection is determined from ttZ MC
simulation, corrected to model the data. The events are selected with a similar topology to the
analysis CRs and SRs: at least 4 jets with pr > 30 GeV and at least one b-jet. Prompt leptons
are selected using truth matching, to remove any possible contamination from fake leptons, and
proper correction factors, obtained by comparing Z — ¢T¢~ (¢ = e, u) events in data and MC
simulation, are applied to both the loose and tight selection. The results, parametrised as a

function of pr and 7, are shown in Figure 6.11, for both electrons and muons.

The equivalent probability for loose FNP leptons to pass the tight selection is measured in a
data sample enhanced in ¢ using events with one electron and one muon with the same charge
plus at least one b-tagged jet. The contamination from prompt leptons, which could bias the
measurement, is evaluated from MC simulations and subtracted from both the loose and the tight
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FIGURE 6.12: Probability for FNP loose leptons to satisfy the tight selection, calculated in ey
SS events. The Figure shows the efficiencies parametrised as a function of pt and 7, as they
are used in the Matrix Method, for electrons (left) and muons (right).

Requirement / Region VRir VRor

No SF-OS pair
At least one DF-OS pair

Third leading lepton pr [GeV] > 20 < 60
Njets (P > 30 GeV) >3 >3
Np—tagged jets (DT > 30 GeV) >1 _
B [GeV] > 50 > 150

TABLE 6.9: Definition of the regions used to validate the FNP lepton estimation.

samples, before the computation of the rates. The results obtained with the lepton definition
used for this analysis are presented in Figure 6.12, for both electrons and muons.

The estimation for the FNP background is validated in dedicated validation regions, which are
enriched in these events and at the same time reflect the SRs selections in terms of kinematics
and composition. Two VRs are defined in Table 6.9, with VRg probing the lepton pr regime in
SR1a and SRy, while VRor includes soft lepton requirements as in SRos and SRop. These VRs
are made orthogonal to the CRs and SRs thanks to a veto on events with SF-OS dilepton pairs
and require to have at least one different flavour and opposite sign (DF-OS) dilepton pair; in
this way, the FNP component is also enhanced. The similarity in terms of composition (leptons
arising from hadron decays, photon conversions, etc...) of the FNP leptons between the SRs
and the respective VRs is studied looking at the truth information of ¢ and Z — £+¢~ simulated

events, which enter the region selections, as illustrated in Figure 6.13.

The observed and expected yields in these VRs are shown in Table 6.10, with a purity of FNP
leptons above 55% and with good agreement between data and the background estimation. The
data-driven estimation allows for a good modelling of the kinematic variables exploited in the
analysis, as can be seen in Figures 6.14 and 6.15, which show an example of the main distributions
of the events in the VR1r and VRap respectively.
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FIGURE 6.13: Origin of the fake electrons (left) and muons (right) in SRs and VRs, studied
with tf and Z — £t¢~ simulated events.

VRlF VR2F
Observed events 84 98
Total (post-fit) SM events 98 +28 95+ 33
Post-fit, multi-boson 0.7+0.2 2.8+0.7
Post-fit, ttZ 8.7+ 1.6 2.9+ 0.6
Fake /non-prompt leptons 54 + 27 76 + 32
tz, tWZ 0.94+0.5 0.40 £ 0.21
Others 33£5 13.4+£26

TABLE 6.10: Background fit results it the FNP validation regions. The number of ¢{Z and
multi-boson background events is estimated as described in Section 6.4 and uncertainties quoted
already include both statistics and systematic errors, as described in Section 6.5.
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FIGURE 6.14: Distributions of the second (left) and the third (right) lepton pr in VRir. The
contribution from all SM backgrounds is shown as a histogram stack and the striped the bands
represent the total uncertainty in the background prediction. The fake and non-prompt lepton
background is estimated from data, the other backgrounds are estimated with MC simulation.
The lower panels show the ratio of the observed data to the total SM background prediction.
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FIGURE 6.15: b-jet multiplicity (left) and Ef* (right) distributions in VR2r. The contribution
from all SM backgrounds is shown as a histogram stack and the striped the bands represent the
total uncertainty in the background prediction. The fake and non-prompt lepton background
is estimated from data, the other backgrounds are estimated with MC simulation. The lower
panels show the ratio of the observed data to the total SM background prediction.

ttZ and multi-boson background

The two dedicated control regions, used for the ttZ (CRy;z) and multi-boson (CRyv/) background
estimation, are defined in Table 6.11. To ensure orthogonality with the SRs, only events with
Emiss < 100 GeV are included in CRysz, while a b-tagged jet veto and EMSS < 200 GeV
requirements are applied in CRy v .

To validate the background estimation procedure, three validation regions are defined, in a corner
of the phase space suitable to check the extrapolation towards the SRs, as show in Table 6.12.
The VR4 region primarily validates the t£Z background estimation in an intermediate EMiss
region (100 GeV< Emss < 150 GeV.) The VRr“,'%ft and VRZ";ﬁfg regions, instead, are designed
for the validation of the multi-boson background, the former focusing on the extrapolation in
jet multiplicity and the latter on the extrapolation from events without to events with b-tagged
jets. These regions are not independent (their overlap is around 50%) but they are useful to
provide a validation in the two different regimes of the CRs and the SRs. The normalisation
factor obtained for the ¢£Z sample is 1z = 0.97 + 0.17 and for the multi-boson backgrounds
wyy = 0.84+ 0.20. Table 6.13 shows the observed and expected yields in the CRs and VRs for
each background source before and after the fit, while Figure 6.16 and Figure 6.17 show the jet
multiplicity distribution after the background fit for the CRs and VRs, respectively. The post-fit

agreement with data is good in all the regions and the distributions are well modelled.

96



TABLE 6.12: Definition of the validation regions for the t#Z and multi-boson background
estimation.
£ 200 Lo ‘ : 1 £ S ‘ ‘ =
5 E ATLAS Preliminary Vs=13 TeV, 139 fb B & 800— ATLAS Preliminary Vs=13 TeV, 139 fb" 3
G180 oR E @ cRr 1
160 £tz e Data B wW e Data —
c S Standard Model I S Standard Model b
140/ R FNP =4 600 . FNP =
\ B Multi-boson = B Multi-boson B
120 iz E tiz =
1000 B tZ and tWZ = BB tZ and tWzZ E
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80— — i
60 = ]
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S 15F ] S 15F ]
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0 05f ] O 05F :

Requirement / Region CRyiz CRyv
Second lepton pr [GeV] > 20 > 20
Third lepton pr [GeV] > 20 > 20
Njets(pT > 30 GeV) >4 >3
Nb—tagged jets (PT > 30 GeV) >1 0

Emiss [GeV]

50 — 100 50 — 200

TABLE 6.11: Definition of the control regions used for the ¢t£Z and multi-boson background

estimation.
Requirement / Region VRyiz VRI‘I,_{ft VRI";?g
Second lepton pr [GeV] > 20 > 40 > 40
Third lepton pr [GeV] > 20 > 40 > 40
Njets(pT > 30 GeV) >3 >3 3
Np—tagged jets (pT > 30 GGV) >1 0 >0
Ea«niss [GeV] 100 — 150 200 — 300 200 — 300

6 7
Jet multiplicity (pT > 30 GeV)

5 &
Jet multiplicity (pT > 30 GeV)

FIGURE 6.16: Jet multiplicity distributions in control regions CRyzz (left) and CRyy (right),
after the normalisation of the {2 and multi-boson background processes.
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FIGURE 6.17: Jet and b-jet multiplicity distributions in the three validation regions, after the
normalisation of the t#Z and multi-boson background processes.

CRyiz VRyiz CRvv VRS VRY e
Observed events 221 173 817 39 34
Total (post-fit) SM events 221 +15 182+ 16 817 +29 30+8 27+ 6
Post-fit, multi-boson 2T+ 7 25+ 8 693 & 34 26 + 8 1846
Post-fit, t1Z 148 + 22 109 + 19 59 + 11 2.740.5 6.14+1.2
Fake/non-prompt leptons 151+ 1.7 16.7 £ 1.9 41415 <15 0.9748
tZ, tWZ 27+ 14 23 + 12 19+ 10 0.9+0.5 1.7+0.9
Others 4.640.8 80+ 1.5 55420 0424008  0.59+0.11
Pre-fit, multi-boson 32.1+3.1 30+7 830 £ 190 31+6 21+4
Pre-fit, t1Z 153 +13 112.2+25 61.3+2.7  2.8240.20 6.340.4

TABLE 6.13: Background fit results for the control and validation regions.

The nominal

predictions from MC simulation are given for comparison for those backgrounds (7, multi-

boson) that are normalised to data.
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6.5 Systematic uncertainties

The effects of the systematic uncertainties are evaluated for all signal samples and background
processes, as described in Section 4.4.

The modelling uncertainties on the diboson MC are estimated varying the renormalisation,
factorisation, resummation and matching scales used for the generation of the nominal sample [87].
An additional uncertainty on the heavy flavour composition was tested in order to account for
the extrapolation in number of b-jets between the CR and some of the SRs. The contribution
from gluons splitting into bb pairs (studied at truth level) was varied by 30%, but the impact was
found to be negligible. For ttZ, the uncertainties related to the choice of renormalisation and
factorisation scales are assessed by varying the corresponding event generator parameters up and
down by a factor of two around their nominal values. The radiation uncertainties are evaluated
comparing the nominal sample to dedicated samples with a, varied [88]. The cross-sections
used to normalise the MC samples (which are not normalised to data) are varied according to
the uncertainty in the cross-section calculation, i.e. 13% for t{W production [77]. For titW W,
tZ, tWZ, tth, Wh, Zh, ttt, tttt, and triboson production processes, which constitute a small
background, a 50% uncertainty in the event yields is assumed.

Additional systematic uncertainties are assigned to the estimation of the background arising from
non-prompt and mis-identified leptons. Those are evaluated to account for potentially different
compositions (heavy flavour, light flavour or conversions) between the SRs and the regions were
the efficiencies, input for the Matrix Method, are measured, as well as the contamination from
prompt leptons in the regions used to measure such efficiencies.

The main sources of systematic uncertainty affecting this analysis are related to the background
theoretical and modelling uncertainties, the uncertainties on the data-driven estimation of the
FNP background, as well as the jet energy scale and resolution. Other detector-related systematic
uncertainties, such as those related to the ERsS modelling, as well as lepton reconstruction
efficiency, energy scale and energy resolution are found to have a small impact on the results.
Table 6.14 summarises the contributions from the different sources of systematic uncertainty to
the total SM background predictions in the signal regions.

SRia SRip SRaa SR2p
Total systematic uncertainty (%) 13 13 29 15
Diboson theoretical uncertainties (%) 2 3 11 5
ttZ theoretical uncertainties (%) 3 6 4 5
Other theoretical uncertainties (%) 6 9 2 9
MC and FNP statistical uncertainties (%) 6 <1 14 7
Diboson normalisation (%) 2 3 11 6
ttZ normalisation (%) 5 9 2 7
Fake/non-prompt leptons efficiency (%) 4 <1 14 2
Jet energy resolution (%) 4 3 2 2
Jet energy scale (%) 1 4 <1 1
b-tagging (%) 3 5 1 5

TABLE 6.14: Summary of the main systematic uncertainties and their impact (in %) on the total
SM background prediction in each of the signal regions studied. The total systematic uncertainty
can be different from the sum in quadrature of individual sources due to the correlations effects.
The quoted theoretical uncertainties include both modelling and cross-section uncertainties.

99



6.6 Results

The observed number of events and expected yields are shown in Table 6.15 for each of the four

inclusive SRs, and Figure 6.18 shows kinematic distributions after applying all the SR selection

requirements except those on EX or pffz. The data have been found to be in good agreement

with SM background prediction in all the SRs.

The results obtained in the inclusive SRs are then interpreted as exclusion limits for new physics

scenarios. Table 6.16 shows upper limits (at the 95% confidence level) on the visible BSM
5

cross-section oyig = Sgbs /Ldt, defined as the product of cross-section, SR acceptance and selection

efficiency.
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FIGURE 6.18: Distributions of (A) E® in SR14, (B) p¥ in SRip, (C) E2* in SRya, and

(D) p& in SRap for events passing all the SR requirements except those on the variable shown

(which are indicated by the arrows). The expected distributions for selected signal models are
also shown as dashed lines.

Model-dependent limits are set for the two classes of SUSY models considered. For each signal
hypothesis, the background fit is redone taking into account the signal contamination in the CRs,
which is found to be below 12% for the signals with the higher cross-section. Correlations of the
uncertainties between the SM backgrounds and the signals are taken into account. To enhance
the exclusion power in the considered SUSY models, the binned versions of the SRs are used;
a summary of the observed number of events and expected yields in all these bins is shown in
Figure 6.19.
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SRia SRip SRaa SRap
Observed events 3 14 3 6
Total (post-fit) SM events 544+0.7 12.8+1.6 5.7+ 1.7 5440.8
Post-fit, multi-boson 0.50 £ 0.22 1.54+0.5 27+1.0 1.5+ 0.6
Post-fit, ttZ 2.5+0.5 8.7+1.6 0.73 £0.29 21+£0.5
FNP 0.74 £0.24 0.04 +£0.02 1.8+1.1 0.65 +£0.11
tz, tWZ 09+04 22+1.2 0.19£0.11 1.0£0.5
Others 0.78 £0.17 0.37 £0.08 0.21 +0.06 0.16 +£0.03
Pre-fit, multi-boson 0.59 +0.18 1.8+ 0.5 3.2£0.9 1.8+0.4
Pre-fit, ttZ 26+04 89+1.0 0.76 £ 0.27 22+04

TABLE 6.15: Observed and expected numbers of events in the four inclusive signal regions.
The pre-fit predictions from MC simulation are given for comparison for those backgrounds
(t¢Z, multi-boson) that are normalised to data in the CRs.

SRia SRis SRaa SRaB
59 46 10.9 49 7.0
Sevp 6.1123 9.4+33 6.2732 6.5713
vis [fD] 0.03 0.08 0.03 0.05
Po 0.5 0.37 0.50 0.38

TABLE 6.16: Model-independent upper limits (at 95% confidence level) obtained using the four
inclusive SRs. The limits are expressed in terms of the visible number of BSM events (S5,),
the number of BSM events given the expected number of background events (ngp) and the
visible BSM cross-section (ovis), as well as the discovery p-value (po) for the background-only
hypothesis. The value of pg is capped at 0.5 if the number of observed events is below the
number of expected events.

] 16 — T T T T T T T T T T T —]

§ 14 = ATLAS Preliminary e Data =22 Standard Model =

W E  {s=13TeV, 139 bt FNP I Multi-boson 3

12— tiz I tZ and tZW —

10— Others —

= SRy, SRy, SRyg —

E NS 3

- NN =
8
c
[
o
=
i=)
7]

ET™* [GeV] (200,250) (250,300) (300,350) >350 >150 > 150
- (150,300) (300,450) (450,600) >600 <50

pliGeV] - - -

>150

> 150 > 200

(300,350) (300,350) > 350
(50,150) > 150 (50,150)

> 350
> 150

FIGURE 6.19: Comparison of the observed and expected event yields in all the SRs and bins
used for the model-dependent exclusion limits. The lower panel shows the significance in each
SR bin, computed as described in Equation 4.1.
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Figure 6.20 shows the exclusion limits in the #; — X3 with X5 — h/Z)Z(f simplified model.
Since SRia and SR1p are not orthogonal, the two likelihood fit are performed separately for
each combination of sparticle masses. The SR with the best expected sensitivity is considered
to produce the final exclusion contour. For X5 masses above 250 GeV, t; masses up to about
1050 GeV are excluded at 95% CL, while #; masses below 1140 GeV are excluded for a X9 mass of
850 GeV. These results improve the existing limits on the £; mass in this model by approximately
200 GeV [91]. The observed exclusion limit is enhanced with respect to the expected one due to
the under-fluctuation of data observed in the high—Eﬁ?iSS bin of SR1a.
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Ij(I)GURE 6.20: Exg(l)usion ljgnits at 95% CL 951 the r{l()asses of the #; and )287 for a fixed massless

X1, assuming B(X2 — ZX1) = 0.5 and B(X2 — hX1) = 0.5. The dashed line and the yellow

band are the expected limit and its £10 uncertainty, respectively. The thick solid line is the

observed limit for the central value of the signal cross-section. The dotted lines show the effect

on the observed limit when varying the signal cross-section by +1o. Results are compared with
the observed limits obtained by the previous ATLAS search in Ref. [91].

Figure 6.21 shows the exclusion limits in the ty — Zt; with t; — b Ir )2(1) simplified model. These
results are obtained from the statistical combination of SRoa and the extended version of SRog.
The shape of the contour is driven by SRoa and SRop being most sensitive to respectively small
and large splittings between the f5 and the X1 o masses up to 875 GeV are excluded at 95% CL
for a X} mass of about 350 GeV and X} masses of approximately 520 (450) GeV are excluded
for #5 masses of 650 (800) GeV, extending the previous limits on the XI mass, obtained with the
analysis presented in Chapter 5, by up to 160 GeV.

102



Rl
1

, production, t, - Z+1t,t, - bff g A m(tl,gl)) =40 GeV

'S‘ GOOJ— T T T T I I. I T T I T T T T I T T T T I T T T T I T I_
3 - ATLAS Preliminary --- Expected Limit (+10,,,)
~, [ V(s=13Tev, 1391 —— Observed Limit .
L ggof Allimitsat95% CL - arXiv:1708.03247  —
500 -
450 -
> ]
C S ]
400— V. —
350[— —
300 _| 1 1 AL 1 11 | 1 |_
500 900 1000

m(t,) [GeV]

FIGURE 6.21: Exclusion limits at 95% CL on the masses of the #» and )Z?, for a fixed

m(t) — m(f((l)) = 40 GeV and assuming B(tz — Zt;) = 1. The dashed line and the yellow

band are the expected limit and its +10 uncertainty, respectively. The thick solid line is the

observed limit for the central value of the signal cross-section. The dotted lines show the effect

on the observed limit when varying the signal cross-section by +10. Results are compared with

the observed limits obtained by the search with two soft leptons in the final state, presented in
Chapter 5.
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Chapter 7

The ATLAS detector upgrades

The scientific programme of the LHC will continue, spanning over the next 20 years. It includes
a series of upgrades to the accelerator complex, aimed at coolecting a total integrated luminosity
for proton-proton collisions up to 4000 fb~!. This represents more than an order of magnitude
more data than what has been collected until now. The improvements necessary to achieve this
performance will be realised during two long shutdowns, which are scheduled according to the

time-line presented in Figure 7.1.

During the Long Shutdown 2 (LS2), which started in 2019 and will last until 2021, the accelerator
injection chain is foreseen to be modified to allow for instantaneous luminosities up to 5 x
103* cm™2s~!. The LHC dipole magnets will be prepared for an energy increase up to 14 TeV in
the centre of mass, the nominal LHC value. In parallel, some detector upgrades are foreseen, to
cope with the expected data-taking conditions. These upgrades include the introduction of the
New Small Wheels (NSW) [98], a dedicated muon detector to improve the trigger efficiency in
the forward region, and an improved hardware-level trigger system for the calorimeters [99].

The Long Shutdown 3 (LS3), starting at the end of 2023, will include major upgrades to the
accelerator for the high-luminosity phase (HL-LHC). The HL-LHC environment, with a an
instantaneous luminosity of 7.5 x 1034 cm~2s~! and an average of 200 inelastic proton-proton
collisions per beam-crossing, will be much beyond the specification for which the current ATLAS
experiment was designed for. The increase of luminosity, along with the associated data rate
and accumulated radiation damage, particularly affects the inner tracker, which would become
inoperable. For this reason, the current Inner Detector will be replaced with a new all-silicon

tracker (called ITk) to maintain optimal performances in this high-occupancy environment and

Large Hadron Collider (LHC) HL-LHC

-s——m—-rz-—m——_m
7TeV—— 8 TeV—

HL-LHC: High Luminosity LHC
LS: Long Shutdown

TeV: Tera electron Volt EXPERIMENT
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FIGURE 7.2: A schematic view of the proposed ITk layout [101].

to cope with the increase of the integrated radiation dose.
This Chapter is dedicated to the description of the ITk, the consequence of high levels of
radiations on silicon sensors, and the measurements performed to study this effect on a pixel

sensor prototypes.

7.1 The Inner Tracker (ITk)

The ITk [100, 101] is designed to be a fully silicon based detector, with the goal of delivering
good tracking performances during the 10 years of data taking in the HL-LHC environment while
extending the tracking coverage to a pseudorapidity of 4. The ITk will be inserted in the space
currently occupied by the ID and will consists of two subsystems: a Strip Detector on the outside,
which surrounds an internal Pixel Detector. The Strip Detector design foresees four barrel layers
and six end-cap disks, both composed of double modules. The Pixel Detector will instead be
composed by 5 layers. The combination of Strip and Pixel Detectors provides a total of 13 hits
for |n| < 2.7, with the exception of the barrel /end-cap transition of the Strip Detector, where the
hit count is 11. The Pixel Detector layout is then optimised to supply at least 13 hits from the
end of the strip coverage in pseudorapidity up to |n| < 4, exploiting an inclined loyout of the
external modules. Figure 7.2 illustrates the proposed layout, showing the pixel layers in red and

the strip ones in blue.
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Fluence and Radiation Dose in the ITk pixel detector

During the HL-HLC data-taking, the expected radiation levels in the ITk will increase by more
than an order of magnitude compared to the present Inner Detector. When discussing the effect
of radiation on silicon sensors, the damage arising from two different kind of effects has to be
considered: the Total Tonising Dose (TID) and the Non-Ionising Energy Loss (NIEL).
The TID arises from charged particles which release their energy inside the detector through
ionisation. The charges produced in this way inside silicon bulk are collected to the edge of the
sensor, thanks to the electric potential difference applied, and are responsible for the defects on
the surface of the sensor [102].
The NIEL, instead, is responsible for the displacement of atoms, producing defects in the lattice
and altering the properties of charge mobility inside the sensor. The amount of non-ionising
energy released in the silicon depends on the type and the energy of the particles considered. For
this reason, to compare the damage due to different particles or different energies, the NIEL is
expressed as the fluence of 1 MeV neutrons. This normalised fluence is obtained by reweigthing
the effective fluence by a factor accounting for the differences in energy loss, with the so-called
“hardness factor” s defined in Equation 7.1 [103].

J D(E) - ¢(E)dE

T D(E, =1 M) - [ ¢(E)dE (7.1)

Here ¢(F) is the flux of the particles rensponsabile for the energy loss, D(F) is the density of
the non-ionising energy deposited by such particles and D(E,, = 1 MeV) is the same quantity,
defined for neutrons with an energy of 1 MeV.

To precisely assess the value of expected radiation damage arising from both effect in the ITk,
simulations have been performed for using the PYTHIA [104] event generator and the FLUKA [105]
particle transport code. The predictions of particle fluences and ionising doses are calculated
considering the proposed layout and for an integrated luminosity of 4000 fb~!. In Figure 7.3
the fluence and dose distributions for the Pixel Detector are shown. While fluences in the
innermost layers of the ITk pixel barrel region are dominated by particles coming directly from
the interaction point, the fluences in the outer barrel layers and the pixel end-cap region are
increasingly dominated by particles coming from secondary interactions in the calorimeter, beam-
line and pixel service material. In the baseline scenario, the outer pixel barrel and end-cap
detector will be operated until the end of the data-taking, to collect the total integrated luminosity
of up to 4000 fb~!, while the inner barrel and end-caps will be replaced after 2000 fb~1. A
summary of the expected 1 MeV neutron equivalent fluences and the ionising dose are given in
Table 7.1, in different part of the detector. All the sensors expected to populate the detector will
have to respect these specifications, multiplied by a safety factor of 1.5 [101], to ensure optimal
operations.
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FIGURE 7.3: Expected fluence and dose distributions for the Pixel Detector. Top left: 1 MeV
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normalised to 4000 fb-1, while the bottoms ones show the fluence per collision.

Location r [cm] z [cm] fluence [10'* cm=2] TID [MGy]
Layer 0 3.9 121.0 147.7 11.57
Layer 1 7.5 121.0 58.9 6.46
Layer 2 15.5 72.0 16.8 0.93
Layer 3 21.3 72.0 10.9 0.59
Layer 4 27.1 72.0 8.0 0.38

TABLE 7.1: The 1 MeV neutron equivalent fluence and the total ionising dose for different
parts of the Pixel Detector.

Pixel modules

Different sensor technologies have been proposed for the the ITk Pixel Detector, according for
the different specifications in terms of radiation tolerance, size and number of channels required
in each layer.

Thanks to its radiation tolerance, the 3D sensor technology is the baseline option for the innermost
layer (Layer 0 and Ring 0), and a possible alternative for Layer 1. Such sensors are already
exploited within the the ATLAS experiment, both for the IBL [52] and for the AFP [106]. The
ITk will require further development of the 3D sensor technology [107]: a smaller pixel size,
thinner active area and extreme radiation tolerance.

Planar pixel sensors have been proposed for the layers between 1 to 4. In constrast with the
sensors presently used in the Pixel Detectors, the n-in-p technology has been chosen instead
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FIGURE 7.4: A schematic view a HV-CMOS sensor cross-section.

of n-in-n implants, because it doesn’t undergo through type-inversion [108] when subject to
radiation, simplifying the detector operations. The active sensor thickness will be 100 pm in
Layer 1 and Ring 1, and 150 pm elsewhere, with an option to deploy 100 pm sensors in Layer 2
and Ring 2, 200 pm sensors in the end-caps and 300 pm sensors as an option restricted to Layer 4
and Ring 4.

Finally, an alternative approach is the use of a monolithic module, with pixel sensor and read-out
chip being one entity. The monolithic CMOS sensor technology was investigated for the outer
layers of the pixel detector of ITk. This region presents looser requirements on radiation tolerance
and hit rate, making a fully monolithic design a viable option. The benefit of this approach are
the reduction of the pixel size, of the power consumption and consequently of the material budget
in front of the calorimeter system, thanks to the reduction of the space dedicated to services
and cooling. Furthermore, the possibility to use commercial processes would cut the production
costs and increase the production efficiency. The monolithic CMOS technology foresees charge
collection, analog amplification and digital electronics in the same silicon wafer. To improve the
radiation hardness of the sensors, the charge collection is obtained by applying a reverse bias
voltages (HV) of the order of 100V; this results in fast signal obtained by charge drift. The
combination of high voltage and CMOS is called HV-CMOS technology and is a new concept for
a monolithic devices in particle physisics [109]. The analog and digital circuitries are protected
by the high electric potential difference by being implemented in deep n-wells, decoupled from

the charge collection region in the p-substrate, as illustrated in Figure 7.4.

7.2 Irradiation facility at the Bern Cyclotron

In order to prove the functionality of the ITk in the high luminosity environment, the functionality
of its active sensors and of all the electronic components have to proved after irradiation, reaching
the doses expected from simulation at the end of the HL-LHC data tacking. The various
components can be irradiated by directly exposing them in front of a proton beam. In particular,
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the high stopping power for low energy protons can be exploited to obtain the high level of dose
foreseen, in very limited time. To this purpose, an irradiation facility has been developed at the

Bern Cyclotron.

The Bern Cyclotron

The Bern Cyclotron is a medical cyclotron in operation at the Bern University Hospital (In-
selspital) [110]. It is a commercial IBA18/18 cyclotron, accelerating H™ to 18 MeV. Proton
extraction is achieved by stripping off the electrons from the negative H™ ions with 5 pm thick
pyrolytic carbon foils. The machine is equipped with an external 6.5 m long Beam Transfer Line
(BTL), which delivers the beam in a second bunker, as illustrated in Figure 7.5. This allows for
the operation of the cyclotron for research activities during the day time, while the radio isotope

production for medical purpose is running over-night.

The beam is transported to the second bunker, called irradiation bunker, with a transfer efficiency
greater than 95%. The accelerated protons are steered by an X-Y magnet system and are
directed towards a collimator. The focusing of the beam is realised using two horizontal-vertical
quadrupole doublets; the first is located in the cyclotron bunker and the second in the irradiation
bunker. Beam currents from few pA up to 150 pA can be achieved, by varing operation settings
for the ion source, the main coil, the radio-frequency systems and the BTL magnets.

A 1.8m thick wall divides the irradiation bunker from the cyclotron bunker, to stop the neutron

flux generated during the isotope production. For the same reason, a movable cylindrical neutron
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FIGURE 7.6: Beam shape obtained with the two-dimensional beam profiler. The colour scale is
in arbitrary units.

shutter is located inside the beam pipe while the BTL is not in use. As a consequence, the
research bunker has a low level of activity, below 2 nSv per hour, allowing access to the beam
area a few minutes after the beam is switched off. The possibility to operate interventions inside
the bunkers is a fundamental feature of the irradiation facility.

Dose measurement

When irradiating test sensors to qualify them for the ITk upgrade, it is necessary to have an
accurate control on the given dose along the total irradiation process. The key quantity to
measure both the ionising and not ionising dose given by the protons to the device under test
(DUT), is the flux of proton reaching the DUT itself. The flux can be measured starting from

the the beam current j(t):
tstop .ﬂ
tstart Qe

A dedicated irradiation setup was developed for the measurement of j(t). The method relies

6= dt (7.2)

on the extraction of the central part of the beam to irradiate the device, while dumping the
outermost part of the beam thanks to a collimator to measure the current density.

To be able to use this methodology it is important to have a constant intensity on the transverse
plane. In order to obtain the required beam profile, the downstream quadrupole doublets of
the BTL are switched off. In this way the beam profile is flat within 20% up to a radius of
40 mm. A two-dimensional beam profiler is then used to monitor the uniformity of the beam.
It consists of a matrix of silicon dioxide enriched with ytterbium: protons hitting the matrix
produce fluorescence, which is monitored by a camera. A two-dimensional image of the beam,

obtained from the beam profiler, is presented in Figure 7.6.

A schematic view of the collimator is shown in Figure 7.7. It consists of three aluminium rings:
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the shaping ring, the high-voltage ring and the beam dump. Each of the rings is 5 mm thick: this
value was optimised considering that 18 MeV protons have a range of 1.6 mm in aluminium. The
proton beam coming from the BTL enters the system of collimators through a 40 mm diameter
opening and is further shaped through the shaping ring of 35 mm inner diameter. After the
shaping ring, the proton beam hits a dump ring, which also acts as additional collimator. The
part of the beam absorbed by the beam dump is used for the current density measurement, as

defined in Equation:

jt) = % <A (7.3)

where i(t) is the current measured on the beam dump, Apq is the area of the beam dump
collimator and A is a correcting factor for eventual inhomogeneities of the two-dimensional beam
profile measured with the beam profiler.

When the protons hit the aluminium surface of the beam dump, they extract secondary electrons.
This phenomenon is the cause of an overestimation of the current by up to 20%. To avoid this
effect, an intermediate high voltage ring is placed between the shaping ring and the dump ring.
The high-voltage ring has an inner diameter of 37.5 mm and it is placed at a difference of potential
of —100V with respect to the dump ring. This prevents the loss of secondary electrons in the
dump ring and the consequent overestimation of the beam current.

The entire system is operated in vacuum in order to prevent air ionisation and the beam is
extracted into air through a 300 pm aluminium window. A picture of the full setup is presented

in Figure 7.8.

The energy of the protons, after passing trough the extraction window, is estimated with
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FIGURE 7.8: View of the extraction beam line and of all the elements developed for the
irradiation facility.

%% [MeV cm?/g] K

23.25 3.6

TABLE 7.2: Stopping power and hardness factor in silicon for the 16.7 MeV proton beam.

simulations [111] and is found to be 16.7 £ 0.5 MeV. The ionising and not ionising dose can
finally be calculated from the proton flux in the following way:

fluence = K - Pprotons (7.4)
dE
TID = ,M * Pprotons (7.5)
The values of the stopping power p‘fi—i and the hardness factor k for 16.7 MeV protons into silicon

are presented in Table 7.2.

Figure 7.9 shows the beam current measured by the dump ring and the relative dose measured
during a typical irradiation taken as an example.

As an independent offline measurement of the delivered dose, radiochromic films are exploited.
During each irradiation, a film is positioned between the extraction window and the DUT and it
is measured at the end of the run. The radiochromic films used are made from hexa(hydroxyethyl)
aminotriphenylacetonitrile (HHEVC) dyes and become blue when exposed to ionising radiation.
The TID received by the film is anticorrelated with its optical absorbance, which can me measured
with infra-red light. Figure 7.10 shows the film calibration provided by the production company
(FWT [112]) in black, compared with the red points showing the measurement performed at
the Bern Cyclotron. The uncertainty on the measured optical absorbance takes in account an
uncertainty of 5 pm on the film thickness.
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FIGURE 7.10: Comparison between the film calibration and the dose measurement at the Bern
Cyclotron. The two measurements techniques are compatible within 15% as showed by the
ratio in the bottom of the plot.

7.3 Characterisation of charge collection processes

This section is dedicated to study of the modification of charge collection process under irradiation,
for HV-CMOS prototypes. To achieve this, the size of the depletion depth is studied with the

Transient Current Technique (TCT) before and after proton irradiation.

The H35DEMO ASIC

The sensor chose for the characterisation is the H35DEMO ASIC [113], a chip produced in the
350 nm technology at ams AG [114]. The area of the chip is 18.49 x 24.40 mm? and has been
produced on substrates with four different nominal resistivities: 20, 80, 200 and 1000 €2 - cm. The
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FIGURE 7.12: The H35DEMO and the test structure used for TCT measurements.

pixels of this ASIC have an area of 50 x 250 pm? and the electrode is split into three n-wells, as
shown in Figure 7.11. The pn junction of the sensor is between the p-doped substrate and the
deep n-well. The high voltage is provided by a dedicated pad and it is delivered from the top of
the chip with p+ implants passing in between each n-well.

In order to characterise the properties of the silicon bulk, the chip contains several test structures
on one edge. The structure used for the depletion zone charactesiation is a 3 x 3 pixel matrix
(circled in Figure 7.12), with no electronics, where the n-wells of the pixel are connected directly
to a pad: the central pixel (circled in blue) and the surrounding ones are connected to two

different lines, so it is possible to measure the charge collected by each of them separately.

Experimental setup

The depletion depth of the tested sensors is measured with a Transient Current Technique.
This technique consists in illuminating the edge of the sensor with an infrared laser beam to
generate electron-hole pairs inside the silicon bulk. The laser position with respect to the sensor
is controlled using a micrometric xyz stage system. The current pulse induced by the laser
is amplified, digitised and integrated to estimate the total charge collected inside the sensor.
Two-dimensional scans in the plane perpendicular to the laser beam are performed to measure
the depletion depth.

The TCT measurements are carried with the setup produced by Particulars [115], illustrated
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FIGURE 7.13: A picture of the TCT setup. The laser beam is supplied to the optics through
an optical fiber and focalised on the device under test (DUT).

in Figure 7.13. It consists of three moving stages: two used to position the Device Under Test
(DUT) and a third to adjust the focus of the laser. The stages can be positioned with 1 pm
precision. A right-handed coordinate system is defined by picking y is the direction perpendicular
to the DUT surface, z in the direction of the laser beam and z perpendicular to y and z. A laser
with a wavelength of 1064 nm, generating pulses ~ 500 ps long with a rate of 1 kHz, is focused
using dedicated optics. The laser also provides the trigger signal for the oscilloscope. The output
signals of the detector are read with two 53 dB current amplifiers [115], digitised with a DRS4
oscilloscope [116] and acquired with a dedicated data acquisition software.

The DUT is cooled with a Peltier cell and a chiller: the temperature is controlled by software
and dry air is supplied to the setup to avoid the formation of dew or frost.

The laser has a gaussian profile, which is measured by performing a scan perpendicular to the
silicon-metal edge of a test sensor. The charge profile of this scan is modelled with an error
function, whose o parameter is used to estimate the laser beam width. This procedure is repeated
at different focus positions (z direction) and the results are shown in Figure 7.14. With this
method, the laser profile was found to have a minimum Full Width at Half Maximum (FWHM)
of 15+ 2 pnm.

When the laser is pointed to the silicon, charge is generated along its full profile, as illustrated in
Figure 7.15. For this reason it is important to focus the laser before taking measurements. The

laser width also influences the minimum depletion depth that can be measured.
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FIGURE 7.15: Sketch of the charge generation inside the silicon: charge is generated along the
laser beam, not just in the focus point.

Characterisation of the non irradiated samples

Edge TCT measurements are carried out to estimate the depletion depth as a function of the bias
voltage on all available substrate resistivities. After focusing the laser, a two-dimensional scan is
taken at different reverse bias voltages (0 to 100 V, in 10 V steps). The scan is performed with
1 pm steps in the y direction from the implants down inside the bulk, where maximum precision
is required for the measurement of the depth, and 5 pm steps in the z direction, parallel to the
long edge of the pixels. For each point of the scan, a full current waveform (obtained averaging
40 measurements to decrease noise) is saved. An example of the current waveform inside the
depletion region is shown in Figure 7.16.

To obtain the collected charge, each waveform is integrated over an 8 ns time window, highlighted
as a vertical band in the plot. Figure 7.17 shows a 2D histogram of the charge collection map
obtained with this procedure: each bin of the histogram is filled with the integral of the waveform
recorded while pointing the laser at the indicated (z,y) coordinate. Then, the estimate of the
depletion depth is obtained from these measurement by taking the profile along the y direction of
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FIGURE 7.17: Distribution of the collected charge as a function of the position of the laser,
for a 200 €2 - cm sample at 90 V bias voltage. The vertical lines represent the range used to
estimate the depletion region.

the collected charge distribution and then calculate the FWHM. Examples of these profiles, at

different bias voltages, are shown in Figure 7.18.

In order to obtain an accurate estimation of the depletion depth, it is necessary to remove the
profiles which are too close to the lateral edge of the pixel, where the laser beam is not fully
contained. To do so, the average charge of each profile is calculated and if it is smaller that
0.85 times the maximum average charge, it is not considered. The profiles selected in this way
designate the fiducial range and are situated between the white vertical lines in Figure 7.17.

In case of the 1000 €2 - cm sample (Figure 7.18, on the right), a peak appears in the otherwise
flat charge collection profile when the reverse bias voltage exceeds 20 V. This is due to the shape
of the electric field lines inside the sensor bulk, as illustrated in Figure 7.19: when electron-hole
pairs are generated deeper inside the bulk (depletion depth greater than ~ 80 pm), part of the
charge created below the outermost pixels of the test structure is collected by the central pixel,
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FIGURE 7.18: Projections, perpendicular to the sensor surface, of the collected charge for a
200 © - cm sample (left) and for a 1000 € - cm sample (right).

central pixel

FIGURE 7.19: Sketch of the electric field in the depletion region. The lines give a qualitative
trend of the electric field.

producing the peak in the charge collection profile. This is confirmed by the charge collection
profile of the pixel frame, which features a dip corresponding to the charge excess observed in the

central pixel. A flat charge collection profile is obtained by summing the two.

The peak produced by the charge generated in the neighbouring pixels can produce a bias in the
evaluation of the FWHM [117]. Therefore, to separate the different contributions, each profile is
fitted with the following function:

fly) = 4 [erf <yyl) + 1} - erfc <y — y2> + B - Gaussian (y, u,0) + C (7.6)
4 g1 (o)

The combination of the error functions represents the profile of the charge collected in the
depletion region: y; and ys are the beginning and the end of the region respectively, while o
and oy describe the smearing of the charge profile due to the size of the beam spot, and, in
the case of g9, the effect of the decreasing electric field inside the bulk. The gaussian (and its
normalisation B) represents the position, the width and the amplitude of the peak due to charge
sharing and C' a possible offset of the baseline current. The parameter A, which normalises the
error functions and represents the charge collection maximum in absence of charge sharing, is
used for the FWHM estimation.

When the depletion depth is comparable with the laser beam width, the charge collection profile
has a gaussian shape and in this case the maximum is obtained from the global fitted function.
An example of the fit behaviour on two the different kind of profiles is presented in Figure 7.20.
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FiGURrEe 7.20: Examples of the charge profile fitted with the function defined in Equation 7.6,

for a 200 © - cm sample (left) and for a 1000 € - cm sample (right). In the former, the charge

sharing is negligible and the only contributions to the fit come from the error functions, while
in the latter the charge sharing contribution is modelled with a Gaussian.

Once the maximum is calculated, the FWHM of the global fit profile is extracted. This procedure
is repeated for each = position in the fiducial range: the depletion depth is obtained from the
average of the distribution of these values. The error on each point is evaluated combining the
contribution of the charge sharing and the standard deviation of the formerly mentioned values.
This estimation of the depletion depth is not accurate when the depth is comparable to, or
smaller than, the laser width at its focus: in those cases, since the charge collection profile is a
convolution of the laser shape and of the depletion depth, when the latter is small, the estimation
is dominated by the laser width. To correct for this effect, the proportionality between the
fraction of the laser contained in the depleted region and the total charge collected inside the
sensor is exploited. Each depletion depth value is thus reweighted with the ratio obtained from
the charge maximum obtained for each bias voltage (parameter A from Equation 7.6), divided by

the charge maximum obtained when the laser is fully contained.

Figure 7.21 shows the evolution of the depletion depth measured in this way, as a function of the
bias voltage. The evolution of the depletion depth as a function of the bias voltage is fitted with

the following function in order to extract the resistivity of the substrate:

d(V) = 0.3 [pm/\/Q “em - v] p(V + Vi) (7.7)

where d is the depletion depth, p is the substrate resistivity, V' the bias voltage and V4,; the built-in
voltage [118]. Since the value of W,; is measured for non irradiated samples, this parameter has
been constrained in the range 0.2 — 0.6 V in the fit.

The fitted values are reported in Table 7.3. It is important to notice that the sensors are biased
from the top and therefore the charge is collected along non-straight field lines. In particular for
high bias voltages, the approximations considered in Equation 7.7 is no longer accurate and the
fit tends to overestimate the depletion depth. The resistivity values obtained from the fit are
consistent with the tolerance declared by ams for the 20, 80 and 200 €2 - cm samples, despite the
fact that the formula used for the fit is an approximation and assumes the sensors to be back-
biased. The estimated resistivity of the 1000 €2 - cm sample is not compatible with the declared

resistivity values, but this behaviour has already been observed in previous measurements [117].
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FIGURE 7.21: Evolution of the depletion depth as a function of the bias voltage. The four

curves show the behaviour of samples with different resistivity: 20, 80, 200 and 1000 €2 - cm.

The dots represent the measured points, while the lines are the fitted curves according to

Equation 7.7. The increase of the relative uncertainty with the depletion depth is related to

the increase of the charge sharing effect: the extra charge has the effect of making the fit less
stable and the measurements less precise.

Nominal p Declared p  Fitted p

[ cm] [ cm] [ cm)]
20 15 —-25 17£2
80 50 — 100 112 £8
200 200 —400 306+ 11

1000 600 — 1100 2518 £ 25

TABLE 7.3: Resistivity values obtained from the fit, along with the resistivity ranges of the

wafers declared by ams AG. The declared resistivity values are the ranges of resistivities

provided by the manufacturer, while the nominal resistivity is the value used to identify a given
range.

Irradiation campaign

The sensors have been irradiated with 16.7 MeV and 24 GeV protons, in order to study the effect
of the damage induced by charged hadrons. This kind of damage is particularly interesting
because it is expected to be the major contribution to the total radiation damage in the outermost
layers of the ATLAS tracker for the HL-LHC upgrade [100].

A first set of sensors was irradiated at the Bern cyclotron [119], in the facility described in
Section 7.2. The benefit of having an in-house irradiation facility, allowed to irradiate many
samples up to a fluence of 19 x 10 1MeV neq/cm?, in several steps, and to perform the
measurement after each irradiation.

A second set of samples was irradiated at the CERN PS east area IRRAD facility [120]. PS
IRRAD operates with 24 GeV protons, delivered from the PS accelerator in spills of about
400 ms (slow extraction), at a frequency of ~ 0.1Hz. The online monitoring of the dose is

provided by a copper-based beam profile monitor [121]. An additional offline measurement of the
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dose is performed through ~y-spectroscopy of thin aluminium films irradiated together with the
samples [122]. In this case, the samples were exposed to a fluence up to 20 x 104 1 MeV neq/ch.
In both irradiation facilities the samples have been irradiated at room temperature. At the Bern
cyclotron a dose rate of ~ 1 x 103 1 MeV Neq/ cm? per minute was achievable so each irradiation
step would take from 10 minutes to one hour, depending on the dose required at a given step. At
the CERN PS IRRAD facility instead, the achievable dose rate was ~ 1.8 x 10'3 1 MeV neq/cm?

per hour, so the irradiation time ranged from 5 to 77 hours.

Characterisation of the irradiated samples

The samples are characterised after each irradiation step as described for the non irradiate ones.
The results of the measurement of the depletion region are shown in Figure 7.22 for the samples
irradiated with protons of 16.7MeV and in Figure 7.23 for the samples irradiated with protons
of 24 GeV.

For all the cases considered, the depletion depth follows the same evolution with the increasing
fluence: a strong growth is observed at low fluences, reaching values between 140 pm and 200 pm,
depending on the resistivity, and then it shrinks again with the increase of the fluence. This
effect has been observed before in sensors with p-doped substrates [123-125] and can be explained
using a combination of two different effects: proton irradiation causes the introduction of deep
acceptors, which lead to a decreased depletion region, and, at the same time, shallow acceptors
are removed. In this context the term “shallow” is used to indicate that the energy levels are
close enough to the valence band to be fully ionised at room temperature. At lower fluences
the latter effect dominates, resulting in the observed initial increase of the active area while the
former occurs at higher fluences.

The maxima of the depletion region are reached at different fluence levels for the different
resistivities, with higher resistivity samples having a faster evolution than the lower ones: the
larger depletion depth is observed at a fluence of around 5 x 101 1 MeV neq/cm? for the 20 2 - cm
sample, while it is already reached before 1 x 10'* 1 MeV neq/cm? in case of the 1000 €2 - cm
resistivity.

Since the sensors are biased from the top, the charge is collected along non-straight field lines,
and in particular when the larger depletion depths are obtained, the approximations considered
in Equation 7.7 no longer hold and the fit fails to accurately describe the data. For this reason it
was not possible to perform a quantitative study on the evolution of the resistivity.

By comparing the results obtained with protons of different energies, it is possible to observe
that the evolution trend is similar, but the initial increase in depth due to the 24 GeV protons is
less intense, and in general a smaller depletion region is measured with respect to the samples
irradiated with 16.7 MeV protons. The H35DEMO prototypes were also characterised with similar
techniques after neutron irradiation, in the work presented in [117]; this allows for an interesting
comparison of the different effects of the non-ionising energy released by neutral and charged
hadrons. Figure 7.24 shows the evolution of the depletion depth as a function of the fluence for a
fixed reverse bias voltage (80 V), in the three irradiation campaigns: the 16.7 MeV and 24 GeV
protons presented in this thesis and the nuclear reactor neutrons from [117]. While the proton
irradiated samples show a similar behaviour, the neutron samples demonstrate a lower increase
of the depletion region for all the tested resistivities. This is due to the different nature of the

interaction of the charged and neutral particles inside the silicon bulk.
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FIGURE
samples

irradiated with protons of 16.7 MeV. The four plots show the behaviour of samples
with different resistivities: 20, 80, 200 and 1000 €2 - cm. The increase of the relative uncertainty
with the depletion depth is related to the increase of the charge sharing effect: the extra charge
has the effect of making the fit less stable and the measurements less precise.
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FIGURE 7.23: Evolution of the depletion depth as a function of the bias voltage, for the samples

irradiated at 24 GeV. The four plots show the behaviour of samples with different resistivities:

20, 80, 200 and 1000 2 - cm. The increase of the relative uncertainty with the depletion depth

is related to the increase of the charge sharing effect: the extra charge has the effect of making
the fit less stable and the measurements less precise.
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fluence, comparing the damage arising from different particles: 16.7 MeV (circles) and 24 GeV

(squares) protons and reactor neutrons (triangles). The uncertainty on the fluence given by the

16.7 MeV protons takes into account the cumulative irradiation steps. The neutron irradiation

measurements are taken from [117]. The four plots show the behaviour of samples with different
resistivities: 20, 80, 200 and 1000 €2 - cm.
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Results

With the goal of studying the effect of radiation on silicon sensors designed for the HL-LHC,
an irradiation facility was developed at the Bern cyclotron. This facility allows to irradiate
the samples under study with low energy protons, mimicking the damage obtained during the
HL-LHC data taking.

With the aid of this facility, the depletion depth of the H35DEMO prototype has been measured
before and after proton irradiation on samples of four different substrate resistivities. All measured
samples display a strong increase of the depletion depth after the initial irradiation steps, reaching
a maximum between 1 x 10'* and 3 x 10'* 1MeV n.q/cm?, when irradiated with 16.7 MeV
protons, and between 1 x 10** and 6 x 10'* 1 MeV ne,/cm? when irradiated with 24 GeV protons.
The increase of the depletion depth at low fluence can be attributed to the removal of shallow
acceptors. The depletion depth is then measured to decrease slowly with the increasing fluence.
A striking different effect in the charge collection properties after the irradiation of a p-type silicon
bulk with neutrons and protons is observed. Comparison of these results with the measurements
obtained after neutron irradiation [117] shows a strong difference in the effect of the two particles.
While the depletion region exceeds 100 pm after proton irradiation for all the resistivities, it does
not exceed 60 pm in the case of neutron irradiation. Furthermore, the growth of the depletion
region after neutron irradiation continues up to higher fluences compared to proton irradiation,
for the 80 and 200 €2 - cm samples. The differences between protons with different energies are
not as pronounced and the trend is similar. Still, the effect of high energy protons is smaller than

the low energy ones.
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Chapter 8

Prospects for SUSY searches
exploiting the 1Tk

This chapter presents the prospect sensitivity for a search for electroweakino production in nearly
mass degenerate scenarios at the HL-LHC. The sensitivity is evaluated assuming an integrated
luminosity of 3000 fb~* collected with centre-of-mass energy /s = 14 TeV proton-proton collisions.
The instantaneous luminosity of the HL-LHC is expected to be around L = 7.5 x 104 cm™2s7!,
leading to an average number of interactions per bunch crossing of approximately 200: these
conditions will provide a very challenging environment for physics analysis and it is important to
estimate the performances of the upgraded detector in such circumstances. Since the tracking
detector will be changed completely, it is particularly important to assess the physic potential
of the new system by studying prospective results of analyses which strongly rely on tracking
performances.

This search investigates scenarios where the )a[, and X} are almost mass degenerate, leading to a
long lifetime for the >~<1i which decays after the first few layers of the tracking detector, leaving
a track in the innermost layers of the detector. The chargino decays as: >~(1i — wiig; the X9
escapes the detector and the pion has a very low energy and is not reconstructed, leading to the
disappearing track signature, as shown in Figure 8.1. The unconventional final state targeted by
this search makes it the perfect benchmark to study the tracking performance of the ITk.

This signature has already been explored with part of the Run 2 dataset and the latest ATLAS
results for this scenario [126] using the 2015-2016 dataset of the LHC pp run at a centre-of-mass
energy of /s = 13 TeV, excluded wino masses below 430 GeV with a chargino lifetime, T(>~<1i>, of
0.2 ns.

8.1 Targeted models

In anomaly-mediated supersymmetry breaking (AMSB) scenarios [127, 128], the supersymmetric
partners of the W bosons, the winos, are the lightest gaugino states. In this case, the lightest
chargino ()~<1i) and the lightest neutralino (X1), are both largely composed of the wino eigenstates
and are nearly mass-degenerate. Due to this small mass difference, the >~<1i can have a long enough
lifetime such that it decays inside the detector. AMSB scenarios naturally predict a pure wino
LSP, which is a dark-matter candidate.



FIGURE 8.1: Schematic illustration of a pp — 5(1&5((1) + jet event in the HL-LHC ATLAS
detector, with a long-lived chargino.
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FIGURE 8.2: Diagrams depicting the )~<1i X1 production.

Further scenarios, which follow from naturalness arguments [13, 14], suggest that the absolute
value of the Higgsino mass parameter p is expected to be near the weak scale such that the
higgsinos should be light, with masses below one TeV [129, 130], while the magnitude of the
bino and wino mass parameters, M; and M, can be significantly larger, i.e. |u| < |M], | M.
This results in the three lightest electroweakino states, 5((1), >~(1i and X9 being dominated by the
Higgsino component. In this scenario, the three lightest electroweakino masses are separated by
hundreds of MeV to tens of GeV depending on the composition of these mass eigenstates, which
is determined by the specific values of M; and M, [131].

The signals models considered in this search feature the electroweak production of 5((1)7 )Zli, as
shown in Figure 8.2, and of XT, X1 . They are generated assuming the minimal AMSB model with
the ratio of the Higgs vacuum expectation values at the electroweak scale set to tan 8 = 5, the
sign of the higgsino mass term set to be positive, and the universal scalar mass set to my = 5 TeV.
The SUSY mass spectrum, the branching ratios and decay widths are calculated using ISASUSY
version 7.80 [132]. The mass parameters are varied to consider m(fﬁi) between 100 and 1500 GeV,

and life-times ranging from 1 ps up to 10 ps.

The signal samples are generated with up to two extra partons in the matrix element using
MG5_aMC@NLO 2.3.3 [133] at leading order (LO) interfaced to PyTHIA 8.186 [104] for parton
showering, hadronisation and SUSY particle decay. The NNPDF2.3LO [134] parton distribution
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function (PDF) set was used. Renormalisation and factorisation scales are determined by the
default dynamic scale choice of MG5_aMC@QNLO. The CKKW-L merging scheme [135] was
applied to combine tree-level matrix elements containing multiple partons with parton showers.
The scale parameter for merging was set to a quarter of the mass of the wino or higgsino depending
upon the signal scenario. The A14 [136] set of tuned parameters with simultaneously optimised
multiparton interaction and parton shower parameters was used for the underlying event together
with the NNPDF2.3LO PDF set. The cross-sections are calculated at next-to-leading order
(NLO) in the strong coupling constant using PROSPINO2 [137].

For the interpretation considering higgsino-like electroweakinos, the same signal samples are
considered, reweighted with the appropriate cross-section. In this case, the cross-sections are
calculated to next-to-leading order (NLO) in the strong coupling, and next-to- leading-logarithm
(NLL) accuracy for soft-gluon resummation using RESUMMINO v2.1.0 [138-140].

For both signal scenarios the nominal cross-section and its uncertainty are taken from an envelope
of cross-section predictions using different parton distribution function sets and factorization and

renormalization scales, as described in Ref. [141].

8.2 Event reconstruction in the high luminosity conditions

Jets are reconstructed with the anti-k; algorithm with a radius parameter of 0.4. They are
selected with |n| < 2.8 and the jet energy is smeared according to a Gaussian.

The magnitude of the missing transverse momentum is computed as the vectorial sum of the true
momenta at the particle level of neutral weakly-interacting particles (neutrinos and neutralinos).
It is then smeared, according to a Gaussian, to simulate the detector response, with a function
parameterised as a function of the average number of interactions per bunch crossing p and the
scalar sum of energy in the calorimeter Y Fr.

The method to resolve overlaps between different reconstructed particle is similar as the one
adopted for the the analyses performed with the current dataset and it is defined as follows:
candidate jets are required to be separated from candidate electrons by AR(e,jet) > 0.2; if a
jet and electron are within 0.2, then the jet is removed and the electron is kept; after this step,
leptons (both e and ) are removed if they are within AR < 0.4 of a remaining jet.

Candidate leptons, which are used only to veto events, are selected with pr larger than 20 GeV
and |n| < 2.47 (2.7) for electrons (muons).

Tracklet reconstruction

The main feature of the signature relevant for this search is a short track, denoted as “tracklet”,
which is reconstructed in the inner layers of the detector and subsequently disappears.

Tracklet reconstruction is performed in two stages. Firstly “standard” tracks, hereafter referred
to as tracks, are reconstructed. Afterwards the track reconstruction is rerun with looser criteria,
requiring at least four hits in the pixel detector. This second reconstruction step uses as inputs
only detector hits which are not associated with previously reconstructed tracks. The tracklets
are then extrapolated to the strip detectors, and any compatible hits are assigned to the tracklet
candidate.

To reduce contributions from tracklets arising from background processes, the following require-

ments are applied.

128



- 600 ———— 77— 1 >
= - ] <
£ N ' 1 0.9 ©
o 5ool— Tk Inclined Layout ] S
._g - wino sample, u = 200, Inl <2.2 1 0.8 %
o C 1 =07 =
> 400/~ | EEE— - - . _%
3 C B 1. —0.6 g
© o 7]
~ 300 II 05 §
(@] C o
C 04 2
B o
200; 03
100 0.2
: 0.1
I B P l I L
c13 -2 -1 0 1 2 3 0
Cim)

FIGURE 8.3: Tracklet reconstruction efficiency for simulated charginos as a function of the
decay radius the direction of flight (7).

e Isolation and pr requirement
The separation in AR between the tracklet and any jet with pp > 20 GeV must be greater
than 0.4. The tracklet is then defined as isolated when the sum of the pr of all standard
tracks with pp > 1 GeV in a cone of AR = 0.4 around the tracklet, divided by the tracklet
pr, is smaller than 0.04. Finally, the candidate tracklet must have pr > 20 GeV.

e GGeometrical acceptance
The tracklet must satisfy 0.1 < |n| < 1.9.

e Quality requirement
The tracklet is required to have hits on four or five pixel layers, with no holes between
layers. The number of low-quality pixel hits, where the position uncertainty is large or the
hit position is far from the reconstructed tracklet, associated with the tracklet must be
zero. Furthermore, tracklets must satisfy the following requirements on impact parameters:
|do|/o(dp) < 2 and |zpsin(f)| < 0.5 mm.

e Disappearance condition

The number of hits in the strip detector associated with the tracklet must be zero.

The tracklet reconstruction efficiency for charginos is estimated using simulated samples of 5(1i
pair production with m()hi) = 600 GeV, featuring the HL-LHC pile up conditions and the
ITk layout. The reconstruction efficiency obtained in this way is presented in Figure 8.3. This
methods allows to achieve a reconstruction efficiency close to 100% for charginos which decay
between 200 and 400 mm from the interaction point, a region which corresponds to the gap
between the fourth pixel layer and the first strip layer. Some efficiency is recovered for lower
radius when 7 is grated then 1.5: this happens thanks to the possibility of having multiple hits
on the same layer in the inclined part of the layout.
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8.3 Event selection

Events are selected containing zero charged leptons (electrons or muons), large EX5 and at least
one tracklet. All the events are reweighted by the expected efficiencies of tracklet reconstruction.
Since the Xli and X} have similar masses, they are often produced back to back and this yields
little EMisS, Hence, it is necessary to select events where the system is boosted by recoiling against
one or more jets from initial state radiation (ISR). The minimum azimuthal angular distance,
min{A¢(jet;_,, ERisS)} between the first four jets ordered in pr and the EXSS is required to be

greater than one, in order to reject events with mis-measured E}'*°.

Variable SR Selection
Lepton veto pr [GeV] >20
min{Ag(jet, _ 4, Eiss)} >1
ERiss [GeV] > 300
Leading jet pr [GeV] > 300
Leading tracklet pt [GeV] > 150
AG(EWSS, trk) <05

TABLE 8.1: Summary of the search selection criteria for the disappearing track SR.

Different kinematic variables are used in the search to separate the signal from the SM back-
ground, such as the leading jet pr, the E&isS| the leading tracklet pr and the azimuthal angle
(Ap(ERs trk)) between the tracklet and the EX. The final SR selection is optimised using
two signal models: one with m(fﬁi) = 800 GeV and a lifetime of 1 ns and the other with
m(fﬁi) = 200 GeV and a lifetime of 0.04 ns.

The set of selections which define the SR is presented in Table 8.1. Figure 8.4 shows the the
ETT’“SS and the leading tracklet pr distributions in events passing this selection, a part from the
requirement on the plotted variables. The backgrounds distributions are compared with the ones
obtained for two expected signal models, taken as example to demonstrate the difference in shape.
The dominant background in the SR is arising from fake tracklets, similarly to the Run 2 version

of the search [142]. The methods employed for the background estimation are described in the

following.
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FIGURE 8.4: Kinematic variables for the disappearing track search: ER** distribution on the
left and tracklet pr on right. Both plots contain events passing the full SR selection, aside
from the selection on the variable under consideration.
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FIGURE 8.5: Probability of an electron (left) or a hadron (right) to leave a disappearing track
signature, calculated as a function of 7 and momentum of the particle.

8.4 Background estimation

MC simulated event samples are used to predict the backgrounds from SM processes in the SRs.
In simulated events, the detector response is parameterised based on studies performed with
GEANT 4 [78] simulations of the upgraded detector in high luminosity conditions [143, 144]. All
simulated events are overlaid with additional pp interactions in the same and neighbouring bunch
crossings simulated with the soft QCD processes of PYTHIA 8.186 using the A2 set of tuned
parameters [145] and the MSTW2008LO [146] PDF set. The pile-up conditions of the HL-LHC
are assumed to follow a Poisson distribution with an average of 200 additional interactions.
Events containing a W or Z boson with associated jets (W+jets and Z/v*+jets) are produced
using the SHERPA v2.2.1 generator with the NNPDF30NNLO PDF set at /s = 13 TeV with up
to two extra partons in the matrix element. In both cases cross-section and PDF reweighting are
applied to match the /s = 14 TeV conditions. For the production of ¢f the POWHEG-Box V2
generator interfaced to PYTHIAS parton shower with the ATLAS A14 tune is used. The sample
is generated at /s = 14 TeV and a parton level filter requiring 25 > 100 GeV is applied. The
top-quark pair-production contribution is normalised to approximate next-to-next-to-leading-
order calculations (NNLO) [147]. In addition, a series of dedicated “particle gun” samples are
used to assess the probability of an isolated electron or hadron leaving a disappearing track in
the detector.

The search presents two main background contributions: SM particles that are reconstructed as
tracklets, and events which contain fake tracklets. The SM particles reconstructed as tracklets
are typically hadrons scattering in the detector material or electrons undergoing bremsstrahlung.
The probability of an isolated electron or hadron to leave a disappearing track is calculated using
samples of single electrons or pions passing through the current ATLAS detector layout, and is
then scaled to take into account the ratio of material in the current ATLAS inner detector and
the upgraded inner tracker. The results are presented in Figure 8.5. The probability for hadrons
and electrons to be reconstructed as tracklet is then applied to a template of simulated # and
V+jets events.

The second background contribution arises from events which contain “fake” tracklets (accidental

alignment of hits in the pixel detector). These events arise from Z — vv or W — fv (where the
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lepton is not reconstructed) and are scaled by the expected fake tracklet probability:

RITk ITk

1Tk _ . Run—2 fake,loose 620
pfakc,tight - pfake,tight X RRun—2 X Run—2" (81)
fake,loose 20

Run—2
fake,tight

sideband for the track reconstruction, R};Fkkc_’loosc is the fake rate in the same dy sideband for ITk

In this equation, p is the fake rate of the current Run-2 analysis [148], computed using a dj

computed with a neutrino particle gun sample, such that all tracks are purely a result of pile-up

Run—2 ITk iS
fake,loose z0
Run—2

the selection efficiency of the tracklet zy selection in 1Tk, and €] is the selection efficiency of
the tracklet zg selection in Run 2. The ratio of the fake rates in the ITk and Run 2 is found to
be ~ 200, as the fake rate depends strongly on pile-up, whilst the ratio of the tracklet selection

interactions, R is the fake rate in the dy sideband for Run 2 computed on data, €

efficiencies is &~ 0.12, which takes into account the differences in tracklet selection between the

new search and the Run 2 analysis.

8.5 Systematic uncertainties

Systematic uncertainty projections have been determined starting from the systematic uncertain-
ties studied in Ref. [142], and evolving them to a level which the ATLAS and CMS collaborations
have agreed to consider as a sensible extrapolation to 3 ab™! of proton-proton collisions. The
theory modelling uncertainties are expected to halve, considering the possible improvements
in calculation at higher orders and the constraints obtained with the Run 2 measurements.
The recommendations for the experimental uncertainties are dependent upon the systematic
uncertainty under consideration and are scaled appropriately from the Run 2 analysis [144].
When setting exclusion limits, an additional systematic uncertainty of 20% is applied to account
for the theoretical systematic uncertainty on the models under consideration.

In this search, the dominant uncertainty arise from the modelling of the fake tracklet component,
and the total uncertainty on the background yield is extrapolated to be 30%.

8.6 Results

Table 8.2 presents the expected yields in the SR for each background source, corresponding to
an integrated luminosity of 3000 fb~!. As seen in the table the dominant background source is
events with a “fake” tracklet arising from spurious hits, consisting predominantly in Z — vv
events with an ISR jet and high Exiss,

Total SM 4.6+1.3
V +jets events 0.17 £ 0.05
tt events 0.02 +0.01
Fake tracklets 444+1.3

TABLE 8.2: Expected background yields in the SR. The errors shown include the systematic
uncertainties.

132



Prospect for limits at 95% CL on the chargino lifetime are shown in Figure 8.6 as a function
of the )Zli mass. In the Figure, the yellow band shows the 1o region of the distribution of the
expected limits, while the red line presents the current limits from the Run 2 analysis and the
hashed region is used to show the direction of the exclusion.

The potential for the full HL-LHC dataset is expected to be able to exclude at the 95% CL
chargino lifetimes, assuming a wino-like (higgsino-like) LSP, of between 7ps (10ps) and 4 us
(1.5 us) for light charginos with a mass of 100 GeV. Heavier wino-like (higgsino-like) charginos are
expected to be excluded up to m()~<1i) = 1100 GeV (750 GeV) for lifetimes of 1ns. The discovery
potential of the analysis would allow for the discovery of wino-like (higgsino-like) charginos of
mass 100 GeV with lifetimes between 20 ps and 700ns (30 ps and 250ns), or for a lifetime of 1ns
would allow the discovery of wino-like (higgsino-like) charginos of mass up to 800 GeV (600 GeV).
In the pure-wino scenario, the chargino lifetime as a function of the chargino mass are calculated
at the two loop level [149], as shown by the dashed grey line in Figure 8.6. In the pure-higgsino
scenario the mass-lifetime relation is shown by the dashed grey line and is calculated at the one
loop level [150]. Comparing the results to the theoretical prediction, would allow for the exclusion
at 95% CL of signals with masses up to 850 GeV for the pure wino scenario and 250 GeV for
the pure higgsino scenario. The discovery potential would be up to 450 GeV for the pure wino

scenario and 150 GeV for the pure higgsino scenario.
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e e
Disappearing Track Analysis ATLAS Simulation Preliminary
Vs=14 TeV, 3000 fb™, p = 200
= > All limits at 95% CL

L s o e e e s L s s e &

Disappearing Track Analysis ATLAS Simulation Preliminary 3 k=
V5=14 TeV, 3000 fb™ it = 200 =
All limits at 95% CL

),

,_.
15y
2,
i

=
Q
>

LU SRR B AL AL B L L

=
2
[T T T T Ty

i
<
=

<

R

---- Expected Limit (10,,,) -~ Expected Limit (+10,,,)

=
o
m

[T A
5
[T

E 50 discovery 50 discovery =
E e Theory} . R T =, Theory 3
WL Run 2 Limit (arXiv:1712.02118) | L Run 2 Limit (ATL-PHYS-PUB-2017-019) |
Bl v v v v b L Ly H SN AR AN AR AN AR PR -
200 400 600 800 1000 1200 1400 100 200 300 400 500 600 700 800

m(x;) [GeV] m(x;) [GeV]

FIGURE 8.6: Expected exclusion limits at 95% CL, using 3000 fb~!of 14 TeV proton-proton
collision data as a function of the 5{% mass and lifetime. Simplified models including both

£XT and XX are considered assuming pure-wino scenarios (left) and pure-higgsino scenarios
(right).

Figure 8.7 presents the 95% compares the expected exclusion sensitivity in the )2?, Am()ﬁc, >~<(1J)
mass plane, with the sensitivity obtained with a complementary search, looking for prompt decay
of the electroweakinos with two low energy muons in the final state. The yellow contour shows the
expected exclusion limit from the disappearing track search, with the possibility to exclude m(f(li)
up to 600 GeV for Am(f(f, )2(1)) < 0.2GeV, and could exclude up to Am(Xli, >~((1)) = 0.4 GeV for
m(f(li) = 100 GeV. This search is mostly sensitive for very small mass splitting, which allows for
charginos with longer lifetimes and consequently higher reconstruction efficiency. On the contrary,
the search targeting soft leptons, represented by the blue curve, could exclude up to 350 GeV
in m(f(li), and for a light chargino mass of 100 GeV would exclude mass differences between 2
and 15 GeV. This search relies on the reconstruction and identification of the muons and it is
therefore more sensitive to models with larger mass splitting and more energetic decay products.
The Figure also presents in pink the limits on direct chargino production obtained analysing LEP
data [151].
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It is important to state that these results are prospects, produced with the current available
techniques and newly developed improvements may further enhance the sensitivity to these
models. For example the sensitivity of the disappearing tracks search can be enhanced by
optimising the tracking algorithms used for the upgraded ATLAS detector allowing for an increase
in tracklet efficiency, the possibility of shorter tracklets produced requiring 3 or 4 hits, and further
suppression of the fake tracklet component. The dilepton search sensitivity would be expected
to improve by increasing the reconstruction efficiency for low pr leptons. The addition of the
electron channel would also further enhance the search sensitivity.

92) % 92) %’; % ?z % % production, tanB =5, u >0 Pure Higgsino
g‘ I T T T T I T T T T I T T T T I T T T T I T T T T
.(3. _ ATLAS Simulation Preliminary
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FIGURE 8.7: Expected exclusion at the 95% CL from the disappearing track and dilepton
searches in the Am(Xi, X1), m(Xi) mass plane. The blue curve presents the exclusion limits
from the search with soft muons. The yellow contour presents the exclusion limit from the
disappearing track search. The relationship between the masses of the chargino and the two

lightest neutralinos in this scenario is m()%li) = %(m(i?) + m(f{g))
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Conclusions

During my PhD, I have focused most of my research activity on direct searches for new phenomena
with the data collected by the ATLAS detector, being able to set world-leading constraints on
several supersymmetric models, greatly extending the sensitivity from previous searches.

Specifically, I analysed the data collected by the ATLAS detector during the Run 2 of the LHC,
to look for Supersymmetry and Dark Matter in multi-lepton final states and I published the

results in the following journal articles:

e ATLAS Collaboration, Search for direct top squark pair production in final states with two
leptons in /s = 13 TeV pp collisions with the ATLAS detector, Eur. Phys. J. C 77 (2017)
898

e ATLAS Collaboration, Search for direct top squark pair production in events with a Higgs or
Z boson, and missing transverse momentum in /s = 13 TeV pp collisions with the ATLAS
detector, JHEP 08 (2017) 006

e ATLAS Collaboration, Search for dark matter produced in association with bottom or top
quarks in \/s = 13 TeV pp collisions with the ATLAS detector, Eur. Phys. J. C 78 (2018)
18

This Thesis presents two closely related searches for top squark pair production. Both searches
consider signatures with two or more charged leptons (electrons or muons) and missing transverse
energy. As consequence, similar analysis strategies are developed and some of the techniques for
the background estimate are shared.

The first analysis presented consists in a search for direct top squark pair production in final
states containing two opposite-charge leptons and large missing transverse momentum, based
on a 36.1 fb~! dataset recorded during 2015 and 2016. Good agreement was found between the
observed data and the expected Standard Model yields; consequent model-independent 95% CL
upper limits on the visible cross-section for new phenomena entering the analysis selection were
found to be 0.48 fb. The results are also interpreted in terms of simplified models assuming
a range of top squark and lightest neutralino masses, with the former decaying into the latter
via a four-body decay. In this hypothesis, top squark masses are excluded up to 400 GeV for
mg, —mgo = 40 GeV. This result extends the coverage of previous searches by more then 100 GeV
and it was reported in a peer review paper published in December 2017 in The European Physical
Journal C (EPJC) [90]. This result marks the best coverage by ATLAS in such challenging
models, with higher sensitivity with respect to other searches targeting the same models with
different strategies [152].

The second search targets direct top squark pair production in events with a leptonically decaying



Z boson. The analysis uses 139 fb~! of proton—proton collision data recorded during the full
Run 2. No excess over the SM background predictions is observed, and exclusion limits are
presented on a selection of simplified models. Limits exclude at 95% confidence level ¢; masses up
to 1140 GeV in models featuring ; production and #; — X3 with X3 — Z/hf((i) decays, extending
the mass parameter space exclusion by up to 200 GeV in #; mass. For models featuring f,
production and o, — Zt; with {; — bff’)Z(l) decays, £ masses up to 875 GeV have been excluded,
placing the first limits on these particular kind of models at the LHC. Such results were presented

at major international conferences during the spring of 2019:

e ATLAS Collaboration, Search for top squarks in events with a Z boson using 139 fo~1of pp
collision data at /s = 13 TeV with the ATLAS detector, ATLAS-CONF-2019-016

and are being collected in a peer review paper in preparation.

The analyses presented in this Thesis are an important extension of the already wide LHC
program for SUSY searches: they exploit their characteristic signatures to gain sensitivity to
complex scenarios, often neglected by traditional searches. Until now, many of the simplest
scenarios have been thoroughly explored and the sensitivity for such models is not expected to
improve drastically with the data that will be collected in the next few years, until the end of
Run 3 of the LHC. For this reason, we must invest even more in the exploration of the energy
frontier. Improvements in the analysis techniques can allow for a more accurate reconstruction of
proton-proton collisions, enabling the detection of more particles, such as lepton with even lower
energies. Precision measurements of the SM processes, especially in the Higgs sector, may suggest
new hints for the searches for new physics, and in parallel allow to constraint the systematic
uncertainties. Finally, with the statistical combinations of different searches it will be possible to
exploit the LHC dataset at its best, and don’t leave any holes behind.

In parallel, the physics community is preparing for the High Luminosity upgrade of the LHC,
which will achieve instantaneous luminosities a factor of five larger than the LHC nominal value.
During this period the size of the dataset collected by ATLAS is expected to reach a total of
approximately 3000 fb™', providing an unprecedented opportunity to explore the energy frontier
and possibly leading to new physics beyond the SM. However, the increased luminosity will come
with some costs and the ATLAS detector will have to sustain an unprecedented level of radiation,
especially in its inner layers. The final Chapters of this thesis present my contribution to the
understanding on the radiation damage effect to the charge collection properties in silicon sensor
prototypes, designed for the ATLAS Inner Tracker upgrade (ITk). For this study, the depletion
depth of the prototype has been measured on samples presenting different doping, before and
after proton irradiation. All measured samples display a strong increase of the depletion depthat
low fluences, which can be attributed to the removal of shallow acceptors. Comparing these
results with the measurements obtained after neutron irradiation, shows a strong difference in

the effect of the two particles. These original results have been published in a peer review paper:

e J. Anders et al., Charge collection characterisation with the Transient Current Technique
of the ams H35DEMO CMOS detector after proton irradiation, Journal of Instrumentation
13 (2018) P10004

and will be key to improve the modelling of this processes in simulations for the HL-LHC dataset,
and to guide the design of the silicon sensors for the next generation of experiments. Having

a deep understanding of the low-level operation of the detector is necessary to reach the level
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precision required in the HL-LHC physic program.

Finally, I assessed the performance of the future detector producing a prospects of the sensitivity
for direct chargino and neutralino production in highly compressed mass scenarios, with the
HL-LHC dataset. The search investigates scenarios where the chargino has a sizeable life-time and
decays to a neutralino within the innermost layers of the tracking detector. I demonstrated that
it is possible to significantly extend the reach for these scenarios beyond the current Run 2 limits,
thanks to an improved analysis strategy, to the increased dataset and to the excellent tracking
performances of the I'Tk, motivating the effort for searches for new physics at the HL-LHC. This
result was considered by the community as one of the highlight of European Particle Physics
Strategy [153].

All the efforts carried out until now don’t show any direct evidence of new physics, but all the
inconsistencies of the SM are still there. Thanks to the HL-LHC we have the opportunity to keep

investigating the energy frontier and shad light on the mystery of nature. Let’s keep searching!
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