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Introduction

What are the fundamental building blocks of Nature and which laws govern their interactions? A
theory which can answer this question is one of the primary goals of modern, theoretical physics.

The Standard Model of particle physics is an attempt to answer the question. At energy scales
accessible to current experiments, it is very successful. With the discovery of the Higgs boson,the
Standard Model is complete. However, it falls short: it does not describe all four fundamental
forces. While it successfully provides a description of the electromagnetic, weak, and strong forces,
the fourth force, gravity, cannot be included in the theory. Other things are left unexplained by
the Standard Model as well: For example if observations have shown that only 5% of the matter
in the Universe can be explained by the particles of the Standard Model what is then the origin of
the remaining 95% referred to as Dark Energy and Dark Matter?

The Standard Model is based on symmetries. Global space-time symmetries ensure conser-
vation of energy and momentum, while local gauge symmetries dictate the interactions of the
elementary particles through force carrying vector bosons. It is possible to extend the symmetries
of the Standard Model with an entire new type of symmetry: supersymmetry which is a symmetry
between the two types of particles, fermions and bosons. Supersymmetry predicts a fermionic
partner for each boson in the Standard Model and vice versa and thereby doubles the particle con-
tent of the Standard Model. Supersymmetry provides a possible answer to some of the previously
described shortcomings of the Standard Model.

If supersymmetry would be an exact symmetry at our energy scale, then the masses of the
supersymmetric particles would be identical to the masses of their Standard Model partners. As
the supersymmetric partners have not been observed, supersymmetry must be broken at a higher
energy scale. This results in heavier masses of the supersymmetric particles. The exact masses are
determined by some of the 105 additional free parameters introduced by the symmetry breaking
in the minimal supersymmetric extension of the Standard Model as the nature of the breaking
mechanism is unknown.

The search for direct production of supersymmetric particles in particle collisions has been
ongoing for decades. Throughout the years many experiments at different particle colliders have
looked in vain for hints of supersymmetry: in the 1980’s at the Super Proton Synchroton, a proton-
antiproton collider located at the european research centre for particle physics, CErN, in the 1990’s
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at the Large Electron-Positron collider also located at cerN, and in the 2000’s at the Tevatron, a
proton-antiproton collider located at the american particle physics laboratory, Fermilab.

The newest and most powerful particle accelerator and collider is the Large Hadron Collider,
LHC, located at cErN. It is designed to collide protons at a centre-of-mass energy of /s = 14 TeV.
The protons collide at four interaction points where large detectors are located to record the
results of the collisions. One of the detectors is the aTras detector which is designed to measure
properties of the Standard Model and search for physics beyond the Standard Model such as
supersymmetry.

The 1HC began its operation in 2009 with proton-proton collisions at a centre-of-mass energy
of /s = 7 TeV. The collision energy was increased to /s = 8 TeV in 2012 and the end of that
year marked the end of a successful first run of the LuC with a dataset of 20.3 fb™ collected
by the atias experiment. After a scheduled shutdown of two years, the LHc resumed proton
collisions in 2015 at an even higher energy, /s = 13 TeV, and 3.2 fb~! had been collected by
the aTrAs experiment by the end of the year. The rHc is foreseen to run for many years ahead
providing in total 300 fb™! of proton collisions at /s = 14 TeV. With an upgrade of the LHC to
the High-Luminosity LHC, HI-LHC, by 2026, the size of the dataset will increase to 3000 fb=".

With its high energy proton collisions and large datasets, the LHC provides a great opportunity
to search for supersymmetry as it opens up sensitivity to yet unexplored parts of the supersym-
metric phase space.

The hunt for supersymmetry at the 1Hc has begun...
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Outline of the Thesis and the Author’s Contribution

This thesis is divided into 8 chapters and this introduction. In the following the content of the
chapters and the contribution from the author are stated.

Chapter 1 provides an overview of the Standard Model of particle physics and its shortcomings.
Supersymmetry is introduced and it is discussed how it provides a solution to the short-
comings of the Standard Model. A summary of the current constraints of supersymmetry

is given.

Chapter 2 gives an overview of the Large Hadron Collider and the AT1As experiment that collected
the data used in the analyses presented in this thesis. The performance of the Large Hadron
collider and the ATLAs experiment is summarised. [ have contributed in the trigger group
through efficiency studies of jet triggers and by contributing to the simulation of the L1ToPO
triggers introduced in Run-2. This work is not included in this thesis.

Chapter3 provides a description of the reconstruction and identification of particles in the datasets
collected by the ATLAS experiment.

Chapter 4 contains a description of the method used to obtain the results of the analyses presented
in this thesis. The concept of signal, control, and validation regions as well as the statistical
methods used to obtain the background estimate and place limits are introduced.

Chapter 5 describes a search for squarks and gluinos in events with jets and missing transverse
momentum in a dataset collected at /s = 8 TeV. The results of the analysis are published
in Refs. [1, 2]. I studied the sensitivity to a pMSSM model with left-handed squark-pair
production. I worked on the generation of the signal samples, the inclusion of two additional
signal regions optimised for the pMSSM model, the background-fit and model independent
limits in the new signal regions, and finally the exclusion limits on the pMSSM model using
all 17 signal regions of the analysis.

Chapter 6 provides a description of a search for squarks and gluinos with data collected in 2015
at /s = 13 TeV published in Ref. [3]. The search is very similar to the analysis presented in
Chapter 5. I worked on the calculation of the signal cross section, optimisation of a signal
region targeting a small mass difference between the lightest neutralino and the squark or
gluino, and producing the final plots for the paper.

Chapter 7 presents a prospect study of searches for squarks and gluinos with the full dataset of
an upgraded rHC, the High-Luminosity tuc. The results are published in Ref. [4].

Chapter 8 contains concluding remarks on the results presented in previous chapters and an
overview of the status of supersymmetry after the entire first run and the beginning of the

second run of the Luc.






The Standard Model and

Supersymmetry

The theory of particle physics is the theory of the smallest constituents of the Universe, the
elementary particles, and their interactions. It is described by the Standard Model (SM), a theory
developed through decades in the 20th century. The Standard model has been a great success
with precise predictions agreeing well with experimental observations at all energy scales explored
so far. However, the Standard Model has limitations, thus the need of a new theory at a higher
energy-scale is inevitable. One group of extensions of the Standard Model is Supersymmetric
(SUSY) theories.

This chapter will give a short introduction to the Standard Model, a discussion of its short-
comings, and introduce SUSY as a possible solution to the questions posed by the Standard
Model.

1.1 The Standard Model

The Standard Model [5-11] is a relativistic quantum field theory. It is based on symmetry assump-
tions and its interactions arise on requiring gauge invariance based on the SU(3)¢ x SU(2), X
U(1)y symmetry group.

1.1.1  Particle content of the Standard Model

The Standard model describes the matter particles, fermions, and their interactions through
exchange of force carrying particles, vector bosons. Three of the four fundamental forces are
described by the Standard Model - the electromagnetic force, the weak force, and the strong force
- and each force is mediated by a single or several gauge bosons. A description of the fourth
fundamental force, gravity, is not included.

The matter particles are divided into two groups, leptons and quarks. The leptons interact
through the electromagnetic and weak forces, while the quarks carry colour-charge and are thus
interacting through the strong force as well. Quarks are never observed freely, but appear in
colourless, bound states called hadrons. The hadrons are divided into mesons composed of a
qq-pair and baryons consisting of gqq/qGg-triplets. The quarks and leptons are divided into three
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Leptons Quarks

Particle Mass Q  Particle Mass Q

[MeV] [e] [MeV] [e]
15! Generation electron e 0.511 -1 wup u ~3 +2/3
electron neutrino v, <2-107° 0  down d ~5 -1/3
914 Generation UO0 n 106 -1 charm ¢ ~ 100 +2/3
muon neutrino Vi <0.19 0 strange s ~13- 103 -1/3

_ .103

31 Generation tau T 1777 1 top t 173 -10 +2/3
tau neutrino Ve <18.2 0 Dbottom b ~42-103 -1 /3

Table 1.1 - The matter particles of the Standard Model, their masses, and their electrical charges (Q). The
numbers are taken from Ref. [12]

families of identical quantum numbers, but with different masses. The first family consists of the
electron (e), the electron-neutrino (ve), and the up (1) and down (d) quark forming the proton (p)
and the neutron (1), thus accounting for the stable, visible matter in the Universe. The particles
of the second and third family are unstable and will decay. A summary of the quantum numbers
of quarks and leptons can be seen in Table 1.1.

The four types of force carrying particles are the photon, y, the massive W and Z bosons,
and the gluon, g. The photon is responsible for the electromagnetic force and couples only to
charged particles. The weak force is mediated by the W= and the Z bosons which couple to all
matter particles. The gluon is the carrier of the strong force and couples only to particles that
carry colour-charge including itself. There are eight gluons with different combinations of colour
charges. The quantum numbers of the vector bosons can be seen in Table 1.2.

In order for the W= and Z boson to be massive, a scalar particle, the Higgs boson, is intro-
duced. The Higgs boson couples only to massive particles with a coupling strength depending on
the mass of the other particle. The search for the Higgs boson has taken years, but in 2012 a discov-
ery of a new particle was announced by experiments at the Large Hadron Collider at CERN [13, 14].
Properties of the newly discovered particle, including its mass 0f 125.09 & 0.24 GeV [15], has been
measured to be in agreement with a Higgs boson. The quantum numbers of the Higgs boson
can be found in Table 1.2.

1.1.2 Symmetries of the Standard Model
Symmetries have played a major role in the description of modern particle physics. It is the
fundament on which the Standard Model is built.

A theory is said to be symmetric if the Lagrangian describing the system is left invariant
by a transformation. Symmetries are described by transformation groups such as the group of
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Particle Name EM Charge Weak Charge Strong Charge Mass
le] (Isospin) (Color) [MeV]
photon y 0 no no 0
Zboson VA 0 yes no 91.188 - 10°
W boson W+ +1 yes no 80.4-10°
gluon g 0 no yes 0
Higgs H° 0 yes no 125.09 - 10°

Table 1.2 - The force particles and the Higgs boson of the Standard Model and their charges. The numbers
are taken from Ref. [12], except for the mass of the Higgs boson which is taken from Ref. [15].

rotations or the group of translations. If the symmetry is continuous, Noether’s theorem states
that a corresponding conserved current, j*(x), will exist fulfilling [16]

dujt(x)=0. (r.1)

Equation 1.1 implies that the zero-component integral over a large space will be constant. This is
known as the constant charge, Q, of the current. For example, the symmetry charge of rotational
symmetries is the angular momentum.

External and Internal Symmetries

The Standard Model is built on symmetries, global and local, discrete and continuous. The sym-
metries of the Standard Model can be divided into two categories, external and internal symmet-

ries.

External Symmetries

The external symmetries of the Standard Model are related to spacetime transformations. There
are two groups of symmetries, the discrete symmetries such as charge conjugation C, parity P,
and time reversal 7, and the continuous symmetries of the Poincaré group.

The Standard Model is invariant under the combination of the three discrete symmetries C,
P, and T. However, the SM is not invariant under any of the discrete symmetries separately.

The Poincaré symmetry group consists of the Lorentz transformations, rotations and boosts,
combined with translations. By requiring invariance under the Poincaré group, the fields that
enter the Lagrangian must transform as tensors under the Poincaré transformations. This is why
fields as scalars, spinors, vectors, etc. are the constituents of the Lagrangian.

Internal Symmetries

Internal symmetries originate from multiple fields in the Lagrangian appearing in a symmetric
fashion. Considering a Lagrangian for two Klein-Gordon scalars, ¢1 and ¢,

2 2
£ = J0upr (0 1 (x) + J0,82()p2(x) = 2 (1(0)? = Z- (62(x))”. (x2)



THE STANDARD MODEL AND SUPERSYMMETRY

it is seen that the fields appear symmetric. The Lagrangian is invariant under a mixing of the two

fields by

$1 — ¢; = cosagpy + sinag, ()
13
$2 — ¢ = cosagy —sinagy.
Such a transformation of two fields leaving the Lagrangian invariant is an internal symmetry.
The internal symmetries of the Standard Model are the global symmetries of flavour and
isospin as well as the (local) gauge symmetries, U(1)y of hypercharge and SU(2) of weak inter-
actions joining together to form the electroweak interactions, and SU(3) of the strong force.
Internal symmetries commute with the generators of the Poincaré group leading to the
conclusion that all particles related through an internal symmetry must have the same mass and
spin.

1.1.3 The Electroweak Theory and Spontaneous Symmetry Breaking

The electroweak (EW) theory is the unification of the electromagnetic and weak forces. The
theory of the EW unification was described by Glashow, Salam, and Weinberg for which they
were awarded the Nobel Prize in 1979 [5—7]. With the discovery of the massive W and Z bosons
in 1983 [17—20], the EW theory consolidated itself.

The electroweak theory is invariant under SU(2)7 x U(1)y gauge transformations where T’
is the weak isospin and Y is the weak hypercharge. SU(2)7 x U(1)y is spontaneously broken
into U(1)em in order for the gauge bosons of the weak interaction, Z and W, to be massive.

Fermion Fields

The gauge bosons of the weak force couple with different strength to left-handed and right-handed
particles. The left- and right-handed components of a four component bi-spinor, { can be obtained
by the projection operators Py, and Pg, respectively:

ve=Py=3(1-v)v.  vr=rPry=3(1+7°)v. (1.4)

where y° is a product of the four Dirac matrices, y*.

A clear distinction through two different representations is needed depending on the chirality
of the fermion. The left-handed fermions are arranged in weak isospin doublets while the right-
handed fermions are arranged in isospin singlets:

VL UL
L= ., eR, 0= . UR, dR, (1.5)

ey, dL

and similarly for the remaining two generations. The right-handed neutrinos and left-handed
anti-neutrinos are not included in the singlets."

Experimental evidence shows that neutrinos oscillate between flavour eigenstates. This proves that they are massive, but the
mechanism behind is unknown. For the remainder of the thesis, neutrinos are assumed to be massless, and right-handed
neutrinos not to exist. Although this is technically incorrect, it does not affect the production of supersymmetric particles at
the LHc in the models considered in this thesis.
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Another thing to take into account when dealing with fermions in the EW theory is the
difference between the mass-eigenstates and the eigenstates of weak isospin of the quarks. The
weak isospin eigenstates are obtained by transforming the lower component of the quark doublets,
d, s, and b, using the unitary Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix [21, 22]

d’ Vua Vea Vid d
s’ = Vus  Ves  Vis s . (1.6)
' Vub Veb  Vip b

The biggest mixing of the quark states appear in the first two generations, d, and s, while the
mixing with b-quarks is very small.

The Electroweak Lagrangian
The Electroweak Lagrangian must be invariant under SU(2) x U(1) transformations, thus four
gauge fields are introduced, W}, Wlf, Wlf from the SU(2)-group, and By, from the U(1)-group.
The W), -fields couple only to left-handed fermions, while the By, -field couples with equal strength
to both chirality states.

The EW Lagrangian is written in terms of the gauge fields as [23]

= Y [iLBPL+iQPBQ +iérlPer + iiixPug + idr Pdr]
generations (1-7)
1 1
~lwa,war 1B, BHY,
where I is the covariant derivative, D, contracted with the gamma-matrices, y#. Since the Wi

field only couples to left-handed fermions, two different covariant derivative are defined based on
the chirality of the fermion:

- s a8
iLDL = Ly* (1 Oy — S W — g/YWBM) L (1.8a)
ier Per = ery* (19, — &'Yw Byu) er. (1.8b)

and likewise for the quarks. g and g’ are the coupling constants of the weak isospin current and
the W and B fields respectively, and ¢ is the generator of the SU(2) group represented by the
Pauli spin matrices.

The interaction terms of the four gauge bosons given in the second part of Equation 1.7 are

given as
WE, = W& — W+ ge®bewlwy (r.92)
By = 0, By — 0y By, (1.9b)

where €25¢ is the Levi-Civita symbol. The gauge-fields, W2, and By, describe the force carrying
bosons of the electroweak theory, W=, Z9, and the photon.
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Spontaneous Symmetry Breaking

The four gauge-bosons entering in Equation 1.7 are all massless, and thus in disagreement with
experimental observations of the massive W * and Z boson with masses of 80.4 GeV and 91.2 GeV,
respectively. Simply adding a mass-term for the gauge bosons of %szlf WK cannot be the
solution, as this will ruin the gauge invariance of the Lagrangian.

A solution that will conserve the gauge invariance of the Lagrangian is to spontaneously break
the electroweak symmetry through the Brout-Englert-Higgs mechanism [8, 9]. An isospin doublet

of a complex scalar field, ¢, is introduced with Lagrangian term
Lhiiggs = [Dud|* = V(@)
= 1Dl + 1o’ — 2 (¢70)

2 (r.10)

By requiring that 42 > 0 in the potential of the scalar field described in Equation 1.10, the
Higgs field, ¢, obtains a non-zero vacuum expectation value (VEV) at

2
v = MT’ (r.II)

and the vacuum state of the scalar field can be written as
(r.12)
The non-zero VEV of the Higgs field breaks the symmetry of the Lagrangian and by the choice

of gauge generates three massive and one massless vector boson. The four physical gauge bosons
are combinations of the original W} and Bj,-bosons:

. 1
Wlf': = (Wli F lWlf) /N2 My = Sv8 (1.133)
. v
Z, = cos Oy W, —sin Oy By, Mz =3 g2+ g”? (1.13b)
Ay = cos GWW;’ + sin 0w By, My =0, (r.13€)

where Oy is the weak mixing angle given by

§ 8
3 _— (r.14)
/gZ +g/2 /gz +g/2

A relic from the spontaneous symmetry breaking is the Higgs boson, a massive scalar particle

sin Oy = cos Oy =

coupling to particles with strength depending on their mass. The mass of the Higgs boson de-
pends on the parameters in the potential in Equation .10, Mg = +/2it = ~/2Av. The mass of
the Higgs boson discovered in 2012 has been measured to be ~ 125 GeV.

A milestone for the Standard Model was the prove by 't Hooft and Veltman in 1972 that with
the Higgs mechanism included in the theory, it is renormalizable [24], i. e. divergencies arising

at a certain order of calculation can be isolated and will be canceled by higher-order effects.
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Yukawa Interactions

A mass-term of the fermions must be of the form

Em, =-mys (fLfr+ fRA). (r.15)

Since the left-handed and right-handed components of the fermions are described by two different
representations and thus have different gauge quantum numbers, a simple mass term as in
Equation 1.15 will violate gauge invariance.

As for the masses of the gauge bosons, the mass-terms for the fermions can arise from
spontaneous symmetry breaking. The scalar-field introduced to solve the problem of the gauge
boson masses possesses the correct gauge quantum numbers and have gauge invariant Yukawa
couplings of the form [16]

Lyukawa = Z [—AeI: ~per —Ag O - pdg — )Lueab Q_a¢guR + h.c.] , (1.16)

generations

where €4? is the completely asymmetric SU(2) tensor with 12 = 1 and A £ is a dimensionless
coupling constant.

By breaking the SU(2) symmetry and replace ¢ with its VEV, v, mass-terms of the form in
Equation 1.15 appear with fermion masses depending on A ¢

1
my = ﬁkfv. (r.17)
The Higgs boson couples to fermions depending on their mass through a Yukawa-coupling.
A term
Af -
Lyikawa = — Y —= f/H (r.18)
V2

is added to the Lagrangian. In principle A ¢ is a matrix related to the CKM matrix introduced in
Eq. 1.6. When the fermions are represented in their mass-eigenstate basis, then A  is diagonal and
the CKM matrix will have non-zero off-diagonal terms. If the fermions are instead represented
in the basis of weak isospin eigenstates, the CKM matrix is diagonal and A y will then have
non-zero off-diagonal terms. In the remainder of this thesis, the fermions are written in their

mass-eigenstates.

1.1.4 Quantum Chromodynamics

Quantum chromodynamics (QCD) is the theory of the strong interaction described by the gauge
group SU(3) [10, 11]. The (anti-)quarks are arranged in colour-triplets of (anti-)Red, (anti-)Green,

and (anti-)Blue. The leptons are colour-singlets and thus do not couple through the strong force.

The force carrying particle of the strong force is the gluon which itself carries colour charge. There
are eight different colour combinations for gluons.
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The Lagrangian describing QCD is given by

ocp= ), 4;j(iP—-mj)q; - ;Gf,G", (1.19)

j =flavours
where [ is the covariant derivative, D, contracted with the gamma-matrices, y#, given by:
id;Pa; = id;v" (0. —igsGET?) ;. (1.20)
where g is the strong coupling, G is the gluon field, and T¢ is the generators of the SU(3)

group related to the eight Gell-Man matrices, 7% = A4 /2. The second part of Eq. 1.19 containing
G}y is describing the interactions of the gluon field:

Gliw = 0uGy — W Gj + gsfachZGﬁ, (1.21)

where f9¢ is the structure constant of the SU(3) group.

Unlike the electroweak theory, QCD is an unbroken symmetry which leaves the gluon mass-
less like the photon. However, unlike the photon, the gluon couples to itself. The gluon self-
coupling arises from the —%GﬁvG’”“-term in the Lagrangian leading to triple and quartic self-
couplings.

The behaviour of the coupling constant of the strong force, ay = g2/4x, differs from that
of the electromagnetic force. As for the interaction strengths of the electromagnetic and weak
forces, the interaction strength of the strong force depends on the energy at which it is probed.
The difference between the couplings lie in the behaviour as a function of the distance between
particles; the electromagnetic force decrease with increasing distance, the strength of the strong
force increases with increasing distance similar to the weak force. Thus at small distances, the
quarks do not feel the strong force between them and can move freely. This is known as asymptotic
freedom.

When the distance between a pair of quarks grows, the force grows as well until there is
enough energy in the system to create a new quark-antiquark pair from the vacuum. In this
way, observation of a single quark is never possible and they will always be observed confined in
hadrons.

If free high-energetic quarks or gluons are produced in particle collisions, they will not be
observed directly due to confinement. To screen their colour charge the quarks and gluons will
both radiate gluons which split into gg-pairs forming many light hadrons, they hadronise. The
hadrons will be collimated in a cone forming a detector signal known as a jet. The exact mech-
anism behind hadronisation is not fully understood, but there are models used for simulation
describing the process.

1.1.5 Particle Collisions at Hadron Colliders

Several hadron colliders have been built. The most recent one to begin operation is the Large
Hadron Collider (1rc) at CERN colliding protons at unprecedented energies.
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The proton consists of three valence quarks, two u-quarks and one d-quark, and a sea of
quarks, anti-quarks, and gluons. When colliding protons, it is the constituents of the protons, the
partons, that collide.

Parton Distribution Functions

In order to produce new heavy particles, the partons colliding must have a high energy: a hard
process must occur. The hard process is characterised by a large momentum transfer between the
interacting partons. When the energy of the hard process is much larger than the QCD binding
energy, Aqcp, the proton can be approximated with a collection of free partons [25]. Apart from
the hard scattering, multiple other things happen in a hadron collision. The remaining partons
will interact creating many low energy particles, a process known as the underlying event. The
initial state partons can radiate off photons, gluons or quarks creating jets known as initial state
radiation (ISR). Just as the initial state particles, the final state particles might radiate off particles
as well creating final state radiation (FSR).

To study parton-parton interactions, parton distribution functions (PDFs) are introduced. To
the lowest order, a parton distribution function, f; (x, u?), describes the probability of selecting a
certain parton with a momentum fraction x given by

B |Ppa.rton| (r.22)

B |ﬁproton| '
at a resolution scale, u?. The resolution scale is a measure of the energy at which the proton is
probed. The higher the 2, the more “closely” the proton is studied.

The x-dependence of the parton distribution functions are obtained experimentally. There
is a big variety of PDF-sets available provided by several collaborations using data from many
different experiments, e. g. experiments at HERA, Tevatron, and LHC [26-33]. The most commonly
used PDF-sets at the LHC are MSTW [34], NNPDF [35], cT10 [36], and cTEQG.6 [37]

The parton distribution functions for two different resolution scales are shown in Fig. 1.1. At
low values of x, the gluon distribution dominates while at higher values of x, the PDFs of the
valence quarks, u and d are the biggest. By increasing the energy at which the proton is probed,
the PDFs of the sea-quarks and especially the gluon increase while the PDFs of the valence quarks
decrease at high x.

Factorisation

The probability of a process, pp — X, to occur is given by the cross section, o, of the process. The
cross section of a hard scattering is normally calculated from known initial states at the parton
level, ab — X. The quadratic energy of a hard scattering, §, restricts the momentum fractions
carried by the two partons

§ = Xqxps, (1.23)

where s is the total quadratic energy of the two protons, and x, and x; are the momentum
fractions carried by the two partons participating in the process.
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Fig. .1 - Parton distribution functions at two different resolutions scales, 4> = 10 GeV? and u? = 10* GeV?2.
This set of parton distribution functions are provided by the NNpDF collaboration [35].

When +/5 3> Aqcp and the proton is approximated to a collection of free partons, the cross
section of pp — X can be written in terms of the cross section at parton level, o(ab — X)
convoluted with the PDFs of parton a and b [38]

o (papp — X) = /01 /Olzzdxadxbﬁz (xa:12) fo (x6-1%) 0 (@b > X).  (r.24)
a p

The cross section is related to the scattering amplitudes calculated from Feynman diagrams. The
Feynman diagrams are drawn to a certain order in the strong coupling constant, «z. The lowest
order is leading order in oy (10), followed by the next-to-leading order in oy (NLO) taking into
account single loop-corrections, and so forth. The cross sections are calculated at a certain order,
the higher the order, the more precise the cross section is expected to be. In order to make the cross
section even more accurate, a resummation of soft gluon emission at the next-to-leading logarithm
(NLL) [39] or even next-to-next-to-leading logarithm (NNLL) accuracy level can be performed.

At hadron colliders it is possible to study many different energies up to § & s. This makes
them ideal for searching for new, heavy particles of unknown mass as a wide energy range can
be explored.

1.2 Shortcomings of the Standard Model

The Standard Model has proven a success agreeing with a wide variety of observations spanning
over twelve orders of magnitude in energy. Despite its great triumph, the Standard Model fails
to answer several questions, both experimental and theoretical. A short summary of some of the

shortcomings are listed here.



1.2 SHORTCOMINGS OF THE STANDARD MODEL

1.2.1  What is in the darkness?

The precise measurements of the Cosmological Microwave Background by Planck [40, 41] and
WMAP [42, 43] interpreted in a Acpm-model, show that only ~ 5% of energy in the Universe
is attributed to baryonic matter such as atoms. The rest of the energy of the Universe comes
from Dark Matter (DM) and Dark Energy constituting ~ 26% and ~ 69% of the total energy,
respectively.

Dark Matter is invisible and has so far only been detected through gravitational interactions.
Dark Matter was first postulated to account for rotational speed of galaxies in the 1930’s that
could not be explained by the visible matter [44]. Later more evidence of the existence of DM has
been observed. What exactly DM is, is still a mystery. However, it cannot be electrically charged,
otherwise it would be visible. Dark Matter could be a new particle that only interacts through
gravity and perhaps the weak force.

Dark Energy accounts for the majority of the energy in the Universe and results in an acceler-
ated expansion of the Universe. Supernovae with large redshifts have been measured to be further
away than expected suggesting that the expansion of the Universe is accelerating, i. e. suggesting
the presence of Dark Energy [45]. The exact nature of Dark Energy is not understood, but it could
be explained by the cosmological constant, A, first postulated by Einstein.

1.2.2  Why is the Higgs so light?

The measured mass of the Higgs boson receives quantum corrections to the SM-parameter m%l
through loop diagrams with big correction factors.

Fig. 1.2 - One-loop quantum corrections to the Higgs propagator containing a Dirac fermion, f.

A fermion one-loop correction to m%_l as shown in Figure 1.2, will occur through the Yukawa
interaction defined in Equation 1.18. In principle, the fermion in the loop can have any four-
momentum, k*, and thus the contribution from the loop should be integrated from —oo to 40c0.
By studying large loop-momentum, the mass of the fermion and the initial momentum of the

. . . . 2
Higgs can be ignored, given a correction to m‘4; [46]

o0
Am?y ~/0 AdA where A = |k| = [k kH. (1.25)
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This integral clearly diverges as A — oo. It can be regularised by introducing a cutoff scale, Ay y,
making

2
Am? ——iA2 + 1.26
b= Ay (1.26)

All the massive fermions of the Standard Model contribute to the loop, but since the strength of the
Yukawa-coupling depends on the mass of the particle, the top quark gives the largest contribution.

The UV cutoff scale is the energy scale where new physics beyond the Standard Model appears.
Assuming that the Standard Model without any modifications holds up to the Planck scale where
gravity becomes strong, the cutoff-scale will be Mpyanck ~ 1.22 - 101 GeV. The only way we can
have an observed Higgs mass of ~ 125 GeV, is by finetuning the Standard Model parameter m%{
to be the size of Mpjanck through 17 orders of magnitude. This is known as the hierarchy problem.

The hierarchy problem can be solved by new particles entering in the loops canceling the

quartic divergence in the quantum corrections in Equation 1.25.

1.2.3 That GUT-feeling ...

The entire composition of the Standard Model seems rather random. There are 19 free parameters
arising from the CKM matrix, the masses of the particles, the gauge couplings and the vacuum
expectation value of the Higgs potential. The 19 free parameters are not constrained by theory
and can only be determined through measurements. Aside from the 19 parameters, the choice
of gauge group and different fermion representations depending on the fields seem arbitrary as
well.

The arbitrariness of the Standard Model is not a real problem of the theory, but more an
aesthetic consideration. It could be that the Standard Model is simpler at higher energies; that at
high energies the gauge groups are unified under one larger symmetry group. This set of theories
are called Grand Unified Theories (GUT) [47—49]. For the gauge groups to unify at a higher
energy, the running couplings of the gauge group must approach each other at the unification
scale. By evolving the gauge couplings with their respective renormalisation group equations, it
is found that the couplings do approach each other at an energy around 10'® GeV, but they do
not get close enough that a direct unification of all three forces is a possibility. This implies that
either the unification occurs in two steps where two forces are unified at a lower scale, or that
there simply is no unification in the Standard Model.

Physics beyond the Standard Model could alter the running of the couplings allowing them
to meet at the unification scale.

1.2.4 How does gravity fit in?

The fourth fundamental force, gravity, is not included in the Standard Model. Gravity is described
classically by Einstein’s theory of general relativity. Many attempts have been made in formulating
a theory of quantum gravity similar to quantum electrodynamics with a massless spin-2 boson,
the graviton, being the mediator of the force. This, however, leads to an unrenormalisable theory
with infinite probabilities for some sub-processes [50].



1.3 POSSIBLE EXTENSIONS OF THE SYMMETRY GROUPS OF THE STANDARD MODEL

Even though gravity is one of the fundamental forces most directly visible in everyday life, it
is the weakest of the four fundamental forces. At the Planck scale, Apjanck ~ 1.22 - 10¥ GeV, the
strength of gravity becomes of the same order as the weak force, and the Standard Model breaks
down. At this energy a new theory including gravity is needed.

1.2.5 Where did all the antimatter go?

It is a natural assumption that in the very early Universe, there were equal amounts of matter
and antimatter. Observations show that we now live in a matter dominated Universe. This leaves
the question of what happened to the antimatter?

Though the Standard Model contains CP-violating processes that can account for part of
the matter-antimatter asymmetry, these are not strong enough to explain all of the observed

asymmetry [51].

1.3 Possible Extensions of the Symmetry Groups of the Standard Model

Since the Standard Model is built on a basis of external and internal symmetries, a natural question
to ask is these are the only two possible types of symmetries? Maybe it is possible to combine the
external and internal symmetries in a non-trivial way into a new kind of symmetry.

Before the discovery of the substructure of hadrons, i.e. quarks and gluons, the hadrons
were organised in different representations of SU(3) dependent on their spin. This seemed
to form a correlation between an external symmetry (spin) and an internal symmetry (SU(3)
representations). This led to the search of an extension of the symmetry group.

In 1967, Coleman and Mandula published a paper proving, under reasonable assumptions,
that it is not possible to combine external and internal symmetries [52]. Adding an extra type
of symmetry would lead to an over-constrained theory with unphysical two-particle scatterings.
This is known as the Coleman-Mandula no-go theorem. This seemed to put an end to exploring
possible extensions of the Poincaré group.

While scrutinising the assumptions of the Coleman-Mandula no-go theorem, it was found
that it contained a hidden restriction - only bosonic symmetries were considered by the theorem. It
was not a strange assumption as all symmetries of the Standard Model were bosonic. However, it
meant that spinoral symmetries whose generators have half-integer spin had not been considered
by Coleman and Mandula. It was later found by Haag, Luposzaniski, and Sohnius that the Poincaré
group could be extended by a new symmetry with spin-% generators [53]. This fermionic extension
is known as supersymmetry (SUSY).

1.4 Supersymmetry
Supersymmetry (SUSY) is the extension of the Poincaré symmetry group to include fermionic
symmetries. The extended symmetry group is called the super-Poincaré group.

The generators of supersymmetry, Qg and its conjugate Q¢, are called supercharges. They

are spin-% operators and carry a spin index, /&, which are themselves 2-component Weyl spinors.
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Since the supercharges are described by fermion statistics, two supercharges, Qq and Qg, will

anticommute, while a supercharge and its conjugate fulfills [40]

{QCh Q_(X} = 20—5“1) i (1.27)

where .
(0407

two SUSY transformations generates a space-time translation.

is a specific matrix element of the Pauli-spin matrices. This shows that performing

When acting on a particle-state, fermion or boson, with a SUSY transformation, Q, the spin
is changed by i%, such that

Q|Fermion) = |Boson) and Q|Boson) = |Fermion). (1.28)

A supersymmetric theory will thus be symmetric when interchanging fermions and bosons. This
leads to a prediction of a supersymmetric partner for every SM particle with identical quantum
numbers except the spin differing by :l:%. The particle content of the Universe is doubled by
requiring supersymmetry.

The SUSY partners are known as sparticles and if supersymmetry is an exact symmetry they
will have a mass identical to their SM partner. In supersymmetry, each chiral SM fermion forms
together with its supersymmetric partner, a complex scalar, a chiral supermultiplet. Similarly,
the Higgs forms together with its SUSY partner, a chiral fermion, a chiral supermultiplet. The
SM gauge bosons each have a fermion as their SUSY partner and together they form gauge
supermultiplets.

Since the sparticles and their SM partners have not been observed to have identical masses,
SUSY must be broken. This can lead to sparticles with masses in the TeV-range.

1.4.1 SUSY to the rescue

Supersymmetry addresses several of the shortcomings of the Standard Model described in Sec-

tion 1.2.

Dark Matter Candidate

As suggested by the name, dark matter does not emit light and must therefore be electrical
neutral. The dark matter observed in the Universe can be described by particles that interact
through gravity and perhaps through the weak interaction. There are different hypotheses of
what could make up dark matter. One hypothesis is that it consists of electrically neutral, massive,
stable particles only interacting weakly.

Since supersymmetry doubles the particle content of the Universe, it provides candidates for
dark matter. The supersymmetric partners of the neutral gauges bosons and the Higgs boson are
massive, weakly interacting particles. The dark matter candidate must be stable or have a lifetime
at least in the order of the age of the Universe. This is also possible in SUSY.
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Higgs finetuning
A heavy, complex scalar, S, that couples to the Higgs with the Lagrange-term —Ag| H|?|S|? will
contribute to the measured Higgs mass to first order with a one-loop correction as shown in
Figure 1.3. This will give rise to a correction term [40]

As
1672
depending on the cut-off scale, Ayy, and the mass of the scalar, mg. The second term is a

Am2, = I:A%]V —2mgIn(Ayy/mg) + .. ] s (1.29)

logarithmic divergence, similar to the correction of the electron mass. Logarithmic divergencies
are a lot less severe than quartic divergencies.

Fig. 1.3 - One-loop qunatum coorections to the Higgs propagator containing a scalar, S.

Supersymmetry states that for every chiral fermion, a complex scalar exists. Combing Equa-

tions 1.25 and 1.29, one arrives at

1

Am},:Q(MfP—AS)AUVJF.... (1.30)

It is seen that by requiring |A ¢ |> = Ag, the quartic divergence disappears. In unbroken super-
symmetry that relation holds and the Higgs mass no longer needs excessive finetuning to stay
light. There exists SUSY breaking mechanisms where the cancellation holds, known as soft SUSY
breaking [54].

Grand Unified Theories

As discussed in Section 1.2.3, the introduction of new particles can alter the running of the gauge
coupling constants. By including supersymmetry, the running of the couplings can be changed
so they all meet in one point provided the masses of the sparticles are in the range of 100 GeV
to 10 TeV [55]. This allows for a direct unification of all three forces at the GUT energy scale of
106 Gev.

Gravity
Supersymmetry as a global symmetry does not in itself describe gravity. By making SUSY local,

one is forced to introduce a massless spin-2 particle, the graviton, and its superpartner, the grav-
itino [55]. This local supersymmetry will describe the dynamics of Einstein’s theory of general
relativity through supergravity. Supergravity is unfortunately not a renormalisable theory.
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Supermultiplet Bosons Fermions SUB)c SUQ)r U@y

Chiral multiplets spin-0 spin-%

quarks, squarks (i, dy) (ug.dr) 3 2 %

(Three families) ft}re ug 3 1 —%
51 2 2
dp dg 3 1 3

leptons, sleptons (DeL-€L) (VeL.€L) 1 2 -1

(Three families) é;rq eR 1 1 2

Higgs, Higgsinos (H,F, HY) (H,f, HY) 1 2 1

(HY.HY) (H.HY) 1 2 -1

Gauge multiplets spin-1 spin-3

Gluons, gluinos g g 8 1 0

W bosons, winos wE wo w*, wo 1 3

B bosons, binos B B 1 1 0

Table 1.3 - The chiral and gauge supermultiplets of the MSSM and their quantum numbers.

Aside from supergravity, many attempts to include gravity in the quantum world rely on the
existence of SUSY as for example string theory.

1.4.2 The Minimal Supersymmetric Standard Model (MSSM)

The Minimal Supersymmetric Standard Model (MSSM) [56, 57] is an extension of the Standard
Model with one set of SUSY generators, a so-called &' = 1 supersymmetry. Even though it is the
most simple full supersymmetric extension of the Standard Model it comes with an additional
105 free parameters originating from sparticle masses and mixing.

The Standard Model particles and their SUSY partners form supermultiplets. The SM fer-
mions will have scalar superpartners and they will form chiral supermultiplets. The naming
convention of the superpartners of the fermions is to add an “s” for “scalar” in front of the SM
fermion names, e.g. squarks, sleptons, etc. The gauge bosons form together with their fermion
superpartners gauge supermultiplets. The naming convention for the superpartners of gauge
bosons is to add “ino” to the end of the Standard Model gauge boson names. The superpartners
of the electroweak gauge bosons, W®, W0, and B, are called winos and the bino, while the super-
partner of the gluon is called the gluino. The Higgs boson is a scalar particle and forms a chiral
supermultiplet with its chiral fermion SUSY partner, the higgsino. The particle content of the
MSSM is summarised in Table 1.3.

In the Standard Model, the up-type fermions gain their mass through Yukawa-interactions
with the conjugate of the Higgs field, ¢, as described in Equation 1.18. In Supersymmetry, the
Lagrangian cannot depend on both scalar fields and their conjugate. This is solved by adding
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an extra Higgs field, Hy,, to the MSSM coupling only to the up-type fermions, whereas the “old”
Higgs field, ¢, is renamed to H; and couples only to down-type fermions.

Soft SUSY Breaking

The Standard Model particles and their respective supersymmetric partners would have identical
masses if supersymmetry was an exact symmetry. Since no superpartners have been discovered
at the explored energy ranges, supersymmetry must be broken allowing the sparticles to have
higher masses than their Standard Model partners.

The origin of SUSY breaking is not known. To keep the cancellation of the quartic diver-
gencies described in Section 1.4.1, SUSY is assumed to be broken softly in the MSSM. As the
exact mechanism behind the soft SUSY breaking is unknown, all terms allowed after soft SUSY
breaking are included in the Lagrangian [40]:

LaopM =3 (M3gg + MoWW + MiBB +c.c.)
— (ﬁauQHu — cfadQHd - EaeQHd + C.C.)

—0'm}0 — Ltmi L —imZit — dmid*t —émlét

(1-31)

_ m%_lu HYH, — mi,d HjHg — (bHyHy +c.c.).

The first line of Equation 1.31, describes the masses of the gauginos: gluino (M3), winos (M;) and
bino (Mj). The second line contains terms of trilinear scalar couplings between the sfermions and
the Higgs bosons, much like the Yukawa coupling of the Standard Model. The a’s are complex
3 x 3 matrices. The third line contains the sfermion mass terms with m’s being the hermitian,
possibly complex 3 x 3 mass matrices. Finally, the fourth line contains the terms contributing to
the Higgs potential. While m g, and m g7, are real, b can be complex. Many of the free parameters
in the MSSM originates from the matrices of the soft breaking terms.

R-parity
The Lagrangian of the MSSM contains terms which would allow the proton to decay through a
SUSY particle at a measurable rate. Proton decays have, however, never been discovered and as
such an lower limit on the lifetime of the proton of 5.9 - 1033 years is set [58].

This problem can be solved by fixing the couplings of the interactions allowing for the proton
to decay to zero. A more satisfactory solution seems to be the addition of a new discrete symmetry,
R-parity [59] with the multiplicative quantum number R

R = (-1)>B-L)t2s (1.32)

where B is the baryon number, L is the lepton number, and s is the spin of the particle. SUSY
particles will have R = —1, while SM particles will have R = +1.

By requiring R-parity conservation, the three-particle interactions allowing the proton to decay
will be forbidden as they contain only one SUSY particle. The assumption of R-parity conservation
has additional consequences:
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« SUSY particles can only be pair-produced. Since SUSY particles have R = —1, an even
number will need to be produced from a SM particle with R = +1 for R-parity to be

conserved.

« A SUSY particle must decay into an odd number of sparticles with R = —1 and additional
SM particles.

« The lightest SUSY particle (LSP) will be stable since SUSY particles have to decay into
particles with R = —1. All SUSY particles eventually decay into the LSP.

If the LSP is electrical neutral and only weakly interacting, it is a candidate for dark matter as
described in Section 1.4.1.

Electroweak Symmetry Breaking in the MSSM

In EW symmetry breaking in the MSSM, the scalar potential, V, contains both Higgs doublets.
The charged components of the Higgs doublets are chosen to be zero, H, = Hy = 0. This
simplifies the expression of V' to [46]

V= (Il +mig, ) IHSP + (1l +miy, ) 1HP = (PHIHG +c.c.)
w4 (e 4 8?) (1192 —1HgP)”

Both b and the vacuum expectation values of HY and Hd0 can be chosen to be real and positive.

(1.33)

The two Higgs doublets acquire different vacuum expectation values, vy, and v, . The relation
between the VEVs is normally referred to as

tan B = vy /vy. (1.34)

tan B is a free parameter in the MSSM. As the VEVs of both Higgs doublets are assumed to be
positive, 0 < 8 < /2 must be fulfilled.

There are eight degrees of freedom arising from the two Higgs doublets. After spontaneous
symmetry breaking, three degrees of freedom become the longitudinal modes of the massive W *
and Z bosons. The remaining five degrees of freedom are manifested as five Higgs bosons; the
CP-even neutral scalars 4% and HY, the CP-odd neutral scalar A°, and two charged Higgs bosons
H™ and H™. The masses of four of the Higgs bosons, H°, A%, and H¥, can be arbitrarily large.
The mass of the lightest Higgs, #°, has a theoretical upper limit given at tree-level by

mpyo < mz|cos(2p)|. (1:35)

This is in disagreement with the observed Higgs mass of ~ 125 GeV. Radiative corrections to the
mass of 1% will increase its upper limit. Due to its large Yukawa coupling, the radiative corrections
originating from the top-squarks, #; and 7, are found to be the largest. It is given by [12]:

3g2m4 mzmsz az
2 t 1 Db 2 _
Amy, = =YY |:1r1 ( e +a” |1 711 (1.36)
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where a? is a dimensionless number related to the trilinear couplings of the top sector to /o with
a maximum value of /6. By including the radiative corrections, the upper limit of the mass of 1°
can be increased to myo < 135 GeV which is in agreement with the observed Higgs mass.

Gaugino Mixing

The electroweak gauginos and higgsinos will mix into mass eigenstates due to the electroweak
symmetry breaking, just as the W© and B mix into the photon and the Z boson. The four neutral
bosinos, 1:13 , Hg, WO and B, will combine into four mass eigenstates referred to as neutralinos,
7, 75, 73, and 79. The two charged gauginos (W) will mix together with the two charged
higgsinos (H,5 and H,;) to form four charged mass eigenstates, )Zli and )Zg': The mass-ordering
of the neutralinos and charginos follows the indices, i, such that m( )Zg) > m( )Zg) > m( f(g) >
m(7Y) and m( )Zf) > m()fli). The lightest neutralino, 77, is often assumed to be the lightest
supersymmetric particle (LSP) described earlier.

The mixing of the higgsinos and gauginos into neutralinos and charginos depends on the
parameters M; and M, from Equation 1.31, u from Equation 1.33, and the relation between the
VEVs of the two Higgs doubles, tan § [60]. The hierarchy of the mass-parameters will to a large
extend determine the mixing components of the various mass eigenstates.

If || > |Mi2] > Mz, the two lightest neutralinos, )Z?,z, and the lightest chargino, f(li, are
gaugino dominated. The two lightest neutralinos are said to be “bino”- and “wino”-like, while
the lightest chargino is only “wino”-like. The two heavier neutralinos, )?(3), +» and the heaviest
chargino, f(;': are dominated by the neutral and charged higgsinos, respectively. They are said to
be “higgsino”-like.

Ifinstead || < |Mji,3|, then the two lightest neutralinos, f(% ,» and the lightest chargino, f(li,
are “higgsino”-like, while the two heavier neutralinos, )?(3), 4+» and the heaviest chargino, )Ezi are
largely gaugino dominated.

If the mass parameters are of the same order, || >~ M, or |u| >~ Mj, then the neutralinos
and charginos will contain an almost equal amount of the gauginos and higgsinos.

The ordering of the mass-parameters does not only determine the masses of the neutralinos
and charginos, but also their interactions with (s)fermions. This is similar to the V-A structure of
the Z boson in the Standard Model arising from the mixing of the W and B fields after the EW
spontaneous symmetry breaking.

1.4.3 Other SUSY Models

Many simplifications of the MSSM exist. There are both more complex models and very simple
models. The more complex models make assumptions on the nature of the SUSY breaking
mechanism and calculate the mass spectrum of the sparticles from that. In the simpler models,
it is assumed that SUSY has been broken at some scale without any assumptions on the nature
behind it making the SUSY particles light enough to be produced at colliders.

Here follows a short description of a selection of SUSY models with emphasis on the models
studied in this thesis (the phenomenological MSSM and simplified models).
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MSUGRA/CMSSM

The minimal supergravity or constrained MSSM (msuGra/cMssM)[61-63], is a set of theories
where SUSY is assumed to be broken at the GUT scale by a hidden sector through a supersym-
metric Higgs mechanism. The SUSY breaking is mediated from the hidden to the visible sector
by gravity.

msuGRA/cMssM can be described by only five free parameters arising from the symmetry
breaking: an universal mass for scalar particles (mo), an universal mass of fermionic particles
(my/,), the trilinear coupling (4o), the relation between the vacuum expectation values of the two
Higgs doublets (tan f), and the sign of the higgsino mass parameter . The mass parameters
are defined at the GUT scale and are evolved to the energy scales of current colliders through

renormalisation group equations.

Gauge-mediated and Anomaly-mediated SUSY Breaking Models

In gauge-mediated SUSY breaking (GMSB) models [64—66] supersymmetry is broken in a similar
way as mSUGRA/cMssM in a hidden sector. Instead of only gravity mediating the SUSY breaking to
the visible sector, a new chiral supermultiplet is introduced as the messenger coupling the SUSY
breaking and the SUSY particles through the gauge interactions of the Standard Model. Gravity
will be a mediator as well, but the chiral supermultiplet will have much stronger couplings.

In GMSB models, the gravitino is the LSP giving a special role to the next-to-lightest SUSY
particle (NLSP) as it defines the phenomenology of the final state.

Anomaly-mediated SUSY breaking (AMSB) models [67, 68] is another set of theories of su-
pergravity, where the SUSY breaking is due to violation of the extended scale invariance described
by conformal symmetry.

The Phenomenological MSSM

The amount of free parameters in the MSSM is too big for feasible systematic, phenomenological
studies. With 105 parameters arising from the soft SUSY breaking terms and 19 from the Standard
Model, the MSSM has a 124-dimensional parameter space.

The phenomenological Minimal Supersymmetric Standard Model (pMSSM) [69, 70], is a
simplification of the MSSM. The number of free parameters arising from soft SUSY breaking is
reduced from 105 in the MSSM to 19 in the pMSSM. The reduction is based on three assumptions:

1. There are no new sources of CP-violation. New sources of CP-violations are eliminated by
assuming that all the phases in the soft SUSY breaking Lagrangian are zero. This reduces
the amount of free parameters significantly.

2. There are no flavour changing neutral currents (FCNC). The off-diagonal terms in the
sfermion mass-matrices and the trilinear scalar couplings in Equation 1.31, can lead to large
FCNC already heavily constrained by experiment. Both the sfermion mass matrices and
the trilinear couplings are assumed to be diagonal to ensure that FCNC-terms do not arise.

3. First and second generation of sfermions are mass-degenerate. The mass-splitting between
the first and the second generation of squarks is limited by experimental data. The first
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two generations are therefore assumed to have the same mass. There can, however, be
mass difference between the “left”-handed and “right”-handed sfermions’. Furthermore,
the trilinear couplings in Equation 1.31 of the first two generations are assumed to be zero
since they depend on the mass of the Standard Model partners to the sfermions.

The three assumptions have reduced the number of free parameters to:

« tan fB: The ratio of the vacuum expectation values of the two Higgs doublets.
« p: The higgsino mixing parameter.

« M 4: The mass of the pseudo-scalar Higgs, 4°.

o My, M;, and M3: The gaugino mass parameters.

© MGy, My, Mg, Mf and mg,: The mass parameters of the first two generations of

sfermions.
C MG Mg My M and mz ,: The mass parameters of the third generation of sfermions.

o Az, Ap, and A¢: The trilinear couplings for the third generation.

Having reduced the number of free parameters to 19, it is easier to study the phenomenology
of sparticle production and interactions more systematically. Especially since for most model-
building normally, only a subset of the 19 parameters are varied.

Simplified Models

In simplified models no assumption on SUSY breaking parameters are made except that SUSY
breaking has occurred at an energy that has made only a few sparticles light enough to be produced
at colliders [71-73]. A simplified model will normally deal with pair-production of only one or
maybe two types of sparticles. Unlike simplifications of the MSSM such as the msuGra/cMssM
and the pMSSM containing many different decay-chains of sparticles, the pair-produced sparticles
in simplified models will normally only have one decay mode with a 100% branching fraction.
The decay of the sparticles are motivated by similar decays in the MSSM. The number of free
parameters in simplified models is normally reduced to two, the mass of the sparticle created and
the mass or the mass difference between sparticles in the decay chain.

In Figure 1.4, simplified models are shown for squark and gluino pair-production decaying
directly with a 100% branching fraction into g X 0 and qqx 3, respectively. In both models all other
sparticles than the ones created and the LSP are decoupled. The free parameters are the mass of
the squark/gluino, mz, z, and the mass of the LSP, m 70 These two examples of simplified models
would lead to distinct signatures in our detector.

Simplified models are not, as the name might suggest, full SUSY models. They oversimplify
the SUSY parameter space, and are thus not descriptive of most SUSY scenarios. However, they

Scalar particles are not chiral states and the squarks are therefore neither right- or left-handed. The notation is used to refer
to the chirality of the SM partner of the squarks.
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Fig. 1.4 - Examples of diagrams for simplified models of squark and gluino pair-production with direct decays.

are useful when searching for SUSY particles at the rHc, as the heavily reduced parameter space
can be fully explored and they predict very specific detector responses. Furthermore, results in
simplified models can be reported as upper limits on the cross section of the processes which
they describe, e. g. squark-pair production with direct decays. This can be interpreted in larger
models in which this process occur. This is why, even though they are not complete SUSY models,
they are widely used when searching for supersymmetry at the Luc.

1.4.4 Experimental Constraints on Supersymmetry

There are several experimental constraints on supersymmetry. They arise both through direct
searches looking for production of SUSY particles and indirectly from measurements that would
differ from the Standard Model expectation value if SUSY would play a role.

The direct searches for supersymmetry are performed at collider experiments, where high-
energetic particles collide to create heavier particles. Searches for supersymmetry has been per-
formed both at hadron colliders and at e ™ e~ -colliders.

At the Large Electron-Positron collider (LEP) operating at CERN in the 1990’s searches for
supersymmetry were mainly focussed on the sleptons, and charginos produced by Z / y-decays [74—
77]. Furthermore, through precise measurement of the width and branching fraction of the Z
boson by the LEP experiments, limits on the mass of an LSP coupling to the Z boson can be
placed at 47 GeV.

The strong sector as well as the electroweak sector of supersymmetry can be searched for at
hadron colliders such as the proton-anti-proton collider Tevatron operating at /s = 1.96 TeV and
the proton-proton collider LHC operating at /s = 7, 8, and 13 TeV.

The two experiments at the Tevatron, CDF and D@, have placed limits on many different SUSY
models containing a big variety of SUSY particles. The searches for squarks and gluinos in events
with jets and missing transverse momentum have resulted in limits of the squark and gluino
masses in msuGra/cMssM models up to ~ 400 GeV, exceeding the limits placed by LEP [78, 79].
With the increase in collision-energy, the experiments at the LHC can search for even heavier
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SUSY particles. The results of the searches for supersymmetry by the aATrAs and cMs experiments
will be discussed later in this thesis.

Precision-measurements from flavour physics and observables in the electroweak sector of
the Standard Model constrains supersymmetry indirectly. The observation of rare b-decays such
asb — sy [80], and B? — ™ [81] at a rate in agreement with the Standard Model restricts the
SUSY phase space. The observed Standard Model rate of » — sy restricts the off-diagonal mass
matrix terms for squarks, whereas an agreement of the BY — u™ ;™ with the Standard Model
was prophesied to rule out supersymmetry, but in reality disfavoured the same SUSY models as
the observed Higgs boson with a mass of 125 GeV [82]. The measured value of the anomalous
magnetic moment of the muon [83] disagrees with the Standard Model at a 2.20-level favouring
SUSY models with light smuons and tan > 3 [84].

The observation of a Higgs boson with a mass of 125 GeV is critical for supersymmetry as
shown by the requirement in Equation 1.35. The requirement is loosened by radiative corrections
to mpo < 135 GeV which is in agreement with the mass of the observed Higgs boson. However,
GMSB and AMSB models require the Higgs boson to be lighter than 121.5 GeV and 121 GeV,
respectively, clearly disfavouring these sets of SUSY models [85]. There is however a work-around
this constraint on AMSB and GMSB: if the top squark is heavy (m; > 2 TeV), then the mass of
the Higgs boson can reach 125 GeV.

Constraints arising from astrophysical observations are mainly placing restrictions on the
LSP assuming that it is the origin of dark matter. From searches for dark matter through direct de-
tection by dark matter scattering off nuclei, limits on both spin-dependent and spin-independent
cross sections of dark matter particles interacting with Standard Model particles are found. The
DAMA/LIBRA [86] and CoGent [87] experiments look for dark matter in the annual modulation
of events arising from the Earth going through a cloud of dark matter. They both find an excess
in agreement with light dark matter particles. An excess of positrons over electrons are observed
by both PAMELA [88] and AMS [89, 90]; a possible sign of dark matter annihilation. These inter-
pretations of the results are, however, ruled out by the limits on dark matter-nucleus cross section
set by XENONT100 [91] and LUX [92].

A strong constraint on supersymmetry is the relic density of cold dark matter in the Universe.
It is assumed that dark matter was existing in the early Universe and that there was a thermal
equilibrium between the annihilation and the creation of dark matter. As the Universe expanded
and cooled down, the equilibrium broke and dark matter could no longer be created, it could
only annihilate. As the Universe kept expanding and cooled even more, the annihilation process
stopped leading to a “freeze-out” of Dark Matter. In the Universe today there is still dark matter
present from the early Universe, this is known as the relic density of dark matter. The relic
density of cold dark matter has been observed to be Q1% = 0.1148 4 0.0019 by WMAP [43] and
Qch? = 0.1199 =+ 0.0022 by Planck [41]. In SUSY models with a pure bino LSP the annihilation
cross section will be too small resulting in a relic density which is larger than the observed,
while SUSY models with a wino-like or higgsino-like LSP have a larger annihilation cross section
resulting in a lower relic density [93]. The gaugino mixing of the LSP is therefore important in
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Fig. 1.6 - Feynman diagrams for gluino-pair production. The sparticles are marked with red.

order to get an annihilation cross section which will result in the observed relic density of Dark
Matter.

Despite the experimental constraints mentioned here, supersymmetry has a vast number of
parameters and can avoid many of the restrictions imposed by these observations.

1.5 Squark and Gluino Production at Hadron Colliders and Their Decay

Squarks and gluinos are coloured and can therefore interact through the strong force. This makes
the search for squarks and gluinos at hadron colliders such as the tuc very important. When
discussing squarks, a distinction is made between the first two generation of squarks, normally
referred to as simply squarks, and the third generation squarks, referred to as the stop and the
sbottom. This section will describe some of the phenomenology related to squark and gluino
production and their subsequent decay.

1.5.1  Squark and Gluino Production

Squarks and gluinos will be produced in pairs due to R-parity conservation. They will be produced
in quark and gluon interactions.

Squark-pairs can be produced through s-, ¢- and u-channel diagrams both from gluon and
quark initial states if the gluinos are not too heavy. The Feynman diagrams for squark-pair produc-
tion at tree-level through the s- and ¢-channel are shown in Figure 1.5. If the gluino is decoupled,
i.e. very heavy, the diagram in Figure 1.5d is heavily suppressed and can be safely ignored. The kin-
ematics of the produced squarks depends on whether the ¢-channel containing gluino mediation
is available or not and only when that diagram is available can squark-squark-pairs be created.
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Fig. 1.7 - Cross sections of various sparticles as a function of their mass in proton-proton collisions at /s =
8 TeV. Figure taken from Ref. [94].

Just as squarks, gluinos can be pair-produced through both s-, ¢-, and u-channel diagrams
from quark and gluon initial states. The tree-level Feynman diagrams describing gluon-pair
production through the s- and ¢-channel are shown in Figure 1.6. The diagram in Figure 1.6d is
only available if the squarks are not decoupled.

Squark and gluinos have, if they are light enough to be produced at hadron colliders, larger
cross sections than other sparticles with the same mass. A comparison of cross sections of pair-
production of various SUSY particles at /s = 8 TeV is shown in Figure 1.7. The cross section of
squark-pair production is larger than the stop-pair production by a factor of ~ 100. The squark-
pair production cross section is calculated with eight mass-degenerate squarks compared to the
cross section of the stop-pair production calculated with a single, light stop. This, however, only
accounts for a factor 8 difference between the two cross section. As there are no top quarks present
in the proton, the z-channel diagram with gluino exchange in Figure 1.5d is not available for stop-
pair production leading to an even a lower cross section. These two effects explain the lower cross
section of stop-pair production compared to squark pair production. Since the charginos and
neutralinos only interact though the electroweak forces, the production cross sections of chargino
and neutralino production are much lower than the squark and gluino production cross sections,
where s-channel diagrams with gluinos are major contributors in the production process. In
addition, squarks and gluinos carry colour charge which further enhances their cross section.

1.5.2  Squark and Gluino Decay

In R-parity conserving supersymmetry, squarks and gluinos are unstable and will decay immedi-
ately after being produced into a final state eventually consisting of Standard Model particles and
the LSP.
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Squarks will preferably decay into a gluino, § — ¢g, if the decay channel is available due to
the strong gluino-squark-quark coupling. If the gluino is heavier than the squarks, the squarks will
decay into a quark and a neutralino, § — ¢ )N(?, or a quark and a chargino, § — ¢’ )Zli Depending
on the mass and the mixing of the neutralinos and the charginos as well as whether the squark is
“right”- or “left”-handed, different decay chains will be favoured. The simplest decay, § — g X ?, is
kinematically favoured, and may be preferred by the right-handed squark. If the decay through
wino-like )?(2) and X iJE is allowed the left-handed squarks may prefer the longer decay-chain to the
direct decay. The higgsino-couplings to the first two generations of squarks is small and therefore
decays into higgsino-like neutralinos or charginos are disfavoured. The gluino, chargino, and
heavier neutralino will subsequently decay until a final state with X { is reached. This can create
long decay chains known as cascade decays.

Gluinos decay through an on- or off-shell squark. If the squark is lighter than the gluino, the
gluino will decay in a two body decay, § — ¢¢, whereas if the squarks are decoupled, the decay
will go through an off-shell squark to either § — gg )?? org —qq’ )Zli The squarks, neutralinos
and charginos will decay as described above eventually into final states containing the LSP. This
can again lead to long decay chains with many particles in the final state.



The LHC and the ATLAS Detector

When very energetic protons collide, the heavier particles of the Standard Model as well as the ones
predicted by physics beyond the Standard Model can be produced. The Large Hadron Collider at
CERN provides a large number of high-energy proton-proton and Pb-Pb collisions so the Standard
Model can be studied and tested in detail and maybe hints of new physics beyond the Standard
Model can be found.

Heavy particles are typically unstable and will decay to lighter particles. To study the remnants
of the heavy particles, large detectors are built. The large detectors measure the particles emerging
from the collisions. The analyses presented in this thesis are all based on data collected by the
ATLAS detector which is one of the large detectors used to study the collisions of protons in the
Large Hadron Collider.

In this chapter an overview of the Large Hadron Collider, the aTrAs detector, and their per-
formance during operation of proton runs from 2010 to 2015 are given. Since simulations play an
important role in high energy particle physics, Monte Carlo simulations, event generators, and
detector simulations are presented as well.

2.1 The Large Hadron Collider

The Large Hadron Collider (1uc) [95—98] is a circular accelerator and collider situated at the
border between France and Switzerland near Geneva and is operated by the international research
laboratory CERN. The accelerator is located approximately 100 m under ground in the 26.7 km
circular tunnel where the Large Electron Positron collider (LEP) [99] was in operation until 2000.

The LHc is designed to accelerate and collide protons at a centre-of-mass energy of /s =
14 TeV at a luminosity of 1 x 103* cm™2s™1. However, due to technical problems with the super-
conducting magnets in 2008, it has operated with a maximum collision energy of /s = 8 TeV
until 2012 with an upgrade to /s = 13 TeV in 2015. Besides proton collisions, the LHc is designed
to collide Pb nuclei either with other Pb nuclei or with protons. The lead nuclei are brought to
collision at an energy of 2.76 TeV/nucleon leading to a centre-of-mass energy of Pb-Pb collisions
of 1.15 PeV. Since the focus of this thesis is the search for the production of supersymmetric
particles in proton collisions, the remainder of this chapter will be concentrated on the proton
beams of the LHC.
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Fig. 2.1 - Hlustration of the full accelerator complex at cerN. The arrows indicate the direction of particles.
The protons travel from riNnac2 through the BoOSTER, ps, and sps before arriving at the 1uc. The
figure is taken from Ref. [100].

The beams of protons are not directly injected into the rxcC at low energy, but are first accel-
erated to a high energy by a set of accelerators. An illustration of the full accelerator complex at
CERN can be seen in Figure 2.1.

The protons come from hydrogen atoms where the electrons are stripped off. The protons are
first accelerated to an energy of 50 MéeV by a linear collider, Linac2, before they are injected into
the first circular accelerator, the BoosTER. In the BOOSTER, the proton beams are accelerated to an
energy of 1.4 GeV before they are injected into the Proton Synchrotron (ps) where they are accel-
erated to 25 GeV. From the ps, the protons are injected into the Super Proton Synchrotron (sps)
to be accelerated to 450 GeV. The protons are then injected into the rrc for further acceleration.

Before the proton beams reach the rLHC, they are ordered into bunches of protons rather than
a continuous string of single protons. The design value of the number of protons per bunch is
1.15 x 10™. There will be 2808 bunches per beam when it is fully populated. The bunches are
separated by a multiple of 25 ns.

The beams of protons are held in the circular orbit of the Lrc with the use of an intrinsic sys-
tem of superconducting magnets. The 1232 superconducting dipole magnets provide a magnetic
field of 8.33 T and bend the proton beams to follow the ring of the Lrc. The beams of protons are
focussed and defocussed with the use of 392 superconducting quadrupole magnets functioning
as lenses. Since the 1Hc is not perfectly circular, a set of sextupole and quadrupole magnets are
used to keep the proton beams within the beam pipe.

Magnets can only change the direction of motion of a charged particle, but they cannot
increase or decrease its energy. To accelerate the protons from the injection energy of 450 GeV per
beam to the design energy of 7 TeV per beam, a 400 MHz superconducting radio frequency (RE)
cavity system is used. There are two RF cavity systems, one for each beam. Each system consists
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of eight cavities each with a 2 MV accelerating voltage resulting in a total accelerating field of
5.5MV/m.

The proton beams are brought to collision at four interaction points where large detectors
are located to record the proton collisions. The four large detectors are the two general purpose
detectors - ATLAs [101] and cMs [102] - and the two more specialised detectors: ALICE [103] and
LHcb [104]. The general purpose detectors are designed to study a wide range of physics processes
of the Standard Model and search for physics beyond the Standard Model such as supersymmetry.
They are especially designed to search for the Higgs boson which was discovered in 2012. The two
general purpose detectors are built using two different designs to ensure that eventual discoveries
of physics beyond the Standard Model is cross-confirmed. The aArice detector is designed to
study Pb-Pb and Pb-p collisions where dense states of matter is created similar to the state of the
Universe immediately after the Big Bang. The 1HCb experiment is specialised in precise studies
of physics related to b-hadrons, in particular to study possible sources of C P-violation that could
explain the matter-antimatter asymmetry observed in the Universe.

In addition to the four large experiments at the LHC ring, there are three smaller experiments.
The rHcf [105] experiment consists of two imaging calorimeters each located along the beam line
140 m away from the interaction point on both sides of the aATrAs detector. It is designed to study
the neutral particles emitted in the very forward regions simulating the particles of cosmic rays.
The ToTEM [106] experiment is dedicated to study the very forward physics of proton collisions.
It is situated along the beam pipe approximately £500 m from the interaction point of the cms
detector. The MoEDpat [107] experiment is located at the interaction point of the Lxcb detector and
is designed to trap magnetic monopoles which are hypothetical particles with magnetic charge.

2.1.1  Luminosity

The probability of creating a supersymmetric particle when colliding protons is very low. The
overwhelming majority of proton collisions results in low-energy scatterings of the partons within
the protons and only a small fraction of the collisions results in events with a large energy transfer,
i.e. high-pt events. The probability of a specific processes to happen, e. g. the production of a
squark or gluino, in a collision is given by the cross section o (4/s) which depends on the energy
of the proton collision, 4/s, and the physics governing the processes, e. g. the mass of the particle
created and its couplings. Many proton collisions are therefore needed in order to study rare
processes.

The number of events per second of a given process, N, depends on the cross section of the

process, o, and the luminosity of the collisions, L:
N =oL. (2.3)

The luminosity depends solely on the parameters of the beams. The luminosity of a beam with a
Gaussian profile is given as [98]:

I = N]%nbfrevyr P

4o (2-2)
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where N, is the number of particles in a bunch, ny, is the number of bunches in a beam, frey is
the revolution frequency, y; is the relativistic y-factor, o7 is the transverse beam cross section,
and F is a geometrical function accounting for the luminosity reduction due to the crossing angle
at the interaction point. The design peak luminosity of the rrc is 10** cm™2s~!. The collisions of
proton bunches at the interaction points of the LHc result in fewer protons per the bunches and
a diffusion of the beam. This leads to a larger transverse cross section of the beam and thereby a
decrease in luminosity.

The size of a data set is given as the luminosity integrated over time:

£ = /Ldt, (23)

and is referred to as integrated luminosity or simply as luminosity (a nomenclature that is highly
confusing). The integrated luminosity is normally given in inverse barns, b=! = 102 cm™2. A
dataset is typically characterised by its integrated luminosity and the collision energy.

Due to the high number of protons in each bunch, several proton collisions can happen each
time two bunches cross. The multiple proton collisions are known as pile-up. Pile-up is divided
into two classes: in-time pile-up where the proton collisions seen by the experiment come from
the same bunch crossing and out-of-time pile-up where proton collisions from previous bunch
crossings are interfering. The luminosity depends on the in-time pile-up and can be written
in terms of the number of proton interactions per bunch crossing, u, leading to the following

relation between p and L [108]:
o= Loine (2.4)
np Srev ' '

where 0ipe is the total inelastic cross section of proton collisions.

2.2 The ATLAS Detector

The at1As detector [101, 109, 110] is one of the general purpose detectors at the tHc. It is designed
in a cylindrical shape around the interaction point and with its length of ~ 40 m and radius of
~ 25m, it is the largest experiment at the tHc. The atrAs detector is symmetric in the plane
transverse to the beam direction and consists of layers of subdetectors. A sketch of a cut-away look
at the aT1As detector with all its subdetectors can be seen in Figure 2.2. The subdetector types
listed from the beam pipe and out are: inner detectors where the tracks of charged particles are
recorded, calorimeters used to measure the energy of electrons, photons, and strongly interacting
particles, and finally the muon spectrometer, where the tracks of muons are recorded. A magnet
system is installed to allow the measurement of the pr of charged particles through the curvature
of their tracks.

The coordinate system of atias is right-handed originating from the centre of the detector
at the nominal interaction point with the x-y-plane perpendicular to the direction of the beam
and the z-axis in the direction of the beam line. The coordinate system is designed such that the
x-axis points towards the centre of the tuc and the y-axis points upwards. Rather than using
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Fig. 2.2 - Illustration of a cut-away look of the full ATrAs detector with indication of subdetectors, magnet
systems, and size. The figure is taken from Ref. [1o1].

a xyz-coordinate system, a polar coordinate system with the azimuthal angle, ¢, and the polar
angle, 0, measured from the beam line is used.
The pseudo-rapidity, 7, is used often to describe the position of a particle. It is related to 6 by:

n=—Intan(6/2). (2:5)

The difference in pseudo-rapidity, A, is invariant under a boost in the z-direction and is therefore
not dependent on the reference frame. The atras detector can be split into two regions based on
the pseudo-rapidity: the central “barrel” region at small values of || (|| <~ 1.4) and the “end-cap”
region at larger |n|-values’. For massive objects where the massless assumption (E > m) does
not apply the rapidity (y = 3 In[(E + p,)/(E — pz))) is used instead of the pseudo-rapidity.

A set of experimental quantities are defined in the transverse, xy-plane: the transverse energy,
Et = Esin6, the transverse momentum pr = psin6, and missing transverse momentum,
E%‘iss, measuring the imbalance in the energy and momentum in the transverse plane. The
transverse impact parameter, dy, of a trajectory of a particle is defined as the shortest distance in
the transverse plane between the trajectory and the beam axis. The longitudinal impact parameter
of a trajectory, zg, is defined as the z-position of the point of the trajectory closest to nominal beam
axis, x = 0 and y = 0, or closest to the primary vertex, i. e. the position of the proton interaction
with highest }_ pr.

! The exact values of 1 defining the barrel and end-cap regions depend on the subdetector in question.
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Detector Component Resolution In| Coverage
Measurement Trigger
Tracking detectors 0pr/pr = 0.05% - pr © 1% <25 -
EM calorimetry og/E =10%/VE & 0.7% <3.2 <25
Hadronic calorimetry:
Barrel and end-cap og/E = 50%/«/E69 3% <3.2 <3.2
Forward og/E =100%/E & 10% 31<|n <49 31<|n <49
Muon spectrometer 0pr/pT =10% at pr = 1TeV <27 <24

Table 2.1 - The design resolution and coverage of the tracking detectors, electromagnetic calorimetry, hadronic
calorimetry, and the muon spectrometer. The numbers are taken from Ref. [101].

The physics program of the ATrAs detector is rich and consists of high precision measurement
of properties of the Standard Model as well as searches for new physics beyond the Standard Model.
In order to fulfill the physics goals the resolution on calorimetry and tracking must be good. The
design resolutions for tracking, electromagnetic calorimetry (EM), hadronic calorimetry, and the
muon spectrometer are given in Table 2.1.

2.2.1  Magnet System

A charged partlcle moving with a velocity ¥ in a magnetic field, B, will feel the Lorentz force,
F = ¢ -7 x B. Trajectories of charged particles will thus as a consequence of the Lorentz
force bend in a magnetic field depending on the pr of the particles. The magnet system of the
ATLAS detector [111] consists of two magnets: the solenoid magnet surrounding the inner tracking
detectors, and the toroid magnet system integrated within the muon spectrometer.

The Solenoid Magnet

The solenoid magnet [112] located just beyond the inner tracking detectors is a super-conducting
magnet. It consists of a single coil and provides a magnetic field of 2 T in the direction of the
beam axis. The layout of the magnet is designed to minimise the amount of material in front
of the calorimeter to ensure that the energy loss of particles traversing the magnet is kept at a
minimum. Besides providing measurement of the pr of charged particles, it also ensures that
the very low energy charged particles will bend-off and never reach the calorimeter.

The Toroid Magnets

The toroid magnets [113, 114] are air-core magnets generating the magnetic field in the muon
spectrometer. They are divided into barrel magnets and two end-cap magnets, one on each side
of the interaction point. Each of the three magnets consists of eight coils located symmetrically
around the beam axis. The magnetic field provided by the toroid magnets is approximately 0.5 T
in the barrel region and 1T in the end-cap regions. They provide a bending power’ between

! The bending power of a magnet is defined as [ Bdl, where B is the magnetic field orthogonal to the direction of flight of
the muon.
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Fig. 2.3 - Illustration of a cut-away look of the inner detector system before the installation of the insertable
B-layer. The figure is taken from Ref. [101].

1.5 Tm and 5.5 Tm in the barrel region (|| < 1.4) and between 1 Tm and 7.5 Tm in the end-cap
regions (1.6 < || < 2.7). In the region where the magnetic field of the barrel magnets and the
end-cap magnets overlap (1.4 < |5| < 1.6), the bending power is lower.

2.2.2 |Inner Detector

The inner detector (1p) [115, 116] is designed to measure the trajectories of charged particles while
stopping them as little as possible. It is immersed in the magnetic field of the solenoid magnet
bending the trajectory which enables measurements of the pt of charged particles. The 1D system
consists of three detectors: the pixel detector, the semiconductor tracker, and finally the transition
radiation tracker. During the long shutdown of the 1Hc in 2013 and 2014, an additional pixel layer
was installed between the beam line and the old pixel detector: the insertable B-layer. A sketch of
the 1D system before the installation of the insertable B-layer can be seen in Figure 2.3.

The Pixel Detector

The pixel detector [117] provides the highest granularity of the inner detectors and consisted in
Run-1 of 1744 silicon pixel sensors with a nominal size of 50 x400 m?. The pixels are arranged on
a structure consisting of three concentric cylinders in the barrel region with a length of 801 mm
and radii of 50.5 mm, 88.5 mm, and 122.5 mm, and each end-cap region consists of three disks
arranged perpendicular to the beam line with a radius of 88.8 mm < R < 149.6 mm at distances
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of 495 mm, 580 mm, and 650 mm away from the interaction point at z = 0. In total the pixel
detector covers up to || < 2.5. The intrinsic resolution in the transverse direction (R-¢) is 10 um
while it is 115 um in the longitudinal direction (z in the barrel and R in the end-cap region). Each
charged particle is expected to hit 3 layers in the pixel detector.

During the long shutdown of the tHc between 2013 and 2015, the Insertable B-Layer (181) [118]
was installed along with a new beam pipe. It is a single-layer cylindrical pixel detector located in
between the beam pipe and the three-layer pixel detector at a distance of 31 mm < R < 40 mm
from the interaction point. It was installed to improve the reconstruction of the primary and
especially secondary vertices, which will improve the ability to identify jets originating from b-
quarks. Another reason for installing the 181 was to ensure that b-tagging could be performed
even if the old b-layer of the Pixel detector would fail. The small distance to the interaction point
will furthermore improve the precision of the impact parameters, dy and zo. The pixel size if
50 x 250 um?. The intrinsic resolution is 8.5 um in the transverse (R-¢) direction and 47 um in
the z direction.

The Semiconductor Tracker

The SemiConductor Tracker (scT) [119, 120] consists of silicon sensors with strip readout. It
consists of 4088 modules, 2112 modules arranged in the four concentric cylinders of the barrel
region and 1976 modules arranged on nine disks on each side of the interaction point in the
end-cap region. The scT covers in total up to || < 2.5. Each sensor consists of 768 read-out strips
with a length of 6.4 cm each separated by 80 um from each other. In order to be able to measure
the full spatial position (x, y, and z coordinate), in each layer of the detector, two sensors are
glued together at an angle of 40 mrad. In the barrel region one set of the strips runs in the beam
direction, while on the end-cap disks one set of the strips runs in the radial direction. The intrinsic
resolution of the scT is 17 um in the transverse direction (R-¢) and 580 pum in the longitudinal
direction (z in the barrel region, and R in the end-cap region). A charged particle traversing the
scT is expected to hit 4 double layers of silicon strips.

The Transition Radiation Tracker

The Transition Radiation Tracker (TRT) [121, 122] is a straw tube detector covering up to || < 2.0.
It consists of approximately 300000 straw tubes with a diameter of 4 mm. The straw tubes are
filled with a gas mixture consisting of 70% Xenon, 27% CO;, and 3% O,. In the barrel region
the straw tubes have length of 144 cm and are arranged along the beam axis in a distance of
563 mm < R < 1066 mm from the beam line. In the end-cap region, the tubes have a length of
37 cm arranged radially in wheels. The TRT provides only hits in the transverse (R-¢) plane with a
resolution of 130 um per straw. The many straw tubes ensure that a charged particle is expected
to leave typically 36 hits in the barrel region and 22 in the end-cap regions.

Aside from the many hits which improve the measurement of the pt of charged particles,
the TRt is designed to be able to discriminate between electrons and charged hadrons, especially
charged pions, exploiting transition radiation. The term transition radiation is applied to photons

radiated of charged particles as they go from one medium to another. The amount of transition
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radiation of a particle depends on E/m, i. e. the relativistic y of the particle. An electron which has
a mass of 0.511 MeV will therefore generate more transition radiation than a charged pion with a
mass of 140 MeV. The straw tubes of the TrT are interleaved with a dielectric foil to enhance the
transition radiation of charged particles.

2.2.3 Calorimeters

Calorimeters measure the energy of particles (electrons, photons, and hadronic jets) by stopping
them. For muon identification, it is important that only the muons reach the muon spectrometer.
Other particles must therefore not punch through the calorimeter. The depth of the calorimeter
is therefore very important and must extend over many radiation lengths for electromagnetic
interactions, X', or nuclear interaction lengths for strong interactions, A%.

There are in general two types of calorimeters: sampling calorimeters consisting of alternating
layers that absorb and measure the spray of particles, and homogenous calorimeters where the
entire calorimeter is made of the same material that both creates the showers and measures their
energy. The calorimeters of the aTLAs detector are sampling calorimeters.

The calorimeter system of ATLAS consists of two calorimeters: one designed to measure the
energy of electrons and photons (the electromagnetic calorimeter) and one designed to measure
the energy of the hadronic jets (the hadronic calorimeter). A cut-away look at the calorimeter
system of the at1as detector can be seen in Figure 2.4.

The Electromagnetic Calorimeter

The Electromagnetic Calorimeter (ECAL) [123] is a sampling calorimeter with lead as the absorbing
material and liquid Argon (LAr) as the active material extending over > 22 X in the barrel region
and > 24 Xy in the end-cap region. The barrel of the EcaL covers |5| < 1.475 and the end-cap
regions cover 1.375 < |n| < 3.2. The calorimeter is built of accordion-shaped modules3 to ensure
that there are no cracks in any direction of ¢. The calorimeter consists of a presampler followed
by three layers in the barrel region and two in the end-cap regions. The presampler consists of
an active LAr layer and covers up to || < 1.8. It is used to correct the energy of the photons and
electrons before they reach the actual calorimeter. The thickness of the lead varies as a function
of 7 in order to optimise the energy resolution. The granularity depends on 5 and is highest in
the central barrel region and coarser in some parts of the end-cap regions.The granularity of the

presampler is not as fine as in the barrel as it is only used to correct the energy measurements.

The Hadronic Calorimeter

The Hadronic Calorimeter (Hcar) consists of a Tile calorimeter [124] of steel and scintillating
material in the barrel (|| < 1.0) and in the extended barrel (0.8 < || < 1.7), while the end-cap
calorimeter is based on a copper-LAr sampling calorimeter covering 1.5 < || < 3.2. In the Tile
calorimeter in the barrel and extended barrel regions, the steel is working as the absorbing material

! The radiation length is defined as the mean distance where an electron looses all but 1/e of its original energy.

N

The nuclear interaction length is the mean length traveled by hadron through matter before any interactions with the nuclei.
Since parts of the EcaL were assembled in France, the inspiration for the accordion-shape most likely originates from a
musette accordion with C-system and tremolo registers rather than a bayan accordion with B-system and casotto registers.
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Fig. 2.4 - Illustration of a cut-away look of the calorimeter system of the aTras detector. The figure is taken
from Ref. [101].

while the scintillators work a the active material. The Tile calorimeter consists of three layers in
both the barrel and the extended barrel regions with a total depth of 9.7 including the material
in front of the Tile calorimeter. The end-cap LAr calorimeter consists of four layers arranged in
wheels with a depth similar to the tile calorimeter. The granularity of the HcAL depends on the
pseudo-rapidity and is finest in the Tile calorimeter and coarser in the LAr end-cap calorimeter.

The Forward Calorimeter

An additional LAr sampling calorimeter is installed at high pseudo-rapidity, the so-called Forward
Calorimeter (FcAL). It is installed to provide uniformity of the coverage of the calorimeter system
and to reduce non-muon radiation into the muon spectrometer. The FcaL extends over 3.1 <
[n| < 4.9 and consists of three layers. The firstlayer is mainly to measure electromagnetic showers
and copper is used as the absorber material. The second and third layer are designed to stop and
measure hadronic showers and the absorber material is tungsten. The Fcat is approximately 10
interaction lengths deep. The granularity of the FcatL is coarser than the other calorimeters.

2.2.4 Muon Spectrometer

The muon spectrometer [125] is the outermost subdetector system of the ATras detector. As
muons are heavier than the electrons, they will not be stopped by the calorimeters, and unlike
the tau lepton they are light enough to be treated mostly as a stable particle inside the detector.
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Fig. 2.5 - Illustration of a cut-away look at the muon spectrometer of the AT1As detector. The figure is taken
from Ref. [101].

The muons are therefore expected to arrive outside the calorimeter where a second set of tracking
detectors, the muon spectrometer, is installed.

The muon spectrometer is built within the toroid magnets. It consists of a barrel region and
end-cap regions with several wheels of muon detectors, most notably the outer large wheel giving
the aTras detector its characteristic look. The muon spectrometer consists of different kinds
of detectors. There are high-precision detectors used for measuring the pr of the muons, and
detectors with a coarser resolution used in the data-taking process (the trigger chambers). An
illustration of the muon spectrometer can be seen in Figure 2.5.

Precision Chambers

The precision chambers are organised in a barrel region and an end-cap region. The barrel
region consists of three layers of 16 chambers each located both inside and outside the barrel
toroid magnets at a radial distance of 5 m, 7.5 m and 10 m from the interaction point. The end-
cap regions are composed of four large wheels located at a distance of 7.4 m, 10.8 m, 14 m and
21.5 m from z = 0 on each side of the interaction point. The precision chambers cover up to
[n| < 2.7. Over most of the n-range, the precision measurement of the muon tracks is performed
by 1150 monitored drift tube (MDpT) chambers filled with a mixture of Argon, and CO;, and with
central tungsten-rhenium wire. The MpT chambers measure only hits in the z-direction. The
measurement of the ¢-coordinate of a track is provided by the trigger chambers. In the innermost
wheel covering 2.0 < || < 2.7, 32 cathode strip chambers (csc) are used instead of MmpT chambers
in order to cope with the high rate of hits. The cscs are multi wire proportional chambers. The size
of the mpT chambers increases with the distance to the interaction point. The end-cap wheels are
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built of wedge-shaped chambers of two sizes in order to ensure full coverage in ¢. The resolution
of the MmpT chambers is 35 um in the z-direction, while the resolution of the cscs is 40 um in
the radial direction and 5 mm in the transverse plane.

Trigger Chambers

A second set of muon detectors are installed to be used in the trigger system. The trigger chambers
cover up to || < 2.4 for triggering and || < 2.7 for measuring the second coordinate (¢) of the
track not measured by the mpT chambers. The trigger chambers must provide fast tracking used
in the trigger decisions. The trigger chambers are composed of a barrel region covering || < 1.05
and an end-cap region covering 1.05 < || < 2.7 (2.4 for triggering). The barrel region consists
of three layers of modules of resistive-plate chambers (rRpc) with a resolution of 10 mm in the z-
direction and 10 mm in the transverse direction. The end-cap region is composed of four layers of
thin-gap chambers (TG c), one located in front of the innermost precision tracking wheel and three
surrounding the third mpt wheel. The resolution of the Tccs is 2-6 mm in the radial direction
and 3-7 mm in the transverse plane.

2.2.5 Forward Detectors

In the very forward regions of the aT1As detector, three detector systems are designed to study
the physics at very high pseudo-rapidities. Two of the detectors, LUminosity measurement using
Cerenkov Integrating Detection (tucip) and Absolute Luminosity For ATLAS (ALFA), are designed
to measure the luminosity delivered to atias [126, 127] while the third detector, Zero-Degree
Calorimeter (zpc), is designed to measure the centrality of heavy-ion collisions in ATLAS [128].
The rucip detector located at +17 m from the interaction point of atras provides the main
luminosity measurement for aTrAs. The ArFA detector is located at +240 m from the interaction
point and consists of scintillating fibers installed in roman pots that can enter the beam pipe of
the 1rC and get as close as 1 mm to the beam. The zpc is a quartz-tungsten calorimeter located
+140 m away from the interaction point enabling it to measure the energy of neutral particles
emitted at || > 8.3.

2.2.6 Trigger System

Every second 40 million proton bunch crossings happen in the centre of the aATrAs detector if
the LHC is running with its design bunch spacing of 25 ns’. It is not possible to read out and
save all of the collisions and it is only a very small fraction of proton collision that results in
events with high- pt or high- ET objects such as muons, electrons, jets, taus or missing transverse
momentum. A system is therefore designed to filter out the events that are found interesting
containing high-pr or high-ET objects that should be saved. This is known as the trigger system.

Trigger System During Run-1

During 2010, 2011, and 2012, the trigger system of aTLAs consisted of three levels: Level 1 (L1),

Level 2 (12), and Event Filter (£F). Each level is more sophisticated and slower than its predecessor.

! The rHc ran with a 50 ns bunch spacing until 2012 resulting in a rate of 20 MHz.
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The 11 trigger system is built on hardware and reduces the rate from 40 MHz to 75 kHz.
The 11 trigger is based on hits in the trigger chambers in the muon spectrometer and energy
deposits measured by the trigger towers in the calorimeters, L1cALO [129]. LIcALO is able to
trigger separately on jets, electrons or photons, taus, and EI. The trigger decision is done by
the Central Trigger Processor (cTp) based on input from the muon trigger chambers and r1caro
and uses look-up tables to see whether the trigger requirements are met. The decision of the L1
trigger to keep or reject an event is done in 2.5 pus. The r1 trigger forms Regions of Interest (Rols)
which are passed on to the 12 trigger.

The 12 trigger system is software-based and is seeded by the Rols provided by the 11 trigger.
At 12, the energy, coordinates, and type of signature (muon, jet, t, etc.) is studied in finer detail in
the Rols reducing the rate from 75 kHz to below 6 kHz. The processing time of the 12 trigger is
~ 40 ms. Both the 11 and 12 systems consist predominantly of inclusive triggers, i. e. triggering
on a single high-pr or high-ET object in the event, and do not use information on the topology
of the event, e. g. the angle between objects or the sum of pt or Et of selected objects.

Events that pass the 12 trigger requirements are sent on to the EF trigger system where a finer
granularity of the calorimeter is used and information on tracks in the inner detector is added.
Full information of the entire detector can be used in EF triggers and combined variables such
as the scalar sum of pr of the jets in an event can be used as the trigger element. At gF level the
rate is typically reduced to 400 Hz and decisions are made in approximately 4 s.

An element in the trigger menu usually consists of a trigger object (electron, muon, tau, jet,
or EMis%) and the threshold of the cut on the pr or energy of the object in GeV as well as eventual
isolation criteria. Triggers where all triggered events are saved are called un-prescaled triggers.
Trigger elements with looser cuts on the pr or the energy of the object will have a higher rate
and are suppressed by a prescale’ to ensure that the possible recording rate is not exceeded. The
prescale values decrease with the decrease in instantaneous luminosity in AT1As during a tHc fill
to ensure that the recording rates are kept constant.

To ensure that the data recorded by the aTras detector is not biased, minimum bias triggers
are included as well. These triggers are highly suppressed by prescales.

Trigger System During Run-2

During the shutdown of the LHc in 2013 and 2014, the trigger system underwent upgrades and

changes [130]. Some of the major changes are listed here:

« The rate of the 11 triggers was increased to 100 kHz ensuring that even with increased

instantaneous luminosity the trigger thresholds would not increase dramatically.

- Possibility of topological triggers at L1 (L1TOPO), i. €. triggers using combinations of kin-
ematic information of both muon and calorimeter objects. This can be used to trigger
on high-mass di-jet events targeting vector boson fusion or di-muon events with a small
di-muon opening angle originating from b-hadron decays.

! If the prescale is 4 then every 4™ triggered event is saved.

43



44

THE LHC AND THE ATLAS DETECTOR

« Upgrade of the central trigger processor to be able to handle the r1ToP0 decision and to
double the number of parallel trigger selections.

« The 12 and EF trigger systems were merged into one, the Higher Level Trigger (1rT). The
HLT relies mostly on the algorithms of the former ¥ trigger system.

« The H1T tracking algorithms are ready to include the new, fast, hardware-based tracking
(FTK) expected to be ready for operation in 2016.

« The average rate of the HLT was increased from 400 Hz to 1 kHz.

2.3 Operational Performance of the LHc and ATLASs Experiment

The year 2012 marked the end a successful first run of the rzc (Run-1) with collision energies of
/s = 7TeV in 2010 and 2011 increasing to /s = 8 TéV in 2012. The discovery of a Higgs-like
particle was announced by the aTrAs and cMms collaborations on the 4™ of July 2012, for which
the search was one of the important goals of the first run of the tuc. The 1HC wWas shut down for
maintenance in 2013 and 2014 and resumed proton collisions in 2015 at an increased collision
energy of /s = 13 TeV. A summary of the beam parameters, and luminosities in the four years
of LHC operation is given in Table 2.2.

During the first two years of Run-1, 2010 and 2011, the LHc ran at a collision energy of /s =
7 TeV which is half of the design collision energy. In 2010, the rrC delivered 48 pb™" of which
the aTras detector recorded 45 pb~!. Between operation in 2010 and 2011 the bunch spacing
was decreased from 150 ns to 50 ns, and the number of bunches per beam as well as the number
of protons per beam were increased. This resulted in an increase in the peak instantaneous
luminosity from 0.21 x 1033 cm 2571 t0 3.65 x 1033 cm ™25~ as well as an increase in the average
number of interactions per bunch crossing. In 2011, the aT1As detector recorded 5.08 fb~! out of
the total luminosity of 5.46 fb~! delivered by the rHC.

The collision energy was increased to /s = 8 TeV in 2012. With the increase in number
of bunches and beam intensity, the peak instantaneous luminosity reached 7.73 x 1033 cm =25~
and there were 20.7 interactions per bunch crossing on average exceeding the design value of the
LHC. In 2012, the LHC delivered a total integrated luminosity of 22.8 fb~! of which 21.3 fb~! were
recorded by the ATrAs experiment. The integrated luminosity accumulated in 2011 and 2012 as
well as the average number of interactions per bunch crossing are shown in Figure 2.6.

A shutdown of the rHc was scheduled for 2013 and 2014 where maintenance would be
performed. Spring 2015 marked the start of the second run period of the 1uc (Run-2). The
collision energy was increased to /s = 13 TeV which is only 1 TeV below its design value. The
number of bunches was increased and the bunch spacing reached its design value of 25 ns. In
total, the LHC delivered 4.2 fb~! in 2015 of which 3.9 fb~! were recorded by the aTLAs experiment.
The cumulative integrated luminosity and the average number of interactions per bunch crossing
during the operation in 2015 are shown in Figure 2.7.

! There was one fill with 1854 bunches, but 1331 was the typical value.
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Beam Parameters Design 2010 2011 2012 2015
Centre-of-mass energy, /s [TeV] 14 7 7 8 13
Peak luminosity, L [1033 cm™%s™] 10 0.21 3.65 7.73 5.02
Integrated luminosity, delivered, £ [fb™/y] 80-120  0.048 5.46 22.8 4.2
Integrated luminosity, recorded, &£ [fb~1/y] - 0.045 5.08 213 3.9
Maximum number of colliding bunches 2880 348 13311 1380 2232
Maximum number of protons per bunch [10™] 1.15 1.2 1.4 1.6 1.2
Minimum bunch spacing [ns] 25 150 50 50 25
Average pile-up (i) 19.02 <3 9.1 20.7 13.7

Table 2.2 - Design values of beam parameters and luminosities as well as the actual values during the four
years of LHC operation. The design values are taken from Ref. [95] while the values from operation
in the years 2010 to 2015 are taken from Ref. [131].
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Fig. 2.6 - The integrated luminosity accumulated over time delivered by the 1HC (green) and recorded by
aT1AS (yellow) in 2011 at 4/s = 7TeV and in 2012 at 4/s = 8 TeV, and the mean number of
interactions per bunch crossings in 2011 (cyan) and in 2012 (green) normalised to the integrated
luminosity.

The data-taking period of 2016 has commenced. The collision energy is unchanged with
respect to 2015. A milestone has however been reached as the peak instantaneous luminosity
delivered by the tHC has reached its design value of 1 x 10 cm 2571,

The atias detector has been consistent in its recording percentage throughout Run-1 and the
beginning of Run-2. In all years of 1Hc operation, approximately 93% of the delivered luminosity
was recorded by the ATrAs experiment. With the subdetector systems recording over 95% of the
time while the beams were in stable condition [132], the first run of the 1Hc and the beginning of
the second run has proven a great success in the operation of the ATLAS experiment.
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Fig. 2.7 - The integrated luminosity cumulated over time delivered by the 1HC (green) and recorded by AT-
1As (yellow) in 2015 at /s = 13 TeV, and the mean number of interactions per bunch crossings
normalised to the integrated luminosity with a 25 ns (green) and 50 ns (cyan) bunch spacing.

2.4 Simulations

In order to compare observation to theory, one must know what to expect from theory. The
Standard Model is very complex and simulations are therefore used to compare expectations to
observations.

Proton-proton collisions are simulated in order to study the physics at the tuc. The simu-
lations are done in steps: first the physics process is simulated with the event generators and
afterwards the detector simulation is performed so the simulations can be compared directly to
the measurements.

2.4.1 Event Generation

Collisions of protons rarely result in hard-scattering events with high-pt objects in the final
state. Therefore rather than simulating proton collision inclusively, sub-processes of interest are
simulated, e. g. production of W or Z bosons, tf-pairs or hypothetical particles such as squarks
and gluinos.

The hard-scattering processes are simulated using Monte Carlo (MC) techniques where phys-
ics processes are generated using random numbers following the frequency expected from theory.
The samples of the simulated hard-scattering process are then normalised to their respective
cross sections so they can be compared to data.

Proton collisions are rich and very complex. Aside from the eventual hard-scattering process,
the partons (quarks and gluons) radiate gluons which can either radiate off more gluons or split
into quark-antiquark pairs. This is known as parton showering. Once the partons reach a certain
energy, they form into clusters of particles referred to as jets, i. e. they hadronise. There are
different models used for parton showering and hadronisation. The parts of the protons not
participating in the hard-scattering will interact as well. This is known as the underlying event.
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There are many Monte Carlo generators available for simulating proton collisions. In general
they fall into two categories: general purpose generators and matrix element generators.

The general purpose generators simulate the entire proton collision including parton shower-
ing and hadronisation. The hard-scattering matrix element is typically done to leading order. The
general purpose generators are limited to 2 — 1 and 2 — 2 processes and any extra particles
must come from the parton showering model. Examples of general purpose generators are py-
THIA [133, 134], SHERPA [135], HERWIG [130, 137], and HERWIG++ [138)].

Matrix element generators simulate only the hard-scattering and rely on interfaces with other
(general purpose) generators for the parton showering process. 2 — n processes are normally
included and thereby a specified number of final and initial state radiation particles can be calcu-
lated at matrix element level instead of simulated through parton showering. The matrix element
is either calculated to leading order like in matrix element generators as MADGRAPH [139] and ALP-
GEN [140] or to next-to-leading order as in matrix element generators like POWHEG-BOX [141-143]
Or MC@ NLO [144-147].

The last ingredient needed for event generation is knowledge of the energy distributions of
the partons within the proton, i. e. parton distribution functions (ppF) which were introduced in
Section 1.1.5. A PDF set consists of the energy distribution of the gluons and quarks within the
proton. There are many available pDF sets, for example cT10 [36] and cTEQGLI [37].

2.4.2 Detector Simulation

Once the event generation including the hard scattering, the decays of short-lived particles, and
the showering is done, the paths of particles emerging from the collision traversing the aTrAs
detector are simulated. A full simulation of the atras detector is built in the GEaNT4 [148]
framework simulating the response of the detector as particles interact with its matter. Simulating
the full aTras detector takes a considerable amount of computing time. Especially, the calorimeter
simulation is lengthy. A parameterisation of the calorimeter exists significantly reducing the
computational time of simulating particles going through the at1as detector. The fast simulation
of the calorimeter implemented in ATLFASTII [149] is not as accurate as the full simulation as it
does not use the full granularity of the calorimeter, but this is the price one must pay in order to
reduce computing time.

The simulation of particles traversing the ATrAs detector is reported as hits in the subdetector
systems of ATirAs. The hits are digitised afterwards to resemble the actual response of the elec-
tronics of the detector. The digitised simulation is then run through the same calibration and
reconstruction algorithms used for the data.

If the exact layout of the detector is not known, samples at truth level, i.e. the results of
the event generation without detector simulation, can if necessary be used for studies. To get a
more realistic simulation, the energy or pr of particles emerging from the simulated collision
can be smeared using a Gaussian distribution with the estimated resolution of the detector as the
width. This method is used in the studies of future searches for squarks and gluinos described
in Chapter 7.

47






Particle Identification and

Reconstruction

Particles going through the AT1As detector are measured as hits in the subdetector systems with
exception of the neutrinos that interact only through the weak force and therefore leave no hits in
any subdetector system. The hits in the subdetector system must then be reconstructed as tracks
of charged particles in the inner detector and muon spectrometer and clusters in the calorimeters.
Every type of particle leaves a different trace in the detector allowing identification of the various
particles.

In this chapter, the characteristics of particles traversing the ATrAs detector as well as the
reconstruction and identification methods and their performances are presented.

3.1 Particle Characteristics

The atias detector is designed such that each type of particle, i.e. quarks, gluons, electrons,
muons, photons, hadronically decaying taus, and neutrinos, will leave a distinct trace. The char-
acteristics of the particles are shown in Figure 3.1 and summarised in the following list.

Jets originate from strongly interacting particles that hadronise as they traverse the detector. They
are identified by an energy deposit in the calorimeters, especially in the hadronic calorimeter,
along with eventual tracks from charged particles. Jets originated from b-quarks can be
identified by a secondary vertex caused by the long lifetime of the 5-quark.

Photons are not electrically charged and will therefore not leave any tracks in the inner detector.
However, they can convert into an electron-positron pair due to interaction with the material
of the detector. Unconverted photons are identified as a shower in the electromagnetic
calorimeter without any associated tracks, while converted photons are identified by deposit
in the electromagnetic calorimeter matched to a displaced vertex with an electron-positron

pair emerging.

Electrons will leave a shower in the electromagnetic calorimeter very similar to that of photons.
Unlike photons, they are charged resulting in a track in the inner detector originating from
the interaction point and pointing towards the shower in the calorimeter.
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Fig. 3.1 - Illustration of particles traversing a wedge of the atrAs detector. The characteristic traces of each
particle type as the go through the detector are shown. The figure is taken from Ref. [150].

Muons have a lifetime long enough to be treated as stable particles in the detector. Due to
their higher mass, they emit less bremsstrahlung than electrons. Muons are therefore not
stopped by the calorimeters and will reach the muon spectrometer. They are reconstructed
from tracks in the inner detector and the muon spectrometer.

Hadronically decaying taus will result in an energy deposit in the hadronic calorimeter. They can
be distinguished from jets originating from quarks and gluons by the number of tracks
associated to the shower in the calorimeter, the radius of the shower, and the substructure
of the shower. Hadronically decaying taus will be referred to simply as taus in the remainder
of this thesis.

Neutrinos interact only through the weak force and will leave the detector without a trace. They
are therefore not directly measured. Their energy can be measured indirectly through
a momentum imbalance in the transverse plane of the detector, the missing transverse

momentum. The lightest supersymmetric neutralino will have a similar signature.

3.2 Tracks and Vertices

Charged particles leave hits in the inner detector which are combined into a track. Reconstruction
of the vertex, i. e. the point from which the tracks originate, is important. Multiple pp collisions
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occur at each bunch crossing and it is important to correctly assign the right tracks to the right

vertex in order to understand what happened in the proton-proton interaction.

3.2.1 Track Reconstruction

Tracks are reconstructed from hits in the inner detector [151-153]. Tracks with a pr greater than
400 MeV and with a lifetime greater than 3 x10~!! s are considered for track reconstruction. There
are two approaches to form tracks:

Inside-out tracking uses hits in the Pixel and scT detector as the seed for the track candidate. Hits
are added to the track candidate moving away from the centre of the detector. This is the
baseline approach to track reconstruction in ATrAs and will be the focus of this section.

Outside-in tracking starts with hits in the TRT as the seed for the track candidate and moves
towards the inner layers of the detector when extending the track candidate.

The seeds of track candidates consist of three hits in the silicon detectors, the pixel and the
scT, translated into three-dimensional space points. There are four types of combinations of space
points depending on how many hits there are in each detector: three hits in either pixel detector
or the scT or one hit in one of the detectors and two hits in the other.

Tracks are reconstructed from the seeds by adding space points following the direction given
by the seed moving away from the collision point. The additional points are chosen by a combin-
atorial Kalman Filter [154]. More than one track candidate can be formed from the same seed.

The same space point can be assigned to more than one track candidate and these ambiguities
in the track reconstruction must be resolved to remove fake tracks. Tracks are assigned a score
depending on their quality. There are three things that can influence the score of a track candidate:
holes, outliers, and hits. Holes are space points where one would expect a hit in the detector, but
none is observed. Outliers are space points assigned to the track candidate which result in a poor
track fit. Both holes and outliers reduce the score. If two track candidates share a hit, then it is
assigned to the track candidate with the highest score. The scores of the two track candidates are
then recalculated and other ambiguities will be resolved until no more remain. The transverse
impact parameter, do, and longitudinal impact parameter, zo, defined in Section 2.2, are measured
from the reconstructed tracks.

For Run-2 operation the track reconstruction was updated to include the newly installed extra
layer of the Pixel detector, the 1B1. The ambiguity solver was re-optimized for Run-2 operation,
as well.

The efficiency of the track reconstruction is defined as the fraction of charged particles origin-
ating from the interaction point with a mean lifetime greater than 3 x 107" s and pr > 400 MeV
and within |n| < 2.5 matched to a reconstructed track. It is measured in a minimum bias simu-
lation sample. Two track selections are defined when evaluating the efficiency: The Default or
Loose allowing for holes in the pixel layers and with at least 7 hits in the silicon detectors, and
the Robust or Tight Primary requiring at least 9 or 11 hits in the silicon detectors depending on
[n| and no holes allowed in the pixel layers.
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Fig. 3.2 - Track reconstruction efficiencies as a function of track pr obtained from simulations with collision
energies of /s = 7 TeV (a) and /s = 13 TeV (b). The efficiencies obtained from the /s = 7 TeV
sample are shown with three pile-up conditions. The figures are taken from Refs. [152, 155].

The track reconstruction efficiency as a function of pr of the track can be seen in Figure 3.2
at two collision energies corresponding to conditions in the 2011 and 2015 operation of the Luc.
It can be seen that the reconstruction efficiency of Robust tracks in Figure 3.2a is similar to
that of the Tight Primary tracks in Figure 3.2b. The effect of multiple interactions per proton
bunch crossing is studied at /s = 7 TeV. The fraction of fake reconstructed tracks increases with
the higher occupancy caused by increased pile-up. However, by applying the Robust or Tight
Primary selection, the fraction of fake reconstructed tracks decrease and no effect of the pile-up

is seen.

3.2.2 Vertex Reconstruction

Primary vertices, i. e. vertices corresponding to a proton-proton interactions, are reconstructed
using a finding-through-fitting procedure [152, 150, 157].

Vertices are reconstructed from tracks with at least 4 hits in the sct, 9 hits in total in the
silicon trackers (pixel and scT), and no holes in the pixel detector. They must have pt > 400 MeV,
|do| < 4 mm and a resolution of the transverse and longitudinal impact parameters of o (dp) <
5 mm and 0(zg) < 10 mm. For the vertex reconstruction of Run-2, additional requirements of at
least 1 hit in the 181 or the first layer of the pixel detector and no more than 1 hole in the sct are
imposed.

The vertex reconstruction is performed in the following five steps:

1. A set of tracks is defined fulfilling the previously described requirements.
2. A seed position of the vertex is found based on the beam spot position.

3. The optimal position of the vertex is found with an iterative fit [158] using the set of tracks
and the seed position of the vertex as input. After a fit is performed, each track is assigned
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Fig. 3.3 - Vertex reconstruction efficiency as a function of number of interactions per bunch crossing at
/S = 7 TeV of vertices reconstructed from Default tracks, Robust tracks, and Robust tracks from
reconstructible interactions (a), and the vertex reconstruction efficiency as a function of tracks associ-
ated to the vertex at 4/s = 13 TeV of vertices reconstructed from Robust tracks from reconstructible
interactions (b). The figures are taken from Refs. [152, 157].

a weight corresponding to the compatibility of the track with the position of the vertex. The
optimal position of the vertex is re-fitted using the weighted set of tracks as input.

4. Once the position of the vertex is determined, the tracks incompatible with the reconstructed
vertex are removed and can be used to find another vertex.

5. The reconstruction is performed again with the remaining tracks of the event.

The vertex reconstruction efficiency calculated as the fraction of vertices formed by at least
two tracks which are matched to an interaction as a function of the number of interactions per
bunch crossing in a minimum bias sample generated at /s = 7 TeV is shown in Figure 3.3a.
The low efficiency of ~ 80% is caused by interactions with low particle multiplicity and low-
momentum tracks. If instead a vertex is required to have at least two reconstructible interactions,
i.e. two particles with pr > 400 MeV and |n| < 2.5, the efficiency at low u increases to ~ 90%.
The efficiency of vertex reconstruction with reconstructible interactions decreases from 90% to
60% with an increasing number of interactions per bunch crossing. The vertex reconstruction
efficiency calculated for vertices with at least two tracks with pt > 400 MeV and |5| < 2.5as a
function of the number of tracks in simulation and data sample with low- at /s = 13 TeV are
shown in Figure 3.3b. In order to have > 99% efficiency, at least four tracks should be associated
to the vertex.

3.3 Jets

Single strongly interacting particles cannot be observed directly. Due to colour confinement, the
particles will screen off their colour charge by radiating other strongly interacting particles that
will fragment and hadronise. A single quark or gluon will therefore result in a collimated spray
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of hadrons. A collection of hadrons originating from a quark or a gluon or single hadrons, e. g.
pions, originating from decays of unstable particles form showers in the hadronic calorimeter
commonly referred to as jets. The jets are stopped in the hadronic calorimeter and their energies
are measured.

The basis for calorimeter jet reconstruction are three-dimensional clusters of energy deposits
in the calorimeter. The clusters are formed from topologically connected calorimeter cells using
the cell-signal significance defined as the energy deposit in a cell divided by the average expected
noise as input [159]. The average expected noise is estimated for each year of 1Hc operation as it
depends on the pile-up as well as electronic noise from the calorimeter and has therefore been
updated to Run-2 conditions [160].

Once the topological clusters in the calorimeter are defined, the jets can be reconstructed
using a sequential recombination algorithm which combines clusters hierarchically based on the
distance parameter [161]:

i —yj)* + (B — ;)
R? ’
where R and p are constants of the algorithm, and pr;, y;, and ¢; are the transverse momentum,

. 2 2
dij = mm(pTip, pTﬁ) X (3.1)

rapidity, and azimuthal angle of a cluster, i. The minimal distance between two clusters, d;;, is
calculated and the two clusters are combined if d;; is smaller than the distance from one of the
clusters to the beam, d;p = p%{-’ .If d;; > d;p then cluster i is considered a jet, is removed from
the list of clusters, and the minimal distances are re-calculated. This is done until there are no
more clusters left.

The most commonly used jet reconstruction algorithm within ATrAs is the anti-k; algorithm [161]
with R = 0.4. The anti-k; algorithm is characterised by the choice of p = —1 and orders the
clusters according to inverse pr which ensures that low-energy clusters are merged with high
energy clusters before they merge with each other. If instead, the low energy clusters were merged
with each other first, then it could lead to fake energetic jets. The anti-k; algorithm is performed
using the FasTJET software package [162, 163]. After jets are reconstructed in the calorimeter,
tracks are associated to them [164].

To suppress jets not originating from the primary vertex of interest, information about the
tracks associated to the jet can be used. Especially the jet vertex fraction (JVF) can discriminate
between jets originating from the primary vertex of interest or jets originating from other ver-
tices [165]. The JVF of a jet is defined as the fraction of the scalar sum of the pr of tracks from
a chosen primary vertex compared to the total > pr of the jet. Jets originating from pile-up, i.e.
not the chosen primary vertex, will have a low JVF, while jets that are originating from the chosen
primary vertex will have JVF = 1. Jets without any associated tracks are given a JVF-value of —1.

3.3.1 Jet Energy Calibration

The energy of topological clusters used in the jet finding algorithm is reconstructed assuming
that the shower is produced through electromagnetic (Em) interactions [166]. The energy of the
cells in the topological clusters is calibrated using a local cell signal weights (Lcw) method that
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Fig. 3.4 - The jet calibration scheme used to correct the energy of the jets. The figure is taken from Ref. [166].

corrects the energy of the hadronic showers before the jets are formed. The 1cw method divides
showers into electromagnetic showers and hadronic showers based on the shower depth and
energy density. The energy of hadronic showers is then corrected using factors obtained from
Monte Carlo simulation samples of charged and neutral pions.

The jet energy scale (JES) calibration aiming at calibrating the reconstructed jet energy to
the truth energy of the jet obtained in Monte Carlo samples, consists of four steps illustrated in
Figure 3.4 [160, 1606, 167]. It is performed on either M or Lcw corrected clusters. First the energy
of the jet is corrected for effects originating from both in-time and out-of-time pile-up causing
additional energy deposits in the calorimeter. The pile-up correction is derived from Monte Carlo
samples. Then the origin of the jet is corrected to point to the primary vertex rather than the
centre of the at1as detector. The origin correction does not influence the energy of the jet. Next
the energy of the jets is corrected using the inverse average jet response function, 1/, obtained

from simulations:

EM(LCW
1/$EM(LCW) — Ejt;?th E'jet ( )7 (32)
where E™ is the energy of the truth jet matched to a reconstructed jet, and E EMLEW) ¢ the

Jet jet
EM or Lcw corrected energy of a reconstructed jet. The pseudo-rapidity of the jets are calibrated

in a similar fashion. Finally, a data-driven residual correction is performed in-situ to account for
differences between data and Monte Carlo simulations using the balance between the transverse
momentum of a jet and well-calibrated processes such as leptonic Z decays, y, and multijet events.
The resolution of the jet energy is estimated from in-situ comparisons of data to Monte Carlo
simulations using the balance of the transverse momentums of di-jet events [168]. The same
techniques are used in jet energy scale calibration and jet energy resolution estimation during
Run-1 and Run-2.

The systematic uncertainty on the jet energy scale calibration and the jet energy resolution are
among the dominant experimental uncertainties in searches for squarks and gluinos in events
with jets and missing transverse momentum. They are derived by systematically varying the
selection criteria used in the comparisons of data to Monte Carlo and by studying the effect of
alternative Monte Carlo generators used in the calibration procedure [166, 168]. The combined
uncertainties of the jet energy scale and the jet energy resolution are shown in Figure 3.5. For
jets with a low prt of ~ 20 GeV, the uncertainty on the jet energy scale is 5.5% in 2012 and 6.5%
in 2015 while the uncertainty on the jet energy resolution is 2.5% in 2012 and 4% in 2015. The
uncertainties on the jet energy scale and resolution decrease as a function of pt until the a jet-pr
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Fig. 3.5 - Fractional uncertainty as a function of the p of the jet of the jet energy scale (JES) (a) and jet energy
resolution (JER) (b) in 2012 (light blue) and 2015 (green). The figures are taken from Refs. [160].

of 2 TeV is reached and the uncertainty on the jet energy scale increases again as there are no
dedicated methods for estimating the resolution at that energy scale.

3.3.2 Flavour Tagging

Jets originating from b-quarks are of special interest as they form the dominant final state of
Higgs boson and top quark decays.

The b-quark can decay either to a ¢-quark or to a u-quark. Both decays are suppressed by
the CKM matrix resulting in a mean lifetime of a b-quark of approximately 1.5 ps. A b-quark
with pt = 50 GeV will therefore have a sizable mean free path length and can travel ~ 3 mm in
the transverse direction before it decays. Jets originating from b-quarks (b-jets) can therefore be
identified by reconstructing the displaced vertex and by studying the impact parameters of tracks;
the jet can be b-tagged.

The b-tagging algorithm employed in ATLAsS is based on a multivariate discriminant obtained
using Boosted Decision Trees (BDTs). The inputs to the BpT are the pr and 5 of the jet and the
output of three basic algorithms: the impact parameter based algorithm (IP2D and IP3D) [169)],
the secondary vertex finder algorithm (SV) [170], and the decay chain multi-vertex algorithm
(JetFitter) [171].

The IP2D and IP3D algorithms use a log-likehood ratio discriminant based on the signed
impact parameters. The sign of an impact parameter is positive if the point of closest approach
to the primary vertex is in front of the vertex with respect to the direction of the jet and negative
if it is behind. A b-jet is expected to travel away from the primary vertex before it decays resulting
in positive impact parameters. IP2D uses only the transverse impact parameter, while IP3D uses
both the transverse and longitudinal impact parameters as input.

The secondary vertex algorithm aims at reconstructing displaced, secondary vertices from
tracks not identified as originating from decays of long-lived particles, photon conversion or
hadronic interaction with the matter of the detector.
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Fig. 3.6 - The b-tag efficiency versus the light-flavour jet rejection (a) and c-jet rejection (b) of the b-tagging
algorithm used during Run-1 (blue) and the algorithm optimised for Run-2 (red). In the lower panel
a direct comparison between the performances of Mv1 and Mv2c20 is shown. The figures are taken
from Ref. [173].

The JetFitter algorithm distinguishes jet originating from b-quarks from jets originating from
light-flavoured quarks and c-quarks by studying the topological substructure of the jet.

Precise knowledge of the position of the primary vertex is important. The precision increases
with the number of associated tracks. For each bunch crossing, the primary vertex with the highest
scalar Y p? is chosen for b-tagging.

During Run-1 a b-tagging algorithm, mv1 [r72], was optimised to identify b-jets and reject
light-flavoured and c-jets. With the installation of the 181 during the long shutdown between
2013 and 2013, the vertex resolution improved. A new b-tagging algorithm, Mmv2c2o0 [173], was
optimised including a more refined track selection and the improved vertex resolution.

The performance of the b-tagging algorithms are measured in a ¢7 sample. The b-tag efficiency
versus the light-flavour and c-jets of the mv1 and Mv2c20 can be seen in Figure 3.0. It is clearly
seen that the Run-2 algorithm performs better than algorithm used in Run-1. This is mainly
attributed to the increased vertex resolution as a result of the installation of the 181. For a 77%
b-tag efficiency, the light-flavour rejection has improved by a factor of 4 while and the rejection
of c-jets has improved by 40%.

3.4 Electrons and Photons

Both electrons and photons are expected to create showers contained only in the electromagnetic
calorimeter. They result in similar detector responses in the electromagnetic calorimeter. However,
electrons are expected to have one track associated with an energy deposit in the calorimeter, while
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photons can either be converted through interaction with the material of the detector (y — eTe™)

resulting in associated tracks or unconverted where no tracks are associated to an energy deposit.

3.4.1 Electrons

Electrons in the central region of the detector (|n| < 2.47) are reconstructed from cluster seeds
in the electromagnetic calorimeter [174, 175]. The calorimeter is divided into towers in An x A¢
corresponding to its granularity with a size of 0.025 x 0.025. The energy deposit within a tower
is summed and form the basis for identifying cluster seeds. Cluster seeds are found using a
sliding window algorithm [176] with a size of 3 x 5 towers and a threshold transverse energy of
2.5 GeV. A dleaning is performed isolating the seed clusters. A region of interest with a size of
AR = /(An)? + (A$)? = 0.3 around the cluster is defined and tracks with pr > 1 GeV found
within the region of interest are matched to the cluster. An electron candidate must have at least
one track associated to the energy deposit in the cluster. If more than one track is matched with
the cluster, tracks with hits in the silicon detectors have higher priority. The track with the smallest
distance to the centre of the cluster is chosen. Electrons in the forward regions (|| > 2.47) are
only measured in the calorimeter and are indistinguishable from photons. They are not used
in any of the analyses presented in this thesis and are therefore not discussed any further. The
reconstruction efficiency of electrons in the central part of the detector is found to be at least 85%.

The energy of the electron candidate is calibrated in several steps [177]. The calibration in-
cludes calibration of the energy deposit in each of the layers of the calorimeter, Monte Carlo
based response calibration of the clusters, and corrections due to variations in specific detector
regions not included in the simulation. Finally, the electrons are calibrated using well-modeled
Z — ete™ events from data and simulations. The energy calibration is validated with other
processes.

Unfortunately, not all reconstructed electrons are true, prompt electrons, but rather jets
passing the electron reconstruction or electrons originating from either photon conversion or
heavy flavour hadron decays. A dedicated electron identification is therefore needed. The electron
identification is based on variables sensitive to the longitudinal and transverse shape of the shower
in the calorimeter, the properties of the tracks, and the matching of the tracks to the cluster [174,
175, 178].

During Run-1, both a sequential cut-based and multivariate likelihood-based (LH) identific-
ation were developed [174, 175], while for Run-2 only the multivariate 11 identification was re-
optimised [178]. Only the 11 identification will be discussed further. Three 11 selections are
defined: Loose, Medium, and Tight. As the tightness increases, background-rejection is improved
while the electron identification efficiency is lower. The Loose selection is specialised in rejecting
light-flavoured jets, while in the Medium and Tight selections additional variables are included
in order to reject electrons from converted photons or heavy flavour hadronic decays.

The total efficiency of detecting an electron with the ATLAS experiment is written as a product
of different components [175]:

€total = €Reco X €ID X €Trigger X €others (3-3)
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where eReco is the electron reconstruction efficiency, €p is the identification efficiency of recon-
structed electrons, eryigger is the efficiency of the electron triggers with respect to reconstructed
and identified electrons, and eqer is the effect of additional requirements of the electron such as
isolation criteria. The total efficiency is measuredin Z — eTe™ and J/ ¥ — eTe™ events from
data and Monte Carlo simulations using a tag-and-probe method, where one electron is “tagged”
using strict cuts and the efficiency is measured on the other, “probed” electron.

The results of the electron efficiency measurements as a function of Et and 7 can be seen in
Figure 3.7. It is seen that the efficiency varies depending on whether the electron is identified as
Loose, Medium or Tight. The efficiency has increased with ~ 2% in 2015 compared to 2012. The
efficiency increases with higher transverse energies resulting in an efficiency of Tight electrons
with a pr > 90 GeV of 88% in 2012 and 90% in 2015. The efficiency is almost constant as
a function of n with dips where the two parts of the barrel region are joined (n = 0), at the
transition from barrel to end-cap region (n = +1.5), and at the most forward part of the end-cap
region (n = £2.5). The ~ 5% difference between data and Monte Carlo simulations is due to
known mis-modeling of showers and tracks and is corrected for by applying scale factors to the

simulation samples.

3.4.2 Photons

Photon reconstruction [179, 180] follows a procedure similar to the electron reconstruction.
Photon reconstruction is seeded from energy deposits in clusters of cells in the electromagnetic
calorimeter found with the same method used for electron reconstruction. Once the clusters are
defined, tracks from the inner detector are matched to the cluster. If tracks associated to a cluster
are found to originate from a conversion vertex where a photon has split into an electron-positron
pair then a converted photon is reconstructed. Conversion vertices are vertices in the 1D typically
with two oppositely charged tracks emerging in parallel from the vertex or with a single track
where energy deposited in the calorimeter is much larger than the momentum of the track. If no
tracks are associated to a cluster in the calorimeter, the cluster is reconstructed as an unconverted
photon. The efficiency of reconstructing prompt photons originating from the primary vertex with
Et > 25 GeV is estimated to be 96%. The remaining 4% are incorrectly identified as electrons.

The energy of the photons are measured in clusters with a size depending on whether the
photon is converted or not'. The energy of the photon is calibrated using the same procedure
used in the electron energy calibration [177].

The set of reconstructed photons consists of the prompt photons of interest, i. e. the ones
originating from the primary vertex, and background photons originating from jets. The shower
of prompt photons is typically narrow and contained in the electromagnetic calorimeter with
limited leakage into the hadronic calorimeter. The shape of the shower in the electromagnetic
calorimeter and the leakage into the hadronic calorimeter are therefore used for prompt photon
identification [179]. Two sets of cut-based selections are defined: Loose and Tight. The Loose
selection is based solely on shower shape and energy deposit in the hadronic calorimeter, while the

! A converted photon is expected to have a broader energy deposit due to the opening angle between the electron and the
positron.
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Fig. 3.7 - The electron reconstruction and identification efficiency as a function of transverse energy ((a) and
(c)) and of n ((b) and (d)) using the three 11 based identification selections in 2012 ((a) and (b)) and

(d)

2015 ((c) and (d)). The figures are taken from Refs. [175, 178].

Tight selection includes information from the first layer of the ecar providing good rejection of

neutral hadrons decaying into photons, 7% — yy. The Loose and Tight selections are optimised

in seven 7-bins. The identified photons must fulfill an isolation criterion: the transverse energy

in a cone of size AR = 0.4 around the identified photon, Ei°, must not exceed 4 GeV.
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Fig. 3.8 - The photon identification efficiency as a function of transverse energy of unconverted (a) and con-
verted (b) photons within 0 < || < 0.6 measured with uncorrected simulations (blue), simulations
corrected to data (red), and data collected in 2012 (black). The figures are taken from Ref. [180].

The efficiency of the photon identification is measured as the fraction of isolated photons
fulfilling the Tight identification requirements compared to the total number of isolated photons.
The efficiency is obtained from three methods each optimised for a window of photon energy [179].
The efficiency was measured to be 50-65% and 45-55% for unconverted and converted photons,
respectively, at ET > 10 GeV increasing to 95-100% for both converted and unconverted photons
at a transverse energy larger than 100 GeV. The efficiency of the identification of converted and
unconverted photons as a function of transverse energy is shown in Figure 3.8.

3.5 Muons

Muons are not stopped by the calorimeters and will reach the muon spectrometer. They are
reconstructed from tracks in the inner detector (1p) and muon spectrometer (ms) [181-183]. Tracks
are first reconstructed independently in the inner detector and in the muon spectrometer before
they are combined into a full muon reconstruction. There are four types of reconstructions defined
for muons traversing the ATLAs detector.

Combined (CB) muons are reconstructed using tracks obtained from a global fit combining the
1D tracks and the ms tracks. Most muons are reconstructed using an outside-in approach
where the Ms tracks are extrapolated to the 1D for matching. An inside-out approach seeded

from 1D tracks is used for complementarity.

Segment-tagged (ST) muons are reconstructed from an 10 track matched to a track segment in
the Mms, i.e. hits in one layer of the Ms are required. Segment-tagged muons have either a
low-pr or fall in a part of the Ms with limited acceptance.

Calorimeter-tagged (CT) muons are reconstructed by matching a track in the 1D to deposits in the
calorimeter compatible with a minimum-ionizing particle. The CT muons have low purity,
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but can regain efficiency in regions where the Ms does not cover, i. e. around n = 0 where

the two parts of the barrel region are joined.

Stand-alone (SA) muons (or Extrapolated (ME) muons) are reconstructed from a ms track extra-
polated to the interaction point. The SA muons are targeting muons in the forward region
(2.5 < |n| < 2.7) where the inner detector does not cover.

Two algorithms were developed for muon reconstruction during Run-1 [r70]. Chain 1 is based
on a statistical combination of 1p and ms tracks, while Chain 2 is based on a global refit of the
hits in the inner detector and the muon spectrometer. A third chain was defined combining the
methods of Chain 1 and Chain 2. The three chains were found to show similar performance, and
Chain 3 is used in the Run-2 muon reconstruction [183].

During Run-1, selection criteria on the quality of the muon track based on the minimum
number of hits and maximum number of holes were applied to identify muons [182].

For Run-2, a dedicated prompt muon identification algorithm was optimised to select muons
produced in the hard scattering and suppress muons formed inside hadronic jets [183]. The tracks
entering the muon identification have to fulfill a set of quality cuts. The identification is based
on the difference between the charge-to-momentum ratio, ¢/ p, measured in 10 and Ms divided
by the combined uncertainty on g/ p, the difference between the pr measured in 1p and ms
divided by the pr of the combined track, and the quality of the fit of the combined track. Four
identification selections are defined: Loose, Medium, Tight, and High- pt. The Medium selection is
the default for Run-2. Loose muon identification is optimised to recover identification efficiency
in the crack region of the muon spectrometer (|| < 0.1). The Tight muon selection results in
higher purity, but lower signal efficiency. The High- pr muon selection is optimised for a better
momentum resolution of muons with pt > 100 GeV. The identification efficiency is measured
using a 17 sample is found to be above 95% for Medium muon identification.

The reconstruction efficiency of high-pr muons is measured using a high-purity sample
of Z — ptu~ events and of low-pr muons using a sample of J/W — pt ™ events with a
tag-and-probe method in both data and simulations. The resulting efficiencies can be seen in
Figure 3.9. As it can be seen, the efficiencies found in data and Monte Carlo simulations are not
identical. Scale factors defined in n and pt-bins are used to correct the simulation samples to the
efficiencies measured in data.

The momentum and the momentum resolution of reconstructed muons in the Monte Carlo
simulations are calibrated to data [182, 183]. High-purity data samples of Y — putpu~, J/¥ —
utp=,and Z — putpu~ events are used to calculate the muon momentum scale and the muon

momentum resolution factors.

3.6 Taus

The tau lepton is the heaviest lepton and it decays rapidly after production due to its high mass
of 1.776 GeV [12]. It is the only lepton heavy enough to decay into both leptons and hadrons.
The branching fraction of taus into hadronic final states is ~ 65%. The electrons or muons
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Fig. 3.9 - The muon reconstruction efficiency as a function of 7 obtained with data (filled) and Monte Carlo
simulations (hollow) with 20.3 fb™! at /s = 8 TeV collected in 2012 (a) and 3.2 fb ! at /s =
13 TeV collected 2015 (b). The figures are taken from Refs. [182, 183].

originating from tau decays are almost indistinguishable from electron and muons originating
from the hard scattering and are therefore reconstructed and identified as such. Hadronic tau
decays are characterised by the number of prongs, i. e. the number of charged particles in the final
state. The visible part of hadronically decaying taus (referred to simply as taus in the remainder
of this chapter) bears great similarity to hadronic jets originating from quarks or gluons.

The basis for tau reconstruction [184, 185] is formed by rcw calibrated jets with pt > 10 GeV
and falling within || < 2.5. In order to reduce the effect of pile-up, a tau vertex is reconstructed
using all tracks with pt > 1 GeV in a region of AR < 0.2 around the tau candidate. The tau vertex
is used to estimate the direction of flight of the tau, the tracks associated to the tau, and to define
the origin of the coordinate system from which the variables used in the tau identification are
calculated. Tracks are associated to the tau candidate if they fulfill quality requirements, are found
within AR < 0.2 with pr > 1 GeV of the cluster in the calorimeter, and originate from the tau
vertex. The majority of 1-prong taus is expected to have one associated track while the majority of
3-prong taus is expected to have three associated tracks.

Some reconstructed taus are fake originating from either electrons or jets from quarks and
gluons. A dedicated tau identification is needed. Two separate identification selections are optim-
ised to discriminate between either strongly produced jets or electrons faking 1-prong taus.

The discrimination against strongly produced jets is based on a set of variables using inform-
ation of the cluster in the calorimeter and the associated tracks in the core of the reconstructed
tau and in an isolation cone of 0.2 < AR < 0.4 [184, 185]. Tracks from taus are expected to be
collimated and isolated and the substructure of the energy deposit of a tau in the calorimeter,
e.g. the number of and the energy deposited by neutral pions, differs from that of a strongly
produced jet. A multivariate discriminant is optimised using BDTs trained independently for 1-

63



64

PARTICLE IDENTIFICATION AND RECONSTRUCTION

S > 10— T T
tE' 104§ T T T 3 g Kp, =20 GeV <o+ 1-prong
% Y .- 1-track ] :g R —=— 3-prong
E_‘g 10° —= 3-track = s
5 E" 3 5 102 sy _
2 r .. Tau identification ek
5 Fo B £ [ N
R AR 20 GeV<p,<40GeV, Ini<25 g I
o E E ® t
@ Fo T 3 1]
E D N S - Ué 105’ -
£ 10 ATLAS . = - f .
E E| [ ATLAS Simulation
[ Data2012, (s=8TeV | [ Preliminary
1 Il Il | | | | :\ | 1 | n n n | L L 1 L L L
01 02 03 04 05 06 07 08 09 1 0.4 0.6 0.8 1
Signal Efficiency Signal efficiency
(@) (b)

Fig. 3.10 - Signal efficiency versus inverse QCD-jet mis-tagging efficiency of the BpT discriminant optimised
for identification of taus with 20 GeV < pr < 40 GeV in 2012 (a) and with pt > 15 GeV in 2015
(b). The Loose, Medium, and Tight tau identification working points are indicated with red circles
(1-prong) and triangles (3-prong). The curves from 2012 show the combined reconstruction and
identification efficiency while the curves from 2015 show only the identification efficiency. The
figures are taken from Refs. [184, 185].

prong and 3-prong taus. Minor adjustments were done to the set of variables used in the 8pT
for the re-optimisation of jet discrimination in Run-2. Three working points are defined: Loose,
Medium, and Tight. The performance of the BpT identification in 2012 and 2015 along with the
three working points is shown for 1-prong and 3-prong taus in Figure 3.10. It should be noted that
the efficiency from 2012 includes both reconstruction and identification efficiencies while the
efficiency from 2015 only shows the efficiency of the identification. The combined reconstruction
and identification efficiency in 2015 of Loose, Medium, and Tight taus is 45%, 55%, and 60% for
1-prong taus and 30%, 40%, and 50% for 3-prong taus.

The discriminant against strongly produced jets does not provide a good discrimination
between electrons faking 1-prong taus and real taus. Another discriminant is therefore optimised
to reject electrons reconstructed as taus [184, 185]. The majority of final states of true, 1-prong taus
consists of neutral pions and a single charged pion. The discriminant is exploiting the different
transition radiation of electrons and charged pions measured in the TrT. A working point at 95%
signal efficiency is provided.

The energy deposit in the calorimeter is calibrated with the Lcw method described in Sec-
tion 3.3.1. An additional energy calibration is performed extracting the tau energy scale by com-
paring the true visible energy of the tau to the reconstructed energy using a tag-and-probe method
ina Z — tT ¢~ simulation sample [184, 185].

3.7 Missing Transverse Momentum

Particles that only interact weakly such as neutrinos or the hypothetical lightest neutralino of R-
parity conserving supersymmetry will typically traverse the aATrAs detector without any interaction



3.7 MISSING TRANSVERSE MOMENTUM

thus leaving the detector without being measured directly. The transverse energy of such escaping
particles can however be measured indirectly through an imbalance in the transverse momentum
of identified particles.

The momentum and energy in the transverse plane prior to the collision is zero and should
remain zero due to energy and momentum conservation after the collision. The calorimeter based
missing transverse momentum, ETS, is reconstructed from the vectorial sum of the calibrated
momentum of all objects as well as a soft-term contribution [186]. The x- and y components of

E%liss is calculated as:
miss __ z-miss,e miss,y miss,T miss,jets miss, (L miss,soft
Exy = Exy” +Exy” + Exy” + Exy™ + Exy™ + Exym (3-4)

where each term is the negative vectorial sum of the momentum of the calibrated objects passing
requirements on their pr. The soft-term can be estimated both from deposits in the calorimeter
and tracks. During Run-1, the soft term of the I was reconstructed based on topoclusters in
the calorimeters not associated to any reconstructed particles [187], while the soft-term of the E1iss
reconstruction in Run-2 is estimated from tracks combined with information about hard objects
in the calorimeter [188]. Once the x- and y-coordinates of the missing transverse momentum
have been reconstructed, the total missing transverse momentum is calculated as:

Er}niss _ \/(E?iSS)z + (Egliss)zl (3-5)

Another missing transverse momentum variable can be reconstructed solely from the momentum
of tracks ignoring the energy deposits in the calorimeter caused by neutral particles. The track
based EMSS is not used in the analyses presented in this thesis.

The missing transverse momentum is sensitive to the occurrence of multiple proton interac-
tion per bunch crossing where tracks or objects might not be associated to the right vertex. This
will lead to a mis-measurement of the missing transverse momentum.

During Run-, the effect of pile-up coming from jets was suppressed using the jet vertex
fraction discussed in Section 3.3. Any jet with pt < 50 GeV not satisfying JVF > 0 was disregarded
in the EMM-calculation. Two methods are defined to suppress pile-up effects on the soft-term
of the EF}“"SS: the soft track vertex fraction and the jet area method [187]. For Run-2, the pile-up
suppression with jet vertex fraction was replaced by a jet vertex tagger (JVT) [190]. In Run-2,
the soft-term calculated from tracks combined with the measurement of hard objects in the
calorimeter was found to be less sensitive to pile-up than the calorimeter based soft-term used in
Run-1 [188]. The agreement of EMSS between data and simulation after pile-up suppression in
a W — ev sample can be seen in Figure 3.11. The discrepancies can be explained by the lack of
QCD mulitjets samples in the simulations that are expected to contribute at low values of EMiss,

The resolution of EXSS depends on the scalar sum of the transverse energy in an event, 3 E.
It is estimated in using both events without any genuine EMS e.g. Z — Ty, and in events
containing neutrinos, e.g. W — ev [187, 189]. The resolution of E}?f;s as a function of ) Et of
various processes is shown in Figure 3.12. The resolution of EJ"$* was very similar for all samples
before pile-up suppression. The pile-up suppression decreased the E}“iss resolution of some of
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Fig. 3.11 - Distributions of ES in a sample of W — ev events after pile-up suppression (STVF) with data
collected in 2012 at o/s = 8 TéV (a) and with the soft-term calculated from tracks (TST) with data
collected in 2015 at 4/s = 13 TeV (b). The figures are taken from Refs. [187, 189].
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Fig. 3.12 - The resolution of the x- and y-components of E/* after pile-up suppression. The figure on the

left (a) shows the resolution of several models estimated from Monte Carlo simulations (MC) in
2012. The figure on the right (b) shows the resolutions obtained with Z — ™ simulations
and data collected in 2015. The figures are taken from Refs. [187, 189)].

the samples, but not of the samples of #7-production and the supersymmetric model as shown
in Figure 3.12a. As the pile-up suppression mostly affects the soft term which is not expected
to contribute significantly to the missing transverse momentum the ¢7-sample and the sample
of the supersymmetric model, the EIS resolution is not affected. The expected and observed
resolution of EM in 2015 shown in Figure 3.12b are slightly higher than in 2012.

The uncertainties on the missing transverse momentum scale and resolution are influenced
by the uncertainties on all the objects that enter into the calculation in Eq. 3.4. The sources of
uncertainty include the energy scale and resolutions of all the hard objects as well as uncertainties
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on the soft term. The uncertainties caused by the soft-term account for a ~ 5% uncertainty on

both the scale and resolution of the missing transverse momentum [187].






Analysis Method

Many searches for supersymmetry at the ruc follow similar patterns. The goal is to select events
with topologies typical for SUSY models with specific sparticles production and decay. Due to the
rich event topology of the Standard Model, a background of SM processes is present in the events
selected to enhance the SUSY signal. A vital task in these searches is thus a correct estimate of
the SM background processes.

This chapter contains a description of the common traits in the analysis method used in
inclusive searches for squarks and gluinos in events without leptons at three different collision
energies, /s = 8,13, and 14 TeV, included in this thesis.

4.1 Analysis Overview

The searches presented in this thesis are all performed in signal regions. These are kinematic
regions in phase space where one expects that signal will be enhanced and background processes
suppressed. Particle collisions are probabilistic in nature; searches and measurement are therefore
performed on an ensemble of collisions. Typically, one looks for traits in the signal that are not
present in the background. However, one can very rarely reject the entire background and there
will still be background processes that can mimic the signal.

Estimating the contribution from the Standard Model background processes in signal regions
is vital. The estimate of the contribution from major backgrounds is found in control regions
designed to be enriched by a specific type of background. The background processes are normal-
ised in control regions using a combined likelihood fit and the number of events coming from
backgrounds in signal regions is estimated using transfer functions (TF) that transfer the estim-
ate from control regions to signal regions. The likelihood fit is needed to correctly estimate the
uncertainty on the background estimates taking into account eventual correlations of the sources
of uncertainty. The robustness of the background estimate is tested in validation regions.

After the background estimate is validated, the number of observed events in the signal region
is compared to the estimated number of events from background. An excess of observed events
would hint to physics beyond the Standard Model and a discovery fit is performed to find the
significance of the excess. If no excesses are seen, then there are no hints of physics beyond the
Standard Model and an exclusion fit is performed. Both model-independent limits on the visible
cross section and model-dependent limits in SUSY phase space are performed.
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Fig. 4.1 - Anoverview of a SUSY analysis. Backgrounds are estimated in control regions using a normalisation
factors obtained from the likelihood fit. The estimated number of background events in signal
and validation regions are found through transfer functions (TF). Discovery and exclusion fits are
performed after the background estimates have been validated.

All the parts of the analysis are discussed in detail in the remainder of this chapter. A schematic
overview of the analysis is shown in Figure 4.1.

4.2 Signal Regions

Signal regions (SRs) are, as the name suggest, a set of event selection criteria where the con-
tribution from SUSY signal is enhanced and the Standard Model background contribution is
reduced.

The SUSY models used in searches are often simplified models with only two free parameters,
which are typically the masses of SUSY particles. Combinations of values of the free parameters
are simulated as each combination is in itself a specific model. The combinations form a grid in
the parameter space. A schematic illustration of a parameter grid is shown in Figure 4.2. Each
point corresponds to one simulated set of parameter settings in the SUSY model, e. g. the mass
of the produced sparticle versus the mass of the LSP.

The event topology depends on the sparticles that are produced, how they decay and the
masses of the SUSY particles. A simplified model with squark pair-production and direct decay,
G —qX ?, as described in Section 1.4.3, will lead to events with two jets and missing transverse
momentum due to the escape of the LSP. However, the energy of the jets and the size of the missing
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Fig. 4.2 - A sketch of a signal grid with two free parameters. The two parameters are typically the mass of the
produced sparticle and the mass of the LSP.

transverse momentum depend on the mass difference of the squarks and the LSP. A longer decay
chain can lead to events with many jets, leptons, and missing transverse momentum in the final
state. In a single search, multiple signal regions are defined to cover the mass-parameter space
of various models.

The signal regions can either be orthogonal or inclusive. Orthogonal signal regions are mutu-
ally exclusive while inclusive signal regions can have overlaps resulting in the same event entering
several regions. Orthogonal signal regions have the advantage that they can all be combined into
one fit for every point, whereas for the inclusive signal regions one signal region is fitted at a time.
Orthogonal signal regions require a larger data-sample as each signal region must be populated
to ensure the stability of the fit. This is why inclusive signal regions are chosen for the analyses
presented in this thesis.

Signal regions can either be single or multiple binned. Using a single binned signal region
reduces the analysis to a cut-and-count analysis not depending on the exact shape of the variables
defining the signal region. A multi binned signal region depends on the shapes of one or more
variables. All the analyses presented in this thesis make use of single binned signal regions.

4.2.1 Signal Sensitive Variables

A set of variables that can be used to distinguish between background and signal is used for
defining the signal regions. The cuts on the various variables are varied to find the optimal signal
regions. A description of the variables used in defining signal regions in the search for SUSY
without leptons is provided here.

Number of jets: The number of jets expected from signal depends on the final state and therefore
on the decay mode of the pair-produced sparticles. Gluino decays will in general result in a
larger number of jets than squark decays.

Al
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Energy of the jets: The energy of the jets depends on the masses of the SUSY particles in the
model. The energy of the jets will be small if the mass of the produced sparticle is close to
the mass of the LSP - the model point is said to be compressed. A larger mass difference
will lead to more energetic jets.

Missing transverse momentum: The missing transverse moment, E*, is the measure of the
momentum imbalance in the transverse plane of the detector. It is used to estimate the
energy of the particles that otherwise leave no trace in the detector, such as neutrinos.
The lightest supersymmetric particle will only interact weakly similarly to the neutrino’s

interaction and will therefore leave the detector unnoticed.

AP min(jets, ErT"iSS): The minimal azimuthal angle between jets and E}“iss, A¢min(jets, E%‘iss), is
used to discriminate between signal and background originating from QCD multi-jets
events. Events originating from the SUSY signal tend not to have the E'S pointing in the
same direction as the jets, whereas the E2S and one of the jets will be more aligned in the
QCD multijet background because of a mis-measurement of the energy of a jet.

Aplanarity: Aplanarity is an event-shape variable distinguishing spherical event topologies from
planar and linear events. Standard Model particles originating from the decay of heavy
particles (~ 1 TeV) tend to be collimated resulting in a more linear event shape. Aplanarity
is defined as 4 = %A 3, where A3 is the smallest eigenvalue of the sphericity tensor [191].

Effective Mass: The effective mass is a measure of the energy-“activity” in an event. It is defined
as the scalar sum of the missing transverse momentum and the transverse momentum of
the jets [192]:

Rijets

mer = [PV + EPS, (4.1)
i=1

where njes is the number of jets and | ﬁp(r’ )| is the size of the transverse momentum vector
of the i jet. The effective mass is found to correlate well with the effective SUSY mass

scale defined as [193]:

2
eff My
Mgysy = | Msusy — Msosy ) (4-2)

where M, is the mass of the lightest supersymmetric particle, and Msysy is a SUSY mass
scale weighted by the individual SUSY-particle production cross section. A scatter plot of
mefr and Msegsy for msuGra/cMssM [61-03] is seen in Figure 4.3 with the effective mass
denoted as Mcg. The correlation is worse for the MSSM due to the larger number of free

parameters.

The effective mass can either be calculated for all jets above an energy-threshold, me¢r(incl.),
or for a specific jet multiplicity, meg(Nj).
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Fig. 4.3 - A scatter plot of the effective mass, My, and the effective SUSY mass scale, MM, for mSUGRA.
The figure is taken from Reference [193].

Missing transverse momentum significance: The missing transverse momentum significance is
defined as EM*/\/Hr, where Hr is the jet-activity in an event (Ht = ijz“ b 131? ) ). The
EJ"$-significance is a measure of the size of the missing transverse momentum compared
to the resolution of the hadronic energy in the event quantified by +/Hr. The missing
transverse momentum significance can be used to distinguish events with real E* (high
value of EMSS/ /Hr) from events with fake EIN* (low value of EM//Hr). Especially
the signal from SUSY models with direct squark decays is enhanced by a lower cut on this

variable.

E%’iss /mefr(Nj): The fraction of mer(Nj) represented by E%‘iss is greater for some signal models
than the SM background. Especially signal models containing pair-production of high-mass
gluinos have a high EMS /m.(Nj)-value.

Other variables such as the razor variables [194], stransverse mass (mT2) [195], con-transverse
mass (mcr) [196], and a [197], have also been studied. They were found not to give a significant
improvement in separation between signal and background in the analyses presented in this

thesis and are therefore not used in the definitions of signal regions.

4.2.2 Optimisation Strategies

Signal regions can be optimised following two strategies. The SRs are either optimised for the
best discovery potential or they are optimised to set the strongest exclusion limits. The different
optimisations will lead to different event selections as signal regions optimised for discovery
potential tend to have harder cuts than signal regions optimised for exclusion. In this section, the
two strategies will be introduced.

Optimising for Discovery Potential

Obviously, when searching for physics beyond the Standard Model such as supersymmetry, a
discovery is the ultimate goal. Signal regions are therefore optimised for the greatest discovery
potential the first time a dataset is studied.

Studying the discovery potential is equivalent to studying the rejection of the background-only
(null) hypothesis, Hy, where the number of events coming from Standard Model processes alone
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p-value
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Fig. 4.4 - Relation between p-value and significance when observing #,, obs. The figure is taken from Refer-
ence [198].

is compatible with the observed number of events. Let f(x|Hp) be the probability density function
of the number of events x given the background only hypothesis. When observing a number of
events different from the expected, there is a possibility that it is a fluctuation. The compatibility
of an observation, xqps, with the expected outcome from the hypothesis can be quantified by the
p-value. The p-value measures the probability of measuring x,ps or something more extreme
under a hypothesis, H,. The p-value of the background-only hypothesis is defined as

po = S (x[Ho)dx, (4-3)

Xobs
if large values of x corresponds to poor compatibility. A low p-value is interpreted as a bad agree-
ment between the hypothesis and the observation, whereas a high-value is corresponding to a
good agreement. To decide whether a hypothesis is in agreement with observation or not a lower
limit on the p-value, ¢, is chosen, so that the observation is in a critical region given the hypothesis
if p<a.
The p-value can be translated into a significance of the fluctuation, Z, defined as the number

of standard deviations corresponding to the p-value. It is given as

Z=o7'1-p). (4-4)

where @ is the cumulative distribution of a gaussian distribution. The relation between the p-value
and the significance, Z, is shown in Figure 4.4. The evidence of physics beyond the Standard
Model is by convention defined to be at Z > 3 corresponding to a 30 deviation, whereas an
observation or discovery is defined by Z > 5 corresponding to a p-value of 2.87 x 107,

When optimising signal regions for discovery potential, the goal is to reject the background-
only hypothesis given an observation of both background and signal. Assume that after a selection
we expect b events on average from the background-only hypothesis, Hy, and s events on average
from the signal. The significance of the observation of xops = 5 + b events with the expected
number of events b is calculated using Equation 4.4.

Combinations of the variables described in Section 4.2.1 and cut-values are varied and the
significance on each choice of cuts is calculated for all signal points in the SUSY signal grid. A
signal region is chosen to cover a group of signal points representing a specific region of the
parameter space, e. g. the mass difference between the produced SUSY particle and the LSP.
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Optimising for Best Exclusion

If a dataset has been studied with signal regions optimised for best discovery reach and the yields
in the signal regions are compatible with the Standard Model-only hypothesis, then the signal
regions can be re-optimised to gain better exclusion limits.

The statistical test to evaluate the exclusion power is different from the significance used to
evaluate discovery potential. Instead of rejecting the background-only hypothesis, Hy, given an
observation of the expected number of signal and background events, the goal has switched to
rejecting the hypothesis of the presence of both signal and background, Hj, given an observation
equal to the expected number of background events.

There is an uncertainty related to any measurement. Even if the number of observed events
is identical to the number of events expected from the background-only hypothesis there is room
for a signal as long as it is small enough to be covered by the uncertainties on the measurement.
This places an upper limit on the size of the signal.

In order not to place too strong limits and reject hypotheses to which there are no real sensi-
tivity, when for example a fluctuation in data results in fewer observed events than expected from
the background hypothesis, the CLg-method [199] is used. The measure, CLy, is defined as

CL, = P1 ’
1—=po
where po is the p-value of the background-only hypothesis, Hy, given in Eq. 4.3, and p; is the

(4-5)

p-value of the signal hypothesis, Hj, given by:

o
p= S(x|Hy)dx. (4-6)

Xobs
A signal model is excluded at 95% confidence level (CL) if CLy < 0.05. An upper limit can be
placed on the number of signal events by varying the signal strength in the signal hypothesis

until CLy reaches o0.05. The expected excluded number of signal events for a certain integrated
expected
excluded*

When optimising signal regions for best exclusion power, the best signal region is found by

luminosity can be interpreted as an expected excluded cross section, o

minimising the ratio
| ot

B O nominal ' “47)

where 0 pominal is the nominal cross section of the tested SUSY model. Again combinations of

the variables described in Section 4.2.1 and cut-values are explored in all points in the parameter-

space and A is calculated for each combination in each point. The combinations resulting in the

lowest value of A for a larger part of the parameter space are chosen as the signal regions with

the greatest exclusion power.
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Fig. 4.5 - A sketch of a signal region with multiple control and validation regions. The signal region is defined
Dby cuts on variable 1 and 2. Both cuts are reverted to define the control regions, while only one is
reverted to define the validation regions.

4.3 Background Estimation

A vital part in searches for physics beyond the Standard Model is a reliable estimate of the Standard
Model background processes. Three methods are used in the background estimation - simulation
only, semi data-driven, and completely data-driven.

The smallest backgrounds are estimated using Monte Carlo simulations alone, while the
major backgrounds are estimated using either completely or semi data-driven methods. Both
data-driven methods make use of control regions.

4.3.1 Control Regions and Transfer Factors

Control regions (CR) are kinematic regions of phase space orthogonal to the signal regions,
i.e. no event is present in both signal and control regions. Control regions are chosen to be as
kinematically close to the signal regions as possible. This is typically done by inverting one or two
of the signal region cuts as illustrated by the sketch in Figure 4.5. A control region is designed
to be enriched in one of the Standard Model background processes. One signal region can have
multiple control regions for different background processes. Control regions belonging to the

same signal region are orthogonal.
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The number of background events in a signal region is estimated using transfer functions
from the control region to the signal region. It is assumed that for a given Standard Model
background process the ratio of the number of events in the signal region and the number of
events in the control region is the same for the simulated (expected) events as for the events
observed in data:

obs,process exp,process
Ng N,

R _ SR
Nobs,process - Nexp,process’ (48)
CR CR

where N;(’bs/ CXPPIOCESS is the observed/expected number events in region X of a specific back-
ground process. The transfer function (TFcr—sRr) of a control region is found from this assump-
tion by re-arranging the terms

N SXPsprocess

est,process __ »,0bs,process SR __ a70bs,process
Ngg = Ncg oo Neg x TFCR—> SR, (4.9)
CR

where N;:]s{,process is the estimated number of events in the signal region arising from a specific
background process. There will be a transfer function for each control region estimating one
specific background process. This procedure allows for the simulation to not get the individual
event count in the various regions correct, but assumes that the ratio of the yield in the control
region to the yield in the signal region is correct in the simulation. This assumption is validated
in the validation regions.

Rather than using transfer functions in the background, Eq. 4.9 is re-ordered to show the
normalisation of the background process in the control region:

Nobs,process

est,process __ €xp,process CR _ €xp,process
Ngr = Ngr X N SXpoprocess. = Neg X [process- (4.10)
CR

The normalisation factor, fiprocess, provides information on how correctly the simulation predicts
the observed event yield of a given process. If u & 1, the expected number of events agree well
with the number of events observed in data. The normalisation factor is used in the background
fit.

A control region for a specific process will still contain events arising from other background
processes. This cross-contamination needs to be taken into account in the background fit to the
control regions.

By ensuring that the events in the control regions are kinematically close to the events that
enter into the signal, some uncertainties will cancel in the transfer functions reducing the total
uncertainty on the background estimation.

The expected number of events of a background process in both signal and control regions
is calculated from simulations in a semi data-driven technique for background estimation. For
a completely data-driven background estimation, the input for the expected number of events
of a background process is based on a sample obtained using data-driven techniques. This is
especially important in order to estimate the multijet background since the cross section is large
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and simulations are known not to describe the process well. The data-driven multijet background
template is obtained using the jet smearing method where an event with low EI is selected
and the energy of the jets are smeared to obtained fake Efrniss. This is described in detail in
Section 5.6.2.

When performing an analysis, the signal regions are blinded, i. e. the data in the signal region

is not studied, until the background estimates are validated and found reliable.

4.3.2 Validation Regions

In order to test the robustness of the estimate of the Standard Model backgrounds in the signal
regions, the background estimation techniques both from simulation and data are validated in
dedicated validation regions (VR).

The validation regions are defined by reverting one of the two or more cuts that were used
to define the control regions based on the signal region selection. A sketch of the definition of
validation regions is shown in Figure 4.5, where either the cut on variable 1 or variable 2 is reverted
to define two validation regions.

The background estimates are validated by computing the transfer functions from the control
regions into the validation regions similarly to the transfer functions calculated for signal regions.
The total estimated number of events in a validation region is found by adding the estimates of
all the processes

exp,process
est obs,process NVRp’p
N Nqp” b

VR = CR X Epprocess - (4.11)
processes CR
It is tested that a negligible amount of events originating from the signal enter into the validation
regions.

If a big disagreement between the expected and observed number of events is found in a
validation region, the signal regions are not unblinded and further studies are done to understand
the origin of the disagreement. Only when the observed number of events in all validation regions
are found to agree with expectation, the signal regions are unblinded and it is seen whether
physics beyond the Standard Model has been discovered.

4.4 Statistical Procedure

The ultimate goal of a SUSY analysis is to discover physics beyond the Standard Model. To do that
a method to quantify the significance of an eventual excess is needed. If no excesses are observed,
the results of a SUSY analysis are upper limits on visible production cross sections of physics
beyond the Standard Model and exclusions of specific SUSY models.

In total there are three types of fits relevant for a search for supersymmetry:

Background-only fit: The background only fit is done to estimate the number of events in signal
regions arising from Standard Model processes. The background-only fit uses a profile
likelihood function.
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Discovery fit: In case an excess is observed, the discovery fit will determine the significance of the
excess over the Standard Model background. The discovery fit uses a profile log-likehood

ratio.

Exclusion fit: If no excesses are found, the result of the analysis will be reported as upper limits
on the visible signal cross section of physics beyond the Standard Model obtained through
an exclusion fit. The exclusion fit uses a profile log-likehood ratio.

All three types of fits are built on similar likelihood-functions.
The fits are performed using the Histfitter package [200] relying on Histfactory [201] which
is a tool in the RooStats/RooFit frameworks [202, 203] based on ROOT [204, 205]. A thorough

description of the statistical procedure is given in Reference [206].

4.4.1 Likelihood Function

The likelihood function is defined for each signal region and is a product of Poisson distributions
of both the signal region and the corresponding control regions and probability density functions
constraining the systematic uncertainties:

Lnlp.s.b.0)=[] Piuili(n.s.5.0) [ G®©9.6)). (4-12)
i €[SR,CRs] jelsul
where n; is the observed number of events in region i, 4; is the expected number of events in
region i, and SU is the collection of sources of systematic uncertainties. G(@;.), 6;) are Gaussian
distributions constraining each systematic, 6, with a mean of 0 and a width of 1. The effect of
the systematic uncertainties on the expected number of events is described by functions included
in A;. The fit is performed by a maximum likelihood method. Due to technicalities, the negative
logarithm of the likelihood function is minimised.
The expected number of events in a region, 7, is given by:

Ai (iosinb,0) = s si(0) + > juj-bji(0), (4.13)
J

where j is the sum over all the background processes, and s;(f) and b ; () are the expected
number of signal and background events, respectively, in region i taken from simulation including
the effect of the systematic uncertainty. uy is the signal strength with g = 1 corresponding to
the un-normalised, expected yield of the signal. 11 ; is the normalisation of background process j
obtained from the control region fit. For background processes estimated solely from simulation,

the normalisation factor, i, is one.
The expected number of background events from process j in region i, b;; (#), included
in Equation 4.13 takes into account the effect of the systematic uncertainties, 8. The expected

number of background events of a given process in region R can be written as:

MC,process
bprocess,R = NR x |1+ E Aprocess,R;kek ’ (4.14)
k
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where Apcess, R;k 18 the size of the systematic uncertainty. It is defined likewise for the expected
number of signal events, s; ().

The sources of systematic uncertainties include uncertainties coming from the resolution of
the detector, uncertainties on the modeling in the simulation used for the background samples,
and the uncertainties arising from the limited statistics of the simulation samples.

4.4.2 Background-only Fit

The background-only fit is used to get an estimate of the number of events expected from Standard
Model processes in the signal regions. It is done by maximising the likelihood function defined
in Equation 4.12 through normalisation of the backgrounds in the control regions using the
normalisation factors fprocess introduced in Equations 4.12 and 4.13 as free parameters. The
Poisson distribution describing the signal region is not included in the likelihood function for
this fit and it is assumed that no signal enter any of the control regions, i. e.the signal strength,
s, is zero. The fit is performed simultaneously in all control regions to take into account the
cross-contaminations of the different backgrounds in the various control regions. The input for
the fit is the number of observed events in each control region and the expected number of events
of each background process in each region.

After the fit is performed and the optimal normalisation factors are found, one for each
background estimated through a semi or completely data-driven technique, the expected number
of events from backgrounds in signal and validation regions are estimated using Equation 4.14.

4.4.3 Discovery Potential and Best Exclusion

Once the background is estimated in the control regions, it is time to test whether any physics
beyond the Standard Model has shown itself or the result of the analysis is an upper limit on the
number of signal events that can enter the signal region.

A discovery fit is performed in each signal region to test the agreement of the observed
number of events with a background only-hypothesis, it is thus assumed that there is no signal,
i.e. s = 0. If no excess is observed, an exclusion fit is performed assuming ug # 0. For both
discovery and exclusion fit, the signal region is included in the likelihood function defined in
Equation 4.12. For the model-independent fit, it is assumed that there is no signal contamination
in the control regions.

The test statistics used in estimating the discovery potential or the limits, is constructed from

a log-likelihood ratio:

L(n,0%us.b.6

)
A =2In| —"~
(4is) L(n.0%5.5.0)

(4-15)
where the single-hatted symbols maximise the likelihood and the double-hatted symbols are the
best fitted values given a specific signal strength ji5. If the best fitted value of the signal strength,
[is, is found to be negative it is put to zero, iy = 0.
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If a test of discovery is performed, it is assumed that the existence of physics beyond the
Standard Model will lead to an increase in the observed events in the signal regions. Fewer events
than what is expected from the backgrounds will lead to a negative signal strength which is
regarded as unphysical. The test statistics for a discovery is therefore defined as

do = A©O) if fis = 0, (4.16)
0 if fis < 0.
The discovery test is a test of the agreement of the background-only hypothesis with the observed
excess, the signal strength is therefore zero.
If instead a hypothesis for physics beyond the Standard Model with signal strength s # 0
is tested for exclusion, the test statistics is defined as

du = Aps) if fls < ps. (4.7)
0 if fis > ws.
The test statistics is defined such that it is not possible to exclude a model with smaller signal
strength than the best fitted value, fi;.

There is a difference in the definition of the test statistics designed for discovery and exclusion:
the test statistics for discovery disfavours a downward fluctuation of the data whereas the test
statistics for exclusion disfavours an upward fluctuation in data.

The (in-)compatibility of the observation with the hypothesis is quantified by the p-value
already discussed in Section 4.2.2

Pu = /q faulwdqu. (4-18)

M ,0bs

where f (g, |p) is the probability density function of the test statistic, ¢, given a signal strength,
w. In most cases, no simple analytical function of f(g,,|ut) exists. The probability density function
can either be approximated with an asymptotic function, an Asimov dataset [198], if many events
are observed or through toy simulations if a signal region is populated by few events (< 20). Both
methods are used when setting upper limits.

For a discovery fit, po is calculated and thereafter translated into a significance, Z, using
Equation 4.4. As mentioned earlier, the convention in high energy physics is that there is evidence
at Z > 3 and discovery at Z > 5.

In order not to set too strong limits due to fewer observed events than expected from background-
only, the p;-value is not used for exclusion. Instead the CLs-method [199], introduced in Sec-
tion 4.2.2 and defined in Equation 4.5, is used. A signal hypothesis is excluded at 95% confidence
level if CLg < 0.05. For upper limits on the visible cross section, the signal strength is varied until
condition for exclusion (CLy < 0.05) is met. CL; is a conservative estimator, i. e. CLy over-covers.
CLs can only be used for exclusions and not for discoveries or measurements as it is not a real
probability.

&1
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Fig. 4.6 - A sketch of a model-dependent exclusion limit. The red dots are excluded at 95% confidence level,
the purple dots are not excluded. The grey area is the excluded part of the parameter space.

4.4.4 Model-dependent Limits

Aside from the model-independent upper limit per signal region on the visible cross section for
physics beyond the Standard Model, model-dependent limits are set on the parameter space of
specific models of supersymmetry or other beyond the Standard Model theories.

The exclusion fit performed for model-dependent limits takes into account eventual leakage
of signal into the control regions from simulation. Before the observed number of events in
a signal region is included in the fit, the expected limit is found by calculating CL; in each
parameter point for each signal region from simulation. The signal region yielding the lowest
expected CLg-value is chosen to form the best expected limit and the same signal region is used
for that parameter point when finding the observed limit. This ensures that there is no bias of a
downward fluctuation in the observed number of events in a signal region. After the best signal
region for each parameter point is determined, the CL;-value is calculated. A point is excluded
if CLg < 0.05. If that requirement is not fulfilled, the point cannot be excluded. The excluded
area of the parameter space is found by triangular interpolation between the points. Figure 4.6
illustrates how an excluded area in a SUSY parameter space typically looks. The red points are
excluded and the grey area is the entire excluded region obtained through triangulation.

Even more interesting than the exclusion limit on the simplified models are the upper limits
on the cross section calculated per point. :

N = oot X Lint X €, (4.19)

where oy is the sparticle production cross section, and ¢ is the reconstruction efficiency times
acceptance of the point. The upper limit on the number of signal events in a signal region obtained
using the model-independent exclusion fit can be used to place an upper limit on the production
cross section.
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Upper limits on simplified models can furthermore be interpreted in larger SUSY mod-

els [207]. This is done by decomposing the larger model into a set of sparticle productions and
decays that is described using simplified models. The expected number of events in a given signal
region of a larger SUSY model decomposed into simplified models will then be:

N = 0ot X Lint X Z € X P x Br; |, (4.20)
i€[SM]
where i is the sum over simplified models (SM) into which the SUSY model has been decomposed,
€; is the reconstruction efficiency times acceptance of the simplified model in the given signal
region, P; the production fraction of the simplified model compared to the total cross section, and
Br; is the branching fraction in the larger SUSY model of the decay included in the simplified
model.

8






Searching for Squarks and Gluinos
at /s = 8 TeV

In this chapter a search for supersymmetry in events with jets and missing transverse momentum
at /s = 8 TeV using [ Ldt = 20 fb™! data collected by the ATLAs experiment is presented. This
analysis is very powerful in the search for R-parity conserving SUSY models with light first and
second generation squarks as well as light gluinos all producing final states containing jets and
EMiss The empbhasis in this chapter is on the search for left-handed squark-pair production in a
phenomenological MSSM (pMSSM) model and optimising signal regions for this specific SUSY
scenario. Limits on other SUSY models sensitive to this final state are presented as well.

The analysis is built on the method described in Chapter 4 using one-binned signal regions.
For each signal region a set of control and validation regions is defined.

The search for supersymmetry in events with jets and missing transverse momentum is
published in Ref. [1] and the updated analysis with new signal regions optimised for a pMSSM
model with left-handed squark-pair production is published in Ref. [2].

5.1 SUSY Models

Three sets of SUSY models are considered in this chapter: simplified models with squark and
gluino production and decay, a R-parity conserving msuGra/cMssM model, and a pMSSM
model with left-handed squark-pair production. Descriptions of the simplified models and the
msuGRA/cMssM model are given in this section as well as a more extensive review of the pMSSM
model with left-handed squark-pair production.

5.1.1  Simplified Models

The concept of simplified models was introduced in Section 1.4.3. Two sets of simplified models
are studied in this analysis: simplified models with direct decays of squarks and gluinos, and
simplified models with a one-step decays of squarks and gluinos through X 1i .

Sketches of the production and decay of squarks and gluinos in models with direct decays,
G —qX ? or g — qgxX ?, are shown in Figure 5.1. )?(1) is assumed to be the lightest supersymmetric
particle (LSP). Three models with different production of sparticles are considered, G, §&, and
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(b) (©

Fig. 5.1 - Sketch of squark-pair (a), squark-gluino (b), and gluino-pair (c) production with direct decays into
final states with quarks and two X7.

&8, leading to final states containing two X 9 and two, three, and four quarks, respectively. The free
parameters in the simplified models with direct decays are the mass of the squark or the gluino
and the mass of 71. In the model with G g-production, the mass of the squark is a little bit lower
than the mass of the gluino, mz = 0.96 x mz motivated by studies of compressed supersymmetry
where the mass difference between sparticles is small [208, 209]. The mass of X ? is bound to be
smaller than the mass of the squark or gluino since the squark and gluino decays would not be
possible, and ¥ ? would not be the LSP.

Two models with one-step decays are considered, squark-pair production and gluino-pair
production. The one-step decays go through a intermediate chargino, § — ¢’ )Nfli —q W1 or
g—qq Zli — qq’ Wi)?(l), leading to final states containing quarks, X ?, and the decay product
of W bosons. Sketches of the production and one-step decays of squarks and gluinos are shown
in Figure 5.2. There are two sets of free parameters in these models: either both the mass of the
squark or the gluino and the mass of bit 1 are varied and m _ + is fixed tom .+ = (mg z +m ~o) /2
or the mass of the squark or the gluino and the relation X = = [m e ~?] /lmg,s — ~?] are
varied and mass of the LSP is fixed to m ®= 60 GeV.

In the simplified models with §§ production, the gluino is assumed to be beyond the reach
of production at the LHG, i. e. decoupled (mg = 4.5 TeV), while in model with & production, the
squarks are assumed to be decoupled (mz = 4.5 TeV).

The cross sections of all the simplified models are calculated at NLO+NLL using NLLFAST [2T0—
214]. In the models with squark-pair production, the cross sections are calculated assuming the
first two generations of squarks to be mass degenerate. By scaling the cross section by 1/8, the
sensitivity to models with only one light squark can be studied.

5.1.2 MSUGRA[/CMSSM

msuGRA/cMssM models have as described in Section 1.4.3 five free parameters, mg, my;, tan 8,
Ap, and the sign of p. In the model used in this analysis R-parity is assumed to be conserved.
The values of mo, and my, are varied freely while the values of the remaining parameters are
fixed: tan B = 30, A9 = —2my, and p > 0. The values are chosen such that the lightest Higgs
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(@) (b)

Fig. 5.2 - Sketch of squark-pair (a) and gluino-pair (b) production with one-step decays through fli into final
states with quarks, W bosons, and two X .

boson will have a mass of ~ 125 GeV in agreement with the observation by the aATrAs and cMms
experiments.

The masses of the sparticles at the TeV-scale are calculated from the parameters using Susy-
HIT [215] interfaced with SoFTsusy [216] and the branching fractions of the decays of sparticles
are calculated using Susy-HIT [215] interfaced with SDEcAY [217]. The masses of all the sparticles,
both sfermions and bosinos, depend on the value of m;/, whereas it is mostly the masses of the
sfermions that are sensitive to the value of mq. For high values of m;/, and low values of m,
squark-pair production is the dominant production mode. If instead the values of mg are high,
the masses of the squarks will increase and production of gauginos will dominate. The dominant
decay mode of squarks and gluinos are direct decays, § — q)?(l) and § — qgx ?, though other
decays are possible as well.

The production cross sections of the various sparticles are calculated using ProspinNo [218].

Each process is weighted by the corresponding cross section.

5.1.3 A pMSSM Model with Left-handed Squark-pair Production

The third supersymmetric model studied in this chapter is a pMSSM model where g -pairs are
produced and immediately decay through many different decay chains. Left-handed squark-pair
production is chosen to allow for one-step decays through X 1i and X (2) which are both wino-like
and do therefore not couple to right-handed squarks. The set of pMSSM models is as described
in Section 1.4.3 a subset of the MSSM reducing the set of free parameters from 105 to 19.

The parameters are chosen such that the right-handed sfermions and the third generation
squarks are decoupled and thus only left-handed squarks of the first two generations can be
produced. The gluino mass is fixed at ~ 2.2 TeV through the parameter M3, while the chargino
and neutrinalino masses as well as the higgsino mixing are left to vary by varying M;, M, and
w. The ratio of the Higgs vacuum expectation values (tan §), the mass of the pseudoscalar Higgs
boson (m 4), and the trilinear couplings (Ap, 4;, and A;) are fixed. The parameters are chosen
such that the lightest Higgs boson, /¢, has a mass of ~ 125 GeV which is in agreement with the
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Parameter Value

mg, [250 GeV - 1550 GeV]
Mip =Mz, =mp =Mgy 5 TeV

My, =M, =mg =mp =mg, 5TeV

M [1 GeV — 1200 GeV]
M, [100 GeV — 1500 GeV]
M3 2 TeV

7 [950 GeV — 2700 GeV]
tan B 4

myq 2 TeV

Ag 4.5 TeV

Ap 0 GeV

Aq 0 GeV

Table 5.1 - The pMSSM parameter values for the g -pair production.

measured mass of the recently discovered Higgs boson. Furthermore, the lightest Higgs boson
is expected to have branching fractions identical to those of the Standard Model Higgs boson. A
summary of the parameters and their values is given in Table 5.1.

The pMSSM parameter describing the mass of the left-handed squarks is varied in steps of
100 GeV from 250 GeV t0 1550 GeV. Two different parameter scans of the bino and wino mass para-
meters, Mq and M>, are studied. One scan where the bino mass parameter is fixed to M1 = 60 GeV,
and the wino mass is varied independently in steps of 100 GeV. In the other parameter scan, both
M; and M, are varied, however they are constrained by the relation M, = [M; + mg L] /2.

The masses of the SUSY particles are heavily correlated with the pMSSM parameters. The
mass spectrum is calculated using Susy-HIT [215] interfaced with SoFTsusy [216]. The masses
of the left-handed squarks are ~ 400 GeV larger than the pMSSM parameter mg, as is seen
from the comparison in Figure 5.3. The mixing of bino, wino, and higgsino fields form the
massive gauginos. The mass of the lightest neutralino, m 2 is almost identical to the pMSSM
parameter M; thus making the LSP bino-like. The mass of the chargino, m oz, and second lightest
neutralino, m 7 are both close in value to M, and therefore mostly wino. The heavier chargino
and neutralinos have masses close to the u-parameter. The correlation of the gaugino masses
with the pMSSM parameters show that there is very little mixing of the bino, wino, and higgsino
fields. The mass of the gluino is ~ 2.2 TeéV compared to the pMSSM parameter M3 = 2 TeV.

Cross Section of Left-handed Squark-pair Production
As only the left-handed squarks are light enough to be produced, the main production will happen

in a ¢-channel diagram by exchange of a gluino resulting in a dominant production of 7§, or
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Fig. 5.3 - Correlation of the pMSSM parameter m;, and the physical mass of a left-handed squark in the
PMSSM model considered.
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Fig. 5.4 - Sketch of ¢ 1 -pair production through exchange of a gluino. The two decays shown are the dominant
decays of left-handed squarks in the pMSSM parameter scan.

Grdr, pairs compared to §z Gz -pair production. In Figure 5.4, the production of left-handed
squarks through a 7-channel is shown together with the two dominant decay modes of G .

If the gluino mass is changed, the cross section changes as well, but the kinematics of the
events remain the same. This is checked by generating samples of ¢ -pair production with three
gluino masses, mgz = 1.6 TeV, 2.2 TeV, and 3.0 TeV. The kinematics of events generated with
different gluino masses are compared. The comparison of distributions produced with different
gluino masses in four variables is shown in Figure 5.5. It is seen that the shape of the distributions

are comparable, differing only due to statistical fluctuations. By simply rescaling the sample of G -

pair production generated with a gluino mass of 2.2 TeV to the cross section of G -pair production
with a different gluino mass, it is possible to study the sensitivity of a model with another gluino

mass.
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Fig. 5.5 - Distributions of EM(a), pr of the leading jet (b), Hr (c), and megr (d) of G -pair production with
different gluino mass, mz = 1.6 TéV, 2.2 TeV, and 3.0 TeV. The samples are created at truth level.

The cross sections are calculated using ProspiNo [218]. Due to a technicality, the cross
section cannot be computed for left-handed squarks alone. Instead the cross section is calculated
assuming the masses of the left-handed and right-handed squarks are degenerate and low. To
obtain the final cross section for production of only left-handed squarks, the cross section of the
sum of left- and right-handed squark-pair production is divided by 2.

Decays of Left-handed Squarks

There are several decay modes of the left-handed squarks available in this pMSSM model. The
branching fractions and decay modes depend on the pMSSM parameters. However, most of
the parameter combinations studied here have very similar branching fractions of 7 . All the
branching fractions are calculated using SusyH1T [215] interfaced with SpECAY [217].

The most frequent decay of §, is into X 1j: and a quark, G;, — ¢'X ft , with a branching fraction
of ~ 65%. Another dominating decay mode of gy, is into a quark and 7(2, qr — q)?(z) with a
branching fraction of ~ 33%. The left-handed squark can decay directly to a quark and an LSP, X e
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mg, =950 GeV mg, = 1350 GeV

PMSSM Parameters M = 400 GeV My = 60 GeV
M, = 675 GeV M, =700 GeV

Squark Decays

gL — qi) 2.1% 2.0%

gL — g% 32.6% 32.6%

gL — ¢'7E 65.2% 65.4%

Chargino Decays

i wER 100% 100%

Neutralino Decays

Bz 6.7% 34.2%

75— nil 93.3% 65.8%

Table 5.2 - Branching fractions of left-handed squarks, )?1:‘: ,and )?(2) for two choices of pMSSM parameters.
The branching fractions are calculated using SusyHIT [215].

as well, but the branching fraction of this decay is not very large (~ 2%). The branching fractions
of left-handed squarks for two choices of pMSSM parameters are shown in Table 5.2.

The gauginos, X 1i and 73, are unstable and will decay immediately. The chargino, X {J': , will
only decay into a W ¥ boson and )?? with a 100% branching fraction. The second neutralino, X 3,
can decay into a 71 and either a Z boson or a Higgs boson. The decay of 73 into a h-boson is
favoured with a branching fraction of at least ~ 65%, however the branching fractions of the X 9
decays depend on the pMSSM parameter. In Table 5.2, the decay modes and branching fractions
of ¥ 1i and 19 are shown for two sets of PMSSM parameters.

The final state produced by the decay of left-handed squarks contains jets originating from
quarks, EIMS originating from 71, and the decay products of W+, Z, and h. Since the branching
fractions of W, Z, and h into quarks are dominant, it is expected that an analysis with events
containing jets and E%‘iss, but no leptons will be sensitive to this model.

5.2 Standard Model Background Processes

There are several Standard Model processes that can mimic our signal which is characterised by
jets and EIMsS. Some of the backgrounds arise from mis-identification of particles or imprecise
measurement of their energy, while other backgrounds truly have a final state identical to that of
the signal.

There are five Standard Model backgrounds expected to contribute when selecting events with
EMiss jets and no leptons: 17+(EW) and single-top, Z/y*+jets, W% iets, diboson production,

and multijet events from the strong interaction.
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5.2.1 Top Background

If a (anti-)top-quark decays leptonically, t — b€y, and the lepton is mis-identified as a jet or the
lepton is not reconstructed as it can be outside the acceptance of the detector, it will lead to events
seemingly containing jets and true EI' from the vy, i.e. a final state similar to the one of the
signal. Another possibility is that the (anti-)top-quark decays to a hadronically decaying tau which
is very similar to a jet. A hadronic decay of a top quark ¢t — bgg’, will not lead to real EI* in
the event. Fake EMS in hadronic top decays can occur when the energy of a jet is mis-measured.
Furthermore, top quarks can be produced together with a Z or W *-boson whose decays can lead
to final states identical to the one chosen for the analysis. Top quarks produced in association
with a Higgs boson are assumed to be a negligible background.

Top quarks can either be produced in top-antitop pairs or as a single top quark. A single top
quark can be produced through a s-channel diagram, a 7-channel diagram or in association with
a W¥ boson.

5.2.2 Electroweak Background

The electroweak background processes relevant for this analysis are Z/y*+jets, W* +jets, and
diboson production.

Z/y*+jets

One of the largest backgrounds is Z(— vv)+jets as this process produces a final state identical to
the one expected from signal. Z/y*(— £{)+jets is a minor background since it doesn’t contain
any true ET and both leptons need to fail identification. Z /y* — rt with hadronically decaying
taus is a background as well, however the branching fraction for that process is much lower than

Z — vv.

W +ets

The main background contribution from W ¥+ jets arise from decay into hadronic taus or leptons.
The leptonic decay will only enter our selection if the lepton is mis-identified as a jet. A W ®-boson
decaying into a tau that subsequently decays into hadrons will create a final state very similar to
the signal selection.

Diboson

Diboson production (ZZ, WW,WZ, Wy, Zy) can produce a final state similar to the one chosen
for the analysis. If a Z decays into neutrinos and a W* or Z decays hadronically, the final state
will contain both jets and true EI* from the neutrinos. Another way of producing a final state
containing jets and EMS is when a W= decays leptonically, but the lepton is not identified.

5.2.3 Multijet Background
The multijet background accounts for jets produced through the strong interaction. This process
has a high cross section, but does not contain any real EI*. Multijet events can only have a

sizeable missing transverse momentum if either a jet is lost in a crack region of the detector or
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if the energy of a jet is not measured correctly. The main source of fake EMS arises from the
second possibility, a mis-measurement of the energy of a jet.

b quarks produced in the proton-proton collision can decay semileptonically into final states
containing a lepton and a neutrino which is a source of real XS, If the lepton is mis-identified
as a jet or falls outside the acceptance of the detector, then the final state will be with jets, E%‘i“,
and no leptons which is identical to the final state of the signal.

The multijet background is the only background process estimated solely from data-driven
techniques as discussed in section 5.6.2.

5.3 Data set and Simulation Samples

A summary of the data set and the generators for the various simulation samples is given in this

section.

5.3.1 Data set

The data sample consists of proton-proton collisions at an energy of /s = 8 TeV collected by the
ATLAS experiment in 2012. The total integrated luminosity of the sample is 21.7 fb™! reduced to
20.3 fb~! after requiring that the entire dataset passed the data quality cuts posed by the Good
Run List (GRL). The GRL is a collection of runs during which all the subdetectors of ATLAS

have been working properly. This analysis relies on many different physics objects (electrons,
miss

muons, photons, jets, and E7"*) and all subsystems must therefore provide data of a good quality.

The uncertainty of the total integrated luminosity has been estimated to +2.8% following the
prescription found in Ref. [219]. The average number of proton interactions per bunch crossing
was 20.7.

5.3.2 Simulation Samples

Simulation samples are used to estimate the number of expected events of both Standard Model
backgrounds and signal models. The samples are simulated productions and decays of certain
particles in pp-collisions at /s = 8 TeV normalised to their production cross section.

Signal Samples

All the samples of simplified models described in Section 5.1.1 are generated with MADGRAPH-

5.0 [139] matched to PYTHIA-6.426 [133] with a parton distribution set (PDF) set from cTEQGLI [37].

The detector simulation is done using the atras fast simulation, ATLFASTII [149].

The msucra/cMssM samples of the model introduced in Section 5.1.2 are simulated using
HERWIGHt [138] and cTEQOGLI [37] as the PDF set. The response of the detector is simulated using
a full simulation of the aTrAs detector described in GEANT4 [148].

The signal sample of the pMSSM model with Gy -pair production as described in Section 5.1.3
are generated with HERwWIG++ [138], and a PDF set from cTEQOGLI [37]. The detector response is
simulated using ATLFASTII [149)].
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Background Samples

All the Standard Model background processes, except for the multijet background, are estimated
either partly or completely from simulations. For the main Standard Model backgrounds, the
effect of the choice of the baseline generator is studied by comparing the baseline sample to a
sample simulated using an alternative generator. The comparison of the baseline and alternative
sample is used as part of the estimate of the theoretical uncertainty of a background process. A
summary of both baseline and alternative generators, their order of oy and level of soft gluon
resummation in cross section calculation, generator tune, and parton distribution function set
used for background sample production is listed in Table 5.3. The background samples are all
generated using GEANT4 for detector simulation.

ti-pairs and single-t Samples

The ¢7-sample is generated with a top mass 0f 172.5 GeV using powHEG interfaced with pyTHIAG
for fragmentation and hadronisation using PERUGIA2011C tunes for the parameters and the NLo
pDF set cr1o. The ti-sample is reweighted in bins of pr due to differences between data and
simulation of differential cross sections observed at /s = 7 TeV [235, 236].The alternative ¢7-
sample is generated with Mc@ N1o interfaced with HERWIG.

The samples of single-t production in s-channel and Wt are generated using MC@NLO
interfaced with HERWIG with cT10 as the pDF set. Samples of single- production in the 7-channel
are generated using AcERMC interfaced with pyTHIAG and cTEQOGLI as the PDF set. No alternative
samples are used for these processes.

Samples of ¢7-pair production in association with production of a Z or a W boson are gener-
ated with MADGRAPH interfaced with PYTH1AG and using cTEQGLI as the PDF set.

Z/y*+ijets, W jets, and y+jets
The Z+jets, W*+jets, and y*+jets samples are simulated using sHERPA and cT10 as the PDF
set. The alternative samples used to study the effect of the generator choice are generated with
ALPGEN interfaced with HERWIG and using the CTEQGLI PDF set.

y-+jets is not a background. However, a control region containing y+jets events is used to

estimate the contribution from Z +jets in signal regions.

Diboson

The diboson samples are generated using sHERPA with ¢TI0 as the pDF set. There are no altern-
ative samples defined for these background processes.

Pile-up Reweighting
Several proton collisions happen simultaneously when two bunches of protons collide in the tuc.
The multiple collisions per bunch crossing are known as pile-up. It is important to include pile-up

in the simulation samples as it affects the reconstruction efficiencies.
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Process Generator Cross section Tune PDF set
+ frag./had. order in o
W +jets SHERPA-1.4.0 [135] NNLO [220] sHERPA default cT10 [36]
W +jets(x) ALPGEN-2.14 [140] + NNLO [220] AUET2B [221] CTEQOGLI [37]
HERWIG-
6.520 [136, 137]
Z]y*+jets SHERPA-1.4.0 [135] NNLO [220] sHERPA default ct10 [36]
Z/y*+ijets(x) ALPGEN-2.14 [140] + NNLO [220] AUET2B [221] CTEQOGLI [37]
HERWIG-
6.520 [136, 137]
y+ijets SHERPA-1.4.0 [135] Lo SHERPA default cT10 [36]
y+ijets(x) ALPGEN-2.14 [140] + LO AUET2B [221] CTEQGLL [37]
HERWIG-
6.520 [136, 137]
tr POWHEG-BOX- NNLO+ PERUGIA2011C cT10 [36]
1.0 [141-143]
+ PYTHIA-6.426 [133] NNLL [222, 223] [224, 225]
11 (%) MC@NL0-4.03 [144— NNLO+ AUET2B [221] c110 [36]
147]
+ HERWIG- NNLL [222, 223]
6.520[136, 137]
Single top
t-channel AcerMC-38 [220] NNLO+ AUET2B [221]  cTEQGLI [37]
+ PYTHIA-6.426 [133] NNLL [227]
s-channel, Wt MC@NL0-4.03 [144— NNLO+ AUET2B [221] ct10 [36]

147]

+ HERWIG-
6.520 [136, 137]

NNLL [228, 229]

t1+EW boson MADGRAPH-5.0[139] NLO [230-232] AUET2B [221] CTEQOGLI [37]
+ PYTHIA-6.426 [133]

Dibosons

WW,WZ,ZZ, SHERPA-1.4.0 [135] NLO [233,234]  sHERPA default c110 [36]

Wy,and Zy

Table 5.3 - Simulation samples of the Standard Model background processes considered in the analysis. Gen-

erators, hard scattering cross section calculation order in otg (Leading Order (ro), Next-to-Leading
Order (NLO), Next-to-Next-to-Leading Order (NNLo)) and the level of soft gluon resummation
(Next-to-Next-to-Leading Log (NNLL)), the tune used for the generation, and the parton distribution

function (pDF) set are stated. Samples denoted with a (x) are used to estimate the uncertainties ori-

ginating from the choice of generator. The Lo cross section of the y 4jets sample is taken directly
from the generator.
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Events in the simulation samples are overlaid with minimum bias events to emulate multiple
proton collisions per bunch crossing. The minimum bias events are generated with PYTHIAS [134],
the AM2 tune [237] and a leading order pDF set, MsTW200810 [34]. The simulation samples are
produced with a certain distribution of the average number of proton collisions per bunch crossing,
(u), ranging from () = 0 to () = 40. However, the samples are produced prior to data taking
when the exact distribution of (i) is not known precisely. The samples are therefore reweighted
to emulate the exact pile-up conditions of the dataset.

The effect of the pile-up is expected to be small in the analysis. Only events with very highly
energetic objects are selected and the effect of pile-up is thereby suppressed.

5.4 Object Definition

Before defining the cuts that will be used to define signal, control and validation regions, it is
important to define the objects (jets, electrons, muons, etc.) that will be used when optimising
the selection criteria. Objects are reconstructed using the methods described in Chapter 3. Two
different selections of electrons and muons are defined, a signal object used in the event selection
for control regions and a baseline object with looser cuts used for removal of overlapping objects
and vetoed in the signal region selection. A summary of the cuts used in the object definition is
given in Table 5.4.

Jets are reconstructed using the anti-k;-algorithm [161] with a distance parameter R = 0.4. The
jets used in the removal of overlapping objects are required to have pr > 20 GéV and to
lie within || < 4.5. The jets entering in the signal region selection have higher cuts on pr.

b-jets are identified using the mv1 b-tagging algorithm based on neural networks [172] at a 70%
efficiency of finding b-quarks in a simulated ¢7 sample and rejecting more than 99% jets
originating from lighter quarks. The identified b-jets are required to have pr > 40 GeV
and lie within |n| < 2.5.

Electrons are reconstructed using tracks and calorimeter clusters [174]. Two selection criteria are
used for electrons, signal and baseline. Baseline electrons are required to have pt > 10 GeV,
lie with |n| < 2.47, and fulfill the Medium electron identification criterion. The signal elec-
trons have tighter cuts: pt > 25 GeV, fulfill Tight electron identification criterion, restric-
tions on the longitudinal and transverse impact parameters with respect to the primary
vertex, and must be isolated, i. e. the transverse momentum arising from tracks around the
electron in a cone of AR = /(An)? + (A¢)% = 0.2 must be less than 10% of the pr of the

electron.

Muons are reconstructed using combination of tracks in the inner detector systems and hits in
the muon spectrometer [181]. The baseline muons must have pr > 10 GeV and be within
[n| < 2.4. Signal muons have tighter requirements: pr > 25 GeV, cuts on the transverse
and longitudinal impact parameters with respect to the primary vertex, and the transverse
momentum of tracks in a cone of AR = 0.2 around the muon must be less than 1.8 GeV.
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Jets Signal
Acceptance pTr > 20 GeVand |n| < 4.5
b-jets Signal
Tagged b-tagged
Acceptance pr > 40 GeVand |n| < 2.5
Electrons Baseline Signal
Acceptance pr > 10 GeVand |n| < 2.47 pr > 25 GeVand |n| < 2.47
Quality Medium Tight
Isolation pOnSAR=02,, 0 010
Primary vertex - |d(];V| < 1mm, |ng| < 2mm
Muons Baseline Signal
Acceptance pr > 10 GeVand || < 2.4 pr > 25 GeVand || < 2.4
Isolation - p%onmAR:m < 1.8 GeV
Primary vertex - |d§v\ < 1 mm, |ng\ < 0.2 mm
Taus Signal
Acceptance pr > 20 GeV and |n| < 2.47
Photons Baseline Signal
Acceptance pr > 130 GeV, || <1.37 and pr > 130 GeV, || < 1.37 and
1.52 < |n| < 2.47 1.52 < |n| < 2.47
Quality Loose Tight
Isolation E%alO’AR=0'4 <4 GeV

Table 5.4 - The cuts used to define jets, b-jets, electrons, muons, taus, and photons. The electrons, muons,
and photons have two sets of cuts, a baseline and a signal cut. The jets, b-jets, and taus only have
one set of cuts.

Taus are not directly used in the analysis as they do not appear in any signal or control region
cuts. They are, however, used in creating validation regions cross-checking the W +jets
and Top background estimates. Taus are identified using a pr-correlated track counting
algorithm described in Ref. [184]. Taus are required to have 1 or 3 tracks, and pr > 20 GeV.
Tau candidates overlapping with electrons or b-jets within AR < 0.2 are discarded. If there
are more than one tau candidate, the one with the highest pr is chosen.

Photons are used in control regions to estimate the Z+jets background. Photon candidates
must pass the following cuts: Tight identification [179], pr > 130 GeV, |n| < 1.37 or
1.52 < |n| < 2.47. They must be isolated such that the transverse energy in the calorimeter
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corrected for noise and pile-up and not coming from the photon candidate is less than
4 GeVin a cone of AR = 0.4 around the photon candidate.

5.4.1 Overlap Removal

The same signal in the detector can occasionally be reconstructed and identified as different
objects such as electrons, muons, and jets. To resolve these conflicts overlapping objects within a
cone are removed until only one remains.

The overlap removal is performed on baseline objects defined in Table 5.4 in the following
order:

1. If a jet and an electron are found within a cone of AR < 0.2, the object is taken as an
electron and the jet is removed.

2. If ajet and a muon are found within AR < 0.4, the object is assumed to be a jet and the

muon is removed.

3. If ajet and an electron are found within 0.2 < AR < 0.4, the object is treated as a jet and

the electron is removed.

In the control region containing photons used to estimate the Z-+jets background, overlap
removal between jets and photons is applied. If a jet and a photon are found within AR < 0.2,
the object is treated as a photon and the jet is discarded.

5.5 Signal Regions
Once the objects in the events are defined, the cuts defining the signal regions can be optimised.
The signal regions are described by a set of cuts optimised for rejecting background and enhancing
signal and thus optimised for discovering or excluding supersymmetry.

The cuts defining the signal regions are divided into two sets: Preselection cuts that are
common for all signal regions, and the signal region selection describing the final optimisation

based on three variables.

5.5.1 Event Preselection

The event preselection is a set of cuts common for all the signal regions. They include trigger,
lepton veto, EMISS, jet pr, and cuts used to reject the multijet background.

Trigger

The trigger used for the signal regions is EF_j80_a4tchad_xe100_tclcw_veryloose which is
unprescaled while applying the lowest cuts on both EI* and the pr of the leading jet. The event
filter level trigger is seeded by the L2 chain L2_j75_c4cchad_xe55 seeded in turn by L1_J50_XE40.
A combined EI and leading jet- prtrigger is chosen since a single trigger on either EMiss
or the pr of the leading jet would lead to a much tighter cut on the triggered element.
EF_j80_a4tchad_xe100_tclcw_veryloose has an online cut on E%“SS 0f 100 GeV and on the
pr of the leading jet of 80 GeV. The online energies are not calibrated and the reconstructed Eiss
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Fig. 5.6 - The efficiency of EF_j80_a4tchad_xe100_tclcw_veryloose as a function of offline EMM'S with five
jet

cuts on the pr of the leading jet (pt > 0 GeV, 50 GeV, 75 GeV, 100 GeV, 125 GeV).

and pr of the leading jet are higher. The trigger is therefore not fully efficient offline by simply
applying the online cuts.

In Figure 5.6, the efficiency of EF_j80_a4tchad_xe100_tclcw_veryloose is shown as a func-
tion of EMS for five cuts on the pr of the leading jet. The efficiency of the trigger depends on
both EM and the pr of the leading jet since the trigger is a combined EMS and jet trigger. It
is seen that the trigger is fully efficient (> 95%) when the pr of the leading jet is above 125 GeV
and the EM™SS is larger than 160 GeV.

Event Cleaning

Fake missing transverse momentum not arising from proton-proton collisions can appear in
the detector. There are three sources of such types of events: non-collision backgrounds such
as cosmic rays or detector noise, problematic parts of the calorimeter where the energy is not
measured properly, or fake muons. These events are rejected by a set of cuts.

Non-collision Background

Events contaminated by non-collision backgrounds arise either from noise in the calorimeter, a
collision between a proton and a gas molecule in the beam pipe, or from highly energetic muons
originating from cosmic rays or the beam halo.

A cut on the number of tracks associated to the primary vertex to be at least 4 is placed to
reject events caused by cosmic rays.

To reject non-collision background events caused by noise in the calorimeter a requirement
on the calorimeter performance must be satisfied or the event is rejected. This cut rejects data
taken at a time around a noise-burst in the LAr or tile calorimeters causing detector activity similar
to the events that would be included by the signal selection.
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Data corruption in the tile calorimeter can lead to cells or clusters with large negative energy,
eventually causing fake missing transverse momentum. Events with clusters or cells with large
negative energy are vetoed.

Jets can be reconstructed from energy deposits in the calorimeter caused by non-collision
background. Any event containing a jet with pr > 20 GeV and failing the “Looser” requirement
described in Ref. [238] is vetoed in order to reject events with jets not originating from the proton
collisions. To further reduce the number of such events, two sets of cuts on the fraction of the pr
of the associated tracks to the total energy of the jet, fch, and the fraction of the energy deposited
in the electromagnetic calorimeter, fom, are applied to the jet with the highest pr: (fen < 0.02
and |n] < 2.0) or (fech < 0.05 and fem > 0.9 and || < 2.0). Events where the leading jet fulfills
these requirements are vetoed. Events where a one of the two most energetic jet is reconstructed
from an out-of-time energy deposit in the calorimeter are vetoed as well. This is done by placing
a cut on the energy-weighted cell time, |(z)|, which must be smaller than 4 ns.

Two cells in the tile calorimeter were found to be “hot”, i. e. they were showing energy deposits
even when there were no particles. Non-collision events caused by the first “hot” cell located at
(n = —0.15, ¢ = 2.7) were vetoed if a jet was pointing towards the region of the “hot” cell and had
a big fraction of its energy deposit in the second layer of the tile calorimeter. To reject non-collision
events caused by the second “hot” cell located at (n = —0.1,¢ = 2.3), events where one of the
leading jets were in the region of the “hot” cell and satisfied requirements on their charged energy
fraction and electromagnetic energy fraction, fon < 0.3 and fem < 0.25, were vetoed.

The number of events originating from non-collision backgrounds after the cuts are applied,
is estimated to be 0.4 in the signal regions with the loosest cuts, and negligible in signal regions
with tighter cuts.

Dead Regions in the Calorimeter

A small fraction (2%) of the cells in the tile calorimeter was found to be dead by the end of Run-1 in
December 2012. Dead cells can lead to a mis-measurement of the missing transverse momentum
if a jet is pointing in the direction of the dead region. The energy of a jet pointing towards a dead
region in the calorimeter can be estimated using shower shape information from simulations
and the energy of the neighbouring cells. The fraction of the correction of the pt of a jet obtained
by this method is called Bjcgz".

Events where a jet with pr > 40 GeV and Bjce‘i" > 5% is pointing to a dead region in the tile
calorimeter and the azimuthal angle between the jetand ET", A¢ (jet, Ef"**), is smaller than 0.3
are vetoed. The effect of this cut on the efficiency of the SUSY signal is estimated from simulation

to be < 1% and is taken into account in the final fit.

Fake Muons

Reconstructed muons not originating from the proton collisions, referred to as “fake muons”,
can cause large fake missing transverse momentum. To reject events with fake muons, two
cuts are applied. Any event containing a baseline muon before overlap removal as described in
Section 5.4 fulfilling o(¢/p)/|q/p| > 0.2 where q and p are the charge and momentum of the
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muon, respectively, is rejected. If a fake muon is causing a mis-measurement of EXSS, then the
E{f‘iss formed by the muon contribution alone, (E{Piss)M”O“, will dominate the total Efrniss. Acutis
therefore posed on (Eiss)Muon / pIniss 5 cog Agp((EMmiss)Muon | pimiss) . 0.5, and events fulfilling

this requirement are rejected.

Lepton Veto

As this analysis targets SUSY models with jets and E in the final state, a veto on events
containing electrons and muons is applied. Events where a baseline electron or muon as defined
in Table 5.4 is present after overlap removal will be rejected.

Efrniss and pr of the Jets

Requirements on ES and the pr of the leading jet are placed by the trigger. In order for the
trigger to be fully efficient the EX*S must be larger than 160 GeV, and the pr of the leading jet
larger than 130 GeV.

To avoid jets coming from other vertices, i. e. originating from simultaneous pile-up collisions,
only jets with pr greater than 40 GeV are considered in the construction of kinematical variables.
In most signal regions a cut of pjTet > 60 GeV is used when counting the number of jets (one
signal region uses jets with pr greater than 40 GeV in calculating the jet multiplicity).

Multijet Background Rejection

Missing transverse momentum in multijet background events is mostly due to mis-measurement
of the energy of a jet. The direction of the EI* is therefore expected to be close to the direction
of the jet whose energy has not been measured correctly.

A cut on the minimal azimuthal angle between E%ﬁss and jets, A¢(jet, E%‘iss)min, is there-
fore applied. A tight cut is applied for signal regions selecting events with at least 2 or 3 jets of
A (jet, EMIsS) i > 0.4 for the 2 or 3 leading jets, respectively, such that if any of the selected
jets are closer in A¢ than 0.4 to the direction of the ET, the event is rejected. Signal regions
requiring a higher jet multiplicity have in addition a cut on A¢(jet, EX5%) i > 0.2 applied to any
jet with pr > 40 GeV apart from the three leading jets.

5.5.2 Signal Region Selection

Signal regions are optimised for different SUSY scenarios described in Section 5.1. Since no
excesses were seen in earlier analyses using the same dataset [239)], the signal regions were optim-
ised for exclusion as described in Section 4.2.2. The optimal signal regions are found by varying
E%niss /~/Hr or E‘T’rliSS /mer(N]), and mege(incl.), all introduced and described in Section 4.2.1. The
inclusive effective mass, mesr(incl.), is calculated from all jets with pt > 40 GeV. A full fit includ-
ing all the systematic uncertainties is performed in the optimisation. The sets of cuts excluding
the biggest part of phase space are chosen as the signal regions.

Based on the optimisation, 17 inclusive signal regions are defined. The cuts defining the signal
regions and the SUSY model for which each signal region is optimised are given in Table 5.5. The
regions are characterised by their minimal jet multiplicity ranging from 2 to 6. As there are more
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signal regions than jet multiplicities, the signal regions are further characterised based on the cut
on mefr(incl.) ranging from “very loose” (labelled “1-") to “very tight” (labelled “t+”).

As mentioned, different signal regions are optimised for different SUSY models and different
compression factors between the mass of the squark or gluino and the LSP. Signal regions with
low jet multiplicity are, in general, optimised for direct squark decays, § — ¢ X ?, whereas signal
regions with higher jet multiplicity are optimised for SUSY models with direct gluino decays,
& — qg X1, or one-step decays of squarks and gluinos.

Two signal regions, 2jW and 4jW, are optimised specifically for simplified models with one-
step decays of squarks and gluinos, where the mass of X 1i is almost identical to the mass of the
squark or gluino. When the masses of )~(1ﬂE and the squark or the gluino are almost degenerate,
the W boson will receive a high boost resulting in a small opening angle between its decay
products. Signal regions targeting these models have additional cuts requiring two W -candidates
inside a mass-window close to the W mass, 60 GeV < m(Wand) < 100 GeV, in addition to
the requirements on meg(incl.) and EXS/meg(Nj). The W-candidates are either unresolved
and reconstructed from a single jet with a high mass (W — ; in Table 5.5) or resolved and
reconstructed from two jets with a small spatial separation between them (W — j; in Table 5.5).
The 2jW signal region requires two unresolved W candidates, while 4jW requires one resolved
and one unresolved W-candidate.

The product of the signal acceptance and the reconstruction efficiency for each signal region
in the model for which it was optimised is shown in Figure 5.7, 5.8, and 5.9. It is seen that the
signal regions are designed to target specific parts of the parameter space of the SUYS models.
Especially the selection efficiency of the 2jW and 4jW regions shown in Figure 5.7d and 5.8f,
respectively, are designed to target models with onestep decays through X fb where the mass
difference between the squark or gluino and X f': is small.

5.5.3 Optimising Signal Regions for Left-handed Squark Production

Two signal regions optimised specifically for the pMSSM model described in Section 5.1.3 were
added to the analysis published in Ref. [1] and included in the analysis in Ref. [2]. The two new
signal regions are 4jt+ and 5jt.

As the final state of left-handed squark-pair production in most cases (~ 99%) contains one
quark, the decay product of an electroweak boson and a i? per produced squark, many jets are
expected. It was found that the signal regions placing the strongest exclusion limits before the
optimisation had tight cuts on meg(incl.) and a high jet multiplicity. The strongest signal regions
before the optimisation for this SUSY model were 4jt, 5, and 6jt+ given in Table 5.5.

The new signal regions were optimised for largest exclusion reach. Only the final cuts on
Efrniss /mefr(Nj) and meg(incl.) were varied for three jet multiplicities, N; > 4, 5, and 6. The cut
on E%‘iss/meff(Nj) was varied in steps of 0.05 from 0.15 to 0.40, and the cut on megr(incl.) was
varied in steps of 100 GeV with a range depending on the jet multiplicity to insure coverage of all
possible cuts on meg(incl.). The specific scans of the variables are shown in Table 5.6.

Four sets of cuts on jet multiplicity, E%"i“ /megr(Nj), and megr(incl.) were found to improve
the exclusion reach on the pMSSM model with left-handed squark-pair production, two with a
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§q production: § — q 3{? - AcceptancexEfficiency SR2jm
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Fig. 5.7 - Product of signal acceptance and reconstruction efficiency at 4/s = 8 TeV for 2jl in §g-production
with direct decay (a), 2jm in gg-production with direct decay (b), 2jt in §g-production with direct
decay (c), 2jW in g g-production with onestep decay (d), and 3j in g &-production with direct decay
(e). The ‘o’-markers indicate the locations of the grid points used in the interpolation.
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