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1 Introduction

The understanding of the most fundamental objects and their behaviour and interactions
has been a dream of many a scientist. Much progress in that regard was made in the
twentieth century, starting with quantum mechanics and special relativity, and subsequently
quantum field theory which combines the two, accompanied by progress in mathematics
like the understanding of symmetries, all of which have fundamentally changed the way
we interpret the universe. This lead to a long line of experimental discoveries in particle
physics and continuously new theoretical interpretations to match those. The conclusion of
this effort is today known as the Standard Model of Particle Physics, a theory that describes
all experimentally observed particles and fundamental forces except gravity. The Standard
Model has withstood all attempts to directly contradict it for a long time, and all its prediction
have been proved true, with the discovery of the Higgs Boson by the ATLAS and CMS
collaborations [1,2] having delivered the last piece.

However, since the Standard Model does not describe gravity and cannot explain other
cosmological findings, we must assume that the Standard Model is not a full description of
the universe. Other hints, like extreme fine-tuning of constants in the theoretical description,
lead to the interpretation of the Standard model as the low-energy representation of a more
fundamental theory. For these reasons, the search for new physics at unprecedented energy
scales was one of the main goal in the building of ATLAS and the Large Hadron Collider.
Supersymmetry is a prominent and well-studied theory which can address several of the
shortcomings of the Standard Model. It postulates a symmetry between the two classes of

particles — bosons, which have an integer spin, and fermions, which have a half-integer spin.



1 Introduction

This would lead to a whole new family of particles, which could be at an energy scale that
is reachable with the LHC; therefore a rich search program exists at ATLAS. This thesis
describes a search for the supersymmetric partner of the top quark — the top squark. We are
looking for events where a top-squark pair is produced in a proton-proton collision at a centre-
of-mass energy of 13 TeV; the unstable top-squarks then decay in several steps into light-
and heavy-flavour quarks and neutralinos — another type of hypothetical supersymmetric
particle which leaves the detector without a trace — leading to a detector signature with a
multitude of hadronic jets, including b-jets, and missing transverse momentum.

A similar search was already conducted with data taken during Run 1 of the LHC at /s =
8 TeV without finding any evidence for new physics [3]. The higher centre-of-mass energy
and luminosity during LHC Run 2 and also improved detector performance and analysis
techniques allow to greatly extend the sensitivity into areas that could not be excluded so far.
The theoretical foundations are discussed in Chpt. 2, including the Standard Model and
the possibility to expand the model with supersymmetry. The experimental set-up that
was used to produce data, which is the Large Hadron Collider and the ATLAS detector, is
described in Chpt. 3. The methods to reconstruct physics objects from the raw detector data
are described in Chpt. 4. A search for top squarks was conducted with data taken in 2015
and 2016 at /s = 13TeV [4] with major contributions by the author; this is described in
Chpt. 5, including the strategies to define search regions with a high potential purity of signal
events, the methods to estimate Standard Model backgrounds, the evaluation of systematic
uncertainties and finally the results and interpretation of the search. Only part of the Run-2
data was analysed in this context yet, a search with the full dataset is yet to follow this thesis;
Chpt. 6 describes studies of new methods to improve the sensitivity that were conducted by

the author. A conclusive summary is then given in Chpt. 7.



2 Theory background

This chapter describes the theory behind the physics discussed in this thesis. Our current best
knowledge about elementary particle physics is the Standard Model, which is described in
Sec. 2.1. Section 2.2 then describes Supersymmetry as a possible extension to the Standard
Model, which has the potential to solve several of the shortcomings (discussed in Sec. 2.2.1)

that the Standard Model has despite its undeniable usefulness.

2.1 The Standard Model

The Standard Model of particle physics (SM) describes our current understanding of all
known fundamental particles and their interactions, with the exception of gravity. It is a
quantum field theory (QFT), a framework that combines special relativity and quantum
mechanics. The basic principles and notations of QFT are described in [S]. The SM emerged
in the 1960s and 1970s as a result of the work of many physicists describing the strong
interaction and the electroweak theory, which is a unified description of the electromagnetic
and the weak interaction. The SM has since been extremely successful in making predictions
and withstanding experimental tests and is still our best description of fundamental particles
and interactions. The description given here is a summary of information that can be found

in [5-7], if not stated otherwise.



2 Theory background

2.1.1 Structure

The strong and electroweak interaction are described by the exchange of spin-1 particles
(gauge bosons) which are quanta of gauge fielda. These bosons can carry mass as well as
charges.

QFT is based on Lagrangian mechanics and makes use of Hamilton’s principle. This means

that a system behaves always in a way so that the action functional
S = /d4x,,2” (®,0,®) 2.1)

becomes extremal. A system is therefore completely described by its Lagrangian density .,
in the following simply called Lagrangian, which is a function of the quantum field ®(x) at a
space-time point x, and its first derivative d,,®(x). The Euler-Lagrange equation gives the

equations of motion:

=0. 2.2
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The SM is a gauge theory, which means that the Lagrangian must be invariant under a
continuous group of local transformations (Lie group). According to the Noether Theorem,
each symmetry (under global or local transformation) is always associated with a conserved
quantity [8]. The SM is composed of the theory of Quantum Chromodynamics (QCD), which
describes the strong interaction [9], and the Glashow-Salam-Weinberg theory of electroweak
interaction [10,11]. QCD is described by the Lie group SU(3), with the colour charge C being
the conserved quantity of this symmetry. The electroweak theory imposes a SU(2) ® U(1)
symmetry. The SU(2) group is associated with the conservation of the third component of
the weak isospin 73; the U(1) group leads to conservation of the weak hypercharge Yy . The
electric charge Q can be calculated from those two quantities by the Gell-Mann-Nishijima
relation [12]:

1
Q=Ts+ 3V 2.3)
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The group structure of the SM is thus:

SU(3)c®SU(2)L®U(1)Y; 2.4)

C and Y denote the conserved quantities, L indicates that the SU(2) transformation only

applies to left-handed fermions.

2.1.2 Particle content

In order to formulate the Lagrangian for the SM, we need to know about the elementary
particles it aims to describe. The SM is a phenomenological theory, meaning that the group
structure and the particle content are based on observation. The knowledge about these
particles is thus a result of many experiments that took place in more than a century'.

Particles in the SM can be divided into two groups based on their spin: Fermions are particles
with a half-integer spin number, all elementary fermions have the spin number !/2. Bosons,

on the other hand, have an integer spin number?.

Fermions are the particles that make up ordinary matter. Elementary fermions can be further
divided into two groups, quarks and leptons, with the main difference being that leptons do
not interact via the strong interaction whereas quarks do. Quarks and leptons exist in three
generations. Only the first generation® makes up normal matter (atoms), fermions of higher
generations are unstable (with the exception of neutrinos). For quarks, each generation has
an up-type (with an electric charge of +2/3 e) and a down-type (with an electric charge
of —1/3 e) quark. Each quark also has a colour charge (three different colour charges —
conventionally called red, green & blue — exist). The quarks and some of their properties
are listed in Tab. 2.1. Nature usually presents us with bound states of quarks and/or their

corresponding antiparticles. Bound states of one quark and one antiquark are called mesons,

IThe first identified elementary particle was the electron, discovered by J.J. Thomson in 1897 [13]; the
last SM particle to be discovered was the Higgs boson, discovered in 2012 by the ATLAS and CMS
collaborations [1,2].

2The Higgs Boson is the only known elementary spin-0 particle, all gauge bosons have a spin of 1.

3The generations are numbered according to the particle masses in ascending order.
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Table 2.1: The three known generations of quarks and their properties (mass and electric charge) [14]

Generation | Name Symbol Qle] Mass

1 Up u +2/3 2.2133MeV
Down d —1/3 4.7f8:§ MeV

2 Charm ¢ +2/3 1.27579:023GeV
Strange s —1/3 95:’2 MeV

3 Top t +2/3 173.0£0.4GeV
Bottom b —1/3 4187034 GeV

with pions being prominent representatives of this group. Bound states of three quarks are
called baryons, protons and neutrons are the best known among them. Bound states of quarks
in general are called hadrons, they are all colour neutral from the outside (one colour and

one anticolour charge cancel each other out, as well as three different colour charges).

For leptons, each generation consists of a charged lepton with Q = —e and an electrically

neutral neutrino. The leptons and some of their properties are listed in Tab. 2.2. The masses

Table 2.2: The three known generations of leptons and their properties (mass and electric charge)
[14,15]

Generation | Name Symbol Qle] Mass
1 Electron e —1 510.9989461 4-0.0000031 keV
Electron neutrino Vv, 0 <2eV
2 Muon u —1 105.6583745 £ 0.0000024 MeV
Muon neutrino Vi 0 < 0.19MeV
3 Tau T —1 1.77686 £ 0.00012 GeV
Tau neutrino | 0 < 18.2MeV

of neutrinos have not been measured yet, so only an upper limit can be given. In the SM, as

it is described in this thesis, they are assumed to be zero®.

On the side of elementary bosons, there are gluons, W* and Z° bosons, the photon and

the Higgs boson. Gluons are the carriers of the strong interaction, they carry each a colour

4Massive neutrinos can be described as Dirac or Majorana neutrinos [16], but their nature is not known at this
point, leaving them massless in the current SM.
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and an anticolour charge, resulting in eight linearly independent gluons (“colour octet”). In
principle one could form 9 linearly independent gluon states, but one of them would be a
singlet state without colour charge and there is no evidence for this; this is a reason why
the strong interaction is described by the SU(3), where the singlet state is forbidden, and
not the U(3) group’. Gluons are assumed to be massless. The photon is the carrier of the
electromagnetic interaction. It is also assumed to be massless and does not carry a colour or
electric charge. The W+ and Z° bosons are carriers of the weak interaction. They are both
massive and the W carries a positive or negative electric charge. The last particle of the SM
is the Higgs boson, which was the last missing piece of the SM until discovered in 2012. It
is not a gauge boson, but a quantum of the so-called Higgs field, explained in Sec. 2.1.4. The

bosons and some of their properties are displayed in Tab. 2.3.

Table 2.3: The known bosons and their properties (mass and electric charge) [14]

Name ‘ Symbol el. charge [e] Mass

Photon Y <107% <107 8ev
W boson | W* +1 80.37940.012GeV
Zboson | Z° 0 91.187640.0021 GeV
Gluon g 0 < 0.19MeV
Higgs boson | H® 0 125.1840.16GeV

2.1.3 The Standard Model Lagrangian

First we consider, how the Lagrangian of a freely propagating fermion would look like. A

free massive fermion of spin 1,/2 must follow the Dirac equation

v =0, 2.5

c J
lﬂz:“o’yuﬁ —m

with y being a spinor with four components and y* being hermitian anti-commutating 4 x 4

matrices with squares equal to the identity matrix. A common convention for these matrices

S5The adjoint representation of a SU(n) has a dimensionality of n> — 1, for the U(n) group it is n?.
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are the Dirac matrices [17]:

P = Y= , © ie{1,2,3}, (2.6)

o = ot = 0P = . @.7)

A Dirac field can therefore be described by the Lagrangian

L=y (idyy* —m) v, (2.8)
with ¥ = y79°. Enforcing Euler-Lagrange equation 2.2 then leads to Eq. 2.5.

This Lagrangian is invariant under global U(1) transformation y — e/*y, with o being a
real constant. However, a stronger condition can be imposed requiring invariance under local

gauge transformation. This means that « is allowed to depend on space-time coordinates:
v — Wy, (2.9)

Equation 2.8 is not invariant under this local transformation because the derivative would
introduce a factor dy, a(x), so the Lagrangian has to be modified. The goal is to modify the
derivative such that the term d,, &(x) is cancelled. This is done by introducing a vector field

Ay that transforms as A, — Ay +1/4- dyot. The modified derivative is then
Ay is called a gauge field, q is a coupling constant. The Lagrangian now writes as

- _ _ 1
L= Wy — myy - qyrAgy — S FnFY (2.11)
N—_—— SN—— N——

ineti mass term of interacti ati
kinetic term of y ¥V interactionterm . ol of Ay
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with F*V = d*AY — dYAH being the field strength tensor. This is so far only considering a
U(1) symmetry. We can identify A;, with the photon field and ¢ with an electric charge of a
particle and have obtained a quantum field theory that considers only the electromagnetic
interaction (quantum electrodynamics, QED). For the full SM Lagrangian, we have to

consider the full group structure.

Now we look at the electroweak group structure SU(2); ® U(1)y. With the same considera-

tions as above we can introduce the covariant derivative
Yw

Ok

DV =0, —ig 5

Wy, (2.12)
with By, Wlf (k=1,2,3) being the gauge fields for the U(1) and SU(2) symmetry. g’ and
g are two different coupling constants, Yy is the weak hypercharge and o} are the Pauli
matrices, which are generators of the SU(2) group. The electroweak part of the Lagrangian
is then

1

- 1
Lew =0y D yy — ZBWBW — ZW[;VWW<. (2.13)

f runs over all the fermions. Left-handed fermions of the first generation take the form

V, u
I = ‘| for leptons and g7, = for quarks, the other generations accordingly; this

e
L L

means that they are doublets in weak isospin, with 7 = 1/2 and the third component being
T3 = +1/2 for neutrinos and up-type quarks and 73 = —1/2 for charged leptons and down-type
quarks. The right handed fermions on the other hand have T = 0, which makes them singlets
and take the form eg, ug and dg. In the SM there are no right-handed neutrinos. By, and

Wy in Eq. 2.13 are field strength tensors and are defined as

Wk, = uWy — O Wi + geun Wi W, (2.15)

with &, being the Levi-Civita symbol.
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The strong interaction, which corresponds to the SU(3)¢ group, can be treated in a similar
way. The generators of the SU(3) group are the Gell-Mann matrices A, /2 [18]. The covariant

derivative for the QCD sector thus becomes

A
Dgcn =0y — zgS?aGﬁ, (2.16)

with gg being the strong coupling constant and Gy, (a = 1,...,8) the gluon gauge fields. With

the field strength tensor
Gy = Gy — 0 Gy, — g5/ G Gy, (2.17)

f4b¢ being the structure constants of the SU(3) group, we can now write the full covariant

derivative as

4 . Ok A
Dy =0y — lgITWBu —ig— Wi~ igs ' G- (2.18)
Considering everything discussed so far, the Lagrangian can be written as
L = foermion + a%gauge
— YMD —lB B#V_lwk W#V,k_lGa GHV.a @19
=1y wYr it 4"y 4 7m )

where y¢ runs through all left- and right-handed fermions. This would leave us so far with

massless particles. Simply adding mass terms as in Eq. 2.11 of the form

myy = m(YrYL + YLYR) (2.20)

would not result in a SU(2) invariant Lagrangian, since right-handed fermions are singlets,
whereas left-handed fermions are doublets. Bosons with mass m would require additional

terms in the Lagrangian of the form

m2

7 Ay A+, (2.21)

which would break gauge invariance. We know however from experiment that the W+ and

10
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7 bosons actually have a mass, as well as fermions. This requires the introduction of the

Brout-Englert-Higgs Mechanism.

2.1.4 The Brout-Englert-Higgs mechanism

This mechanism was proposed by three different groups [19-21]. The Brout-Englert-Higgs
(BEH) mechanism introduces a new field, commonly known as Higgs field, which is an

isospin doublet of two complex scalar fields:

D, 4 id; dt
P = = . (2.22)
D, +idy @Y

Terms are added to the Lagrangian, that describe the interaction of & with the gauge fields:
Lhtiges = (DPV4®)" (DEVD) —V (@), (2.23)
where the potential V (®) takes the form
V(®) = —u’d o+ A(d'P)>. (2.24)

A needs to be positive for a stable minimum. g can in principle be a real or imaginary
number, which leads to the two separate cases with u? being negative or positive, with the
crucial difference being the minimum. This is illustrated in Fig. 2.1 in the ®;-®; plane. With

u? < 0, depicted in Fig. 2.1a, there is obviously just one distinct minimum at
P =0, (2.25)

whereas with y? > 0 (the so-called “Mexican-hat potential” due to its appearance), depicted

in Fig. 2.1b, the minimum calculates to

212
o =27 (2.26)

11
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V(®)

e

By

(@ u*> <0 (b) u2 >0

Figure 2.1: The Higgs-Potential V (®) in the ®;-P, plane with different values for u.

This means one gets infinite minima on a circle around @ = 0, the minimum is degenerate.
One distinct minimum has to be chosen, but then this ground state is no longer invariant
under U(1) transformation (rotation), which means that the U(1) symmetry is spontaneously
broken. We can choose any minimum without loss of generality. Since the vacuum is not

electrically charged, we can conveniently choose

0
o) = , 2.27)
v/ﬁ

with the vacuum expectation value v = y/#°/A. In this minimum, the Higgs Lagrangian

(Eq. 2.23) now contains these terms:

2 1 2
— + )
= <2vg> W, W ’

1

+0(g* +g7) AuAH,

12
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where Wui, Z, and A, are linear combinations of the SU(2); and U(1)y fields:

1 :
Wi = 7 (Wg FiWy) (2.29)
Zy, = cos(Bw)W, —sin(6w)By, (2.30)
Ay = sin(6w)W,; + cos(6w)By, (2.31)

with the weak mixing angle (sometimes also called “Weinberg angle”)

/

Oy := arctan g—. (2.32)
g

We can see that the terms in Eq. 2.28 have the form of mass terms and thus obviate the
need to plug in mass terms by hand. The resulting fields can be identified with the physical
gauge bosons: W#i are the W= bosons and have a mass of my = 1/2-vg, Zy, is the Z° boson
with the mass mz = mw/cos6y, and Ay is the massless photon field. We can identify the

electromagnetic coupling constant ¢ = e from Eq. 2.11 with gsin O.

Now the problem of massive gauge bosons is solved, but more happens when we have a
closer look at the additional term in the Lagrangian introduced by the Higgs potential in

Eq. 2.24. We can parametrise the field ®(x) around the minimum:
dx) = —— . (2.33)

The Lagrangian in Eq. 2.23 then writes as
1 2 2 vl L 2 n\? 2,2 3 1.4
L= E(a“h) + [my Wi W H 4+ m3Z, 74 ] (1 + o AVih* — Avh® — ZM . (2.34)
So we have a field i(x) with a mass term that results in the mass

my = V22 (2.35)

13



2 Theory background

h(x) hence describes a massive scalar particle that is called the Higgs boson. The other terms
arising are the kinetic term %(8,1h)2 and interaction terms, including interaction with the

gauge bosons and self-interactions.

In order to describe the interaction of the Higgs field with fermions, further terms are

introduced, that describe the Yukawa interaction:

_ 4 )
Dukawa = Al jPer k + A7 G, jPdr k + A 4G, j P ur g - (2.36)
"(ZYeukawa ffffukawa f&ukawa

The indices j and k run through the three generations. A; are the Yukawa couplings and are
3 x 3 matrices. ®¢ is the Higgs charge conjugate (®°, —®*)" and is needed to get the upper
elements of the doublet. For leptons, the matrix can be diagonalised, leaving us with only

the main-diagonal elements A,, A, and A;.

Choosing the minimum of the Higgs field, the leptonic part writes as

e

e Ay
Pukawa = % (lL,neR,n) +h.c., (2.37)

resulting in lepton masses of
Ay

Nk

with n = e, i, 7. Without right-handed neutrinos, left-handed neutrinos remain massless by

(2.38)

ny

this mechanism. The mass terms for quarks follow in a similar way. However, the matrices
ljd ; and QLJ'.‘ ; are not diagonal in generation space. The masses of the quarks are obtained by

diagonalizing the mass matrices

1% d u_v

M= —L1 M =
V2 V2

Ak (2.39)
This is done with four unitary matrices, V;' ’131:

M(jiciag = V[MfVI{T’f =u,d. (2.40)

14
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Since M? and M* are not diagonalisable simultaneously, the mass eigenstates are not the same
as the interaction eigenstates. The rotation of basis is encoded in the Cabibbo—Kobayashi—-Maskawa

(CKM) matrix Vegm = VAV

d, Vud Vus Vuh d
S1=1V Vs V|l | s |- (2.41)
b Via Vis Vi b

d', s', b’ represent the weak-interaction eigenstates, d, s, b are the mass eigenstates. The
elements of the CKM matrix have been measured in different experiments and are known

with various precision [14]:

Vidl  [Vis|  [Vi| 0.97420+0.00021 0.2243£0.0005 0.00394 £0.00036

Vel Vel [Vl | =] 021840004  0.997+0.017  0.042240.0008

Vial  Visl Vil 0.0081£0.0005 0.039440.0023  1.019+0.025
(2.42)

It should be noted that these experimental values do not consider theoretical restrictions. In

order to conserve unitarity, ij‘ > 1 is not possible for any of the elements.

Combining all our knowledge, with the terms from Eq. 2.19, 2.23 and 2.36, the full SM

Lagrangian can now be written as

gSM = ﬁermion + ggauge + gHiggs + gYukawa- (2-43)

2.2 Supersymmetric extensions

This thesis will focus on a search for supersymmetric particles, thus the understanding of
the theory of Supersymmetry (SUSY) is vital. The concept of SUSY introduces a symmetry

between fermions and bosons, which is not implemented in the SM. We introduce SUSY as

15



2 Theory background

an extension to the SM®, meaning that all known particles and interactions are included, but
an extended sector arises through the additional symmetry. This makes it a theory “beyond
the Standard Model” (BSM). The information provided here is largely based on [22] and the

lecture notes [23], which are based on the books [24,25].

2.2.1 Motivation

While the SM is a very successful theory, it is clear that it cannot be a full description of
the nature of the universe. The SM lacks a description of gravity. It fails to explain several
empirical results, like the presence of dark matter and dark energy, or also the existence
of neutrino masses (the latter can in principle be explained with a rather small extension).
Also, the masses and mixing parameters, as well as the Higgs potential, are just set by hand
without any explanation, which can be seen as unnatural. SUSY can give a direct explanation
for some of these open questions. For some others SUSY can help indirectly. We will focus

on the former here.

The Hierarchy Problem

The masses of particles that we have discussed in the Lagrangian terms in Sec. 2.1.3 and
2.1.4 so far are only tree-level predictions and are not equivalent to the masses given in
Sec. 2.1.2. In order to obtain predictions with higher precision, radiative corrections must be
taken into account. These are divergent if we let the momentum go up to infinity. We can
use the momentum cut-off regularisation, by applying a cut-off A as an upper limit for the
momenta. This parameter A characterises the energy scale up to which the theory is valid.
This scale should be at least as high as the scale where new physics is expected, which is the

latest at the Planck scale (Mp ~ 2.4 -10'8 GeV), where corrections from quantum gravity are

6SUSY as a concept can also be used in other fields than elementary particle physics, e.g. condensed matter
physics or dynamical systems; this will not be discussed further here.

16
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expected. For fermion masses this calculation results (in a simplified model that considers

only one fermion and a scalar) in

Smp o< —AgmpIn (2.44)

2
— +...
mi
Since there is only a logarithmic dependency on A, these terms remain small. For the mass
of the scalar Higgs one gets
AZ
Smj o< —A} [AZ —m#In ] +... (2.45)

2
mp

Here the divergence is not logarithmic but quadratic, the logarithmic terms can be disregarded.

For the SM this means that the physical Higgs mass becomes

2 .2 c \2
mHgl;/{b ~ mHSM + 167‘[2A s (246)

where Hgy is the Higgs mass from Eq. 2.35. The coefficient ¢ depends on the dimensionless
couplings. Assuming no new physics up to the Planck scale would lead to extremely high
correction terms, but even when assuming that the SM is only valid up to the scale of grand
unification (GUT), one still gets terms of §m = ¢&/(10'® GeV). This is not per se problematic,
because the Higgs mass parameter mp,, can be fine-tuned to cancel out the correction terms
exactly such that we get a physical Higgs mass at the electroweak scale. However, the
extreme precision needed to achieve this and the high dependency of low-energy physics on

parameters of a high-energy theory is often seen as unnatural [26,27].

With SUSY this can be prevented: the quadratic terms are completely cancelled out by the
supersymmetric partners (this is true, if the coupling strength of the SUSY particles to the
Higgs is the same as of their SM partners), because fermion and boson loops contribute with
opposite signs; then only logarithmic terms remain:

A, 2

Sm? o« —— (m% —m3)In

o (2.47)

2
27
mf
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with ® being the scalar partner of the fermion F. These terms remain relatively small, if mq

is not too high.

Cold Dark Matter

Dark Matter (DM) has first been suggested by F. Zwicky as a solution to observed nebularum
velocities in the Coma cluster [28] and has since been backed by several observations like
the rotation curves of spiral galaxies [29], the weak gravitational lensing effect in the Bullet
cluster [30] and the cosmic microwave spectrum [31]. The ACDM model, which is very
successful in describing the large-scale evolution of the universe, assumes a certain amount of
cold dark matter (CDM). The best fit so far is based on Planck measurements and results in a
CDM abundance of Qcpyh? = 0.1188 4 0.0010 [31], which corresponds to 25.89 £0.75%
of the total energy density of the universe’. *Cold’ means here that it moves slowly compared
to the speed of light, in contrast to "Hot Dark Matter’, which describes highly relativistic
particles. There is no strict classification into these categories, sometimes *warm’ is also
used for possible DM particles with intermediate speed. The only possible DM candidates in
the SM are neutrinos, but due to their low mass they are classified as hot DM and cannot

explain the needed amount of CDM.

There is a variety of candidates for what could make up CDM, but a very popular one is a
Weakly Interacting Massive Particle (WIMP), a particle which is stable (or has a very long
lifetime compared to the age of the universe) and does not carry an electric or colour charge.

Under certain conditions SUSY can provide such a candidate.

Unification of coupling constants

As already seen in Sec. 2.1, the electromagnetic and weak interaction can be described

with a unified theory. However there are still two different coupling constants. Looking at

7Calculated with the reduced Hubble constant 2 = Hy/(100kms™'Mpc~!).
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2.2 Supersymmetric extensions

Unification of the Coupling Constants
in the SM and the minimal MSSM

Figure 2.2: Running of the inverse U(1)y (o), SU(2). () and SU(3)¢ (03) coupling constants
versus the logarithm of the energy in GeV. In the SM case (left) a unification is not achieved. In
the case of the Minimal Supersymmetric Standard Model (MSSM) with SUSY particles becoming
relevant at 1 TeV the three couplings meet at a common point. [33]

the energy-dependent runnings of these two couplings and also the coupling of the strong
interaction, one can suspect that there could be a unification of the three couplings at a high
energy, meaning that they all meet at a common point. Such a unification is a desirable
feature of a theory, and theories that achieve this are called Grand Unified Theories (GUTs).
In the SM it can be shown that the three gauge couplings come close but do not actually meet
at a common intersection. When including SUSY, further radiative corrections are added at a
mass scale where SUSY particles become relevant. This leads to a unification, if the SUSY

scale is at the order of ~ 1TeV [32]. This is depicted in Fig. 2.2.

2.2.2 General structure

Supersymmetry is what we obtain, when we extend our theory with one or more spin-1/2
generators. This was not thought to be possible because of the Coleman-Mandula theorem,

which states that the restriction for combining space-time and internal symmetries is, that the
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conserved quantities — apart from generators of the Poincaré group — must be Lorentz scalars
[34]. This theorem considers only bosonic generators. The Haag—t.opuszanski—Sohnius
theorem generalized later, that spin-1/2 operators are a possible extension (spin-3/2 or higher
is ruled out) [35]. This Lie superalgebra is then the maximal allowed algebra that is consistent

with relativistic QFT. Such a SUSY operator Q would work like this, when applied:
Q|Boson) o< [Fermion) and Q|Fermion) o< |Boson). (2.48)

In the simplest case (which is the only case we will discuss here), there is exactly one such
operator. This would mean, that every particle has a supersymmetric partner with a spin
difference of 1/2. Going through the particles of the SM one finds that there are no particles
that can be such partners of each other. Introducing the operator Q to the SM thus means
introducing one new particle with spin s — 1/2 for each SM particle with spin s. Together
they form a supermultiplet. The quantum numbers of particles are all the same as for their

superpartners except for the spin.

The SM fermions and their partners — denoted with a preceding ’s’ (for ’scalar’), e.g. the
partner of the electron is called ’selectron’ — form chiral supermultiplets, which contain a

Weyl spinor and a complex scalar field. Their general form is
©(y,0) = (y) + V20 (y) + (06)F (). (2:49)

y* = x* +i0c"0" is a complex coordinate in superspace; x* are the four space-time
coordinates, the four fermionic coordinates are arranged in the two Weyl spinors 6, 67, The
complex scalar field ¢ describes the sleptons and squarks, the left-handed Weyl spinor field
v describes the leptons and quarks. The complex scalar field F is an auxiliary field®. The
Higgs bosons and their partners are also contained in chiral superfields. Antichiral fields are
written as

O(5,07) = ¢*(5) + V26 v (5) + (0767)F*(3), (2.50)

8 Auxiliary fields do not have a kinetic term; they are mere book-keeping devices to make sure that the algebra
closes oft-shell.
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2.2 Supersymmetric extensions

with j# :=x* —i0cH 0" = (y*)*. oM is the four-vector of Pauli matrices: o = (1 ol o2 (;3>

and equivalently 64 = (1 —o! —o¢? —G3>. The Lagrangian of such a superfield can
be written as )
* l ~
L =(9u9")(9"9) — 5 (¥'6"duy + w0t duy)
m *
+ 5 Wy vy +eloyy+ o y'y! 2.51)

+F*F — (m@ + g@*)F — (m@* + g@**)F*.

It can also be written without auxiliary fields:

L =(3u@*) (9" @) —m*|p|?
i . m
=5 (W16 uy+wot duy’) + S (wy + vy (2.52)
+eloyy+o vy —mglol (o +¢) - &*lo|".

The first line describes the free bosonic field ¢(x) with mass m, the second line the free
fermionic field y(x) with the same mass m. The last line contains the interaction terms;
the first two terms are the Yukawa terms with coupling constant g, the last two describe the

self-couplings of the bosonic field.

The Lagrangian of the chiral superfields can be divided into the kinetic term and the superpo-
tential

L = Lin—[W(¥)|oo,y—x+hcl; (2.53)

the superpotential W (W) is a holomorphic function that contains all the mass and interaction
terms. 66 behind the vertical line means that this is the highest order component (in contrast
to vector superfields with the highest order (60)(6767)); y — x means that we transform
into the x coordinate by replacing y = x+i0c 0. We can write the potential as

W (®) = %d)z + %qﬁ. (2.54)
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Developing it as a function of ¢ and ¥ we get

1
W (®)|gg +h.c. = (me+ g@*)F — §(m+2g<p+2g<p)(wvf), (2.55)

which results in the Lagrangian

m * + * * *
Ly =Wy vy +e(ewy+ o v y) = (mp+g9")F — (mo” +29™)F". (2.56)

The gauge bosons and their partners — denoted by a succeeding “-ino” — are contained in
vector multiplets (a spin-1 field and a Weyl spinor). They are usually expressed with the help
of auxiliary fields; they can be reduced by chosen a convenient gauge. Here they are given in

the Wess-Zumino gauge as a function of space-time x* and the Weyl spinors 0 and 6':
. 1
Vivz(x,0,0") = (06"07)A, +i(06)(67AT) —i(GTOT)((M)+§(69)(9T9T)D (2.57)

D,A and A, are the component fields, D is a real scalar auxiliary field, A a Weyl spinor and

Ay a vector field. The Lagrangian then writes as

Ly = —%(/lo—“auﬂ +ATEH ) — %FWF“V - %DZ

(2.58)
Using the covariant derivative D, = dj, —i/2- gA,, the kinetic term (in its gauge invariant
form) is .
* l ~ *
Zin =(Dy@)* (D' ) — E(W%G“DM‘V‘F yotDLy)

i

(2.59)
1
Z54l0" (W) — @ (¥ AT+ 4Dl

+|F|*+

It is not intrinsic to SUSY, but if we use Supersymmetry to describe the nature of elementary
particle, we need an additional part to the Lagrangian to break the symmetry. This is because
if there was no such breaking mechanism the supersymmetric particles would all have the
same mass as their partners. Since this is known from experiment not to be the case, SUSY

can only be introduced as a broken symmetry. Such SUSY-breaking terms should only lead
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2.2 Supersymmetric extensions

to logarithmic divergences (Soft SUSY breaking [36]) and have lots of free parameters in
their most general form, without assuming a specific mechanism. Such a SUSY-breaking

Lagrangian would be of the form

1 -
Lokt = — EMI-)L,-/L- for the gaugino masses
— mi‘ f ‘2 +... for the sfermion and Higgs masses (2.60)

—Wa(@) —Ws (@) +h.c. bilinear/trilinear terms and tadpole terms

The breaking might happen in a “hidden sector” and be communicated via messenger
particles. Examples for specific breaking mechanisms are the gravity mediated, the gauge

mediated and the anomaly mediated SUSY breaking.

2.2.3 The MSSM

The Minimal Supersymmetric Standard Model (MSSM) [37,38] is the supersymmetric model
that describes all known particles and interactions of the current Standard Model and extends
it with as few additional particles as possible. The gauge groups are the same as in the SM.
All SM particles are described within superfields (see Sec. 2.2.2), which basically doubles
the particle content. The Higgs sector needs special attention: since the superpotential is
holomorphic, a right-handed field like the charge conjugate in Eq. 2.36, which is needed in
the SM to give mass to up-type particles, is not allowed in the superpotential. In order to give
mass to both up- and down-type fermions, an extended Higgs sector is needed. The minimal
solution, which is used in the MSSM, are two left-handed superfields, with a hypercharge
of Y = —1 and Y = +1, respectively. This doubles the degrees of freedom in the Higgs
sector, so together with the doubling done by the superfields the degrees of freedom in the
Higgs sector are quadrupled with respect to the SM, in contrast to everything else, where
they are just doubled. The ratio of the vacuum expectation values of the two Higgs doublets

is quantified by the angle f3:
(Hy)

tanff = (HOY'

(2.61)
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All superfields in the MSSM are summarized in Tab. 2.4.

Table 2.4: The superfields in the MSSM and their behaviour under gauge transformation (e.q. 1
means singlet, 2 means doublet, ... ). For the U(1)y group the quantum number (hypercharge Yy ) is
given. For the quark and lepton sector, only the first generation is shown, the others are equivalent.

Superfield | SU3)c SU(2). U(l)y Content

@
er, er €L

%
2 ep, €p

~
[

Djl)

L\
|
N
(SR
[OSTE
Q=
SRS
~—
Q=
SIS
~_

I
W W W =
—
Wl |
Wl
w&‘mik
!

G 8 1 0 G, §;
Wk 1 3 0 Wi, Wy
B 1 1 0 B, b

The Lagrangian of the MSSM can be divided into
gMSSM = o%auge + Zmatter + gD + gw + egsoft- (2-62)

All D parts from Eq. 2.59 and 2.58 were moved to .%p, all F parts to the superpotential part
Zw. The full gauge part is

1 . 1 1
_ S juveb S yprkuv _ T puv
Zruge == 7 G Gy = g W Wy = 2B Buy (2.63)
+Tr[g"iD* yug] + Tr[w'iD  yu ] + bTio* v, b;
j=1...8,k=1...3. The gauginos are here in the form of Dirac spinors. The matter part
is

L matter = ZWle#YIJ Vi +Z ‘Duq)l‘ +i Z \/» l//LkTme¢)l VTmel//Lk@ ] (2.64)
k,l,m
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2.2 Supersymmetric extensions

k runs over the fermions f and higgsinos A, [ over the sfermions f and Higgs bosons A;; V"
are the vector bosons with the corresponding coupling constant gy» and generator of the

gauge group 7". v and ¥ are 4-component Spinors.

The D part is
1 2 . *
Zp = _EZ [Dp|” L with Dy =—gyn ) ¢/ T"91. (2.65)
m l

The superpotential part of the Lagrangian is

)

W (1. W
_ <2§l]/kLa¢ka¢lWlL+h.C.> . (266)

I

S=-Y

l

The superpotential W can be divided into to parts W = Wg + Wp. The first part is

2 S22 . . A

We=— Y eumifdi+ Y Y e /ASHLE+ALHIQ; Dy + ALHL0,.U],  (2.67)
i,j=1 i,j=1rs=1

g;; is the Levi-Civita symbol in two dimensions. i and j are the SU(2)-doublet indices. r and

s are generation numbers, A, are the corresponding elements of the Yukawa coupling matrix.

The second part is

Wi = i 23: uHLLj + i i &j M'rstl:irl:jsEat + A’ifstl:irQAjsﬁt] +AL0,DD;  (2.68)
ij=1r=1 ij=1rsi=1
This second part introduces terms that would lead to processes which change the lepton and
baryon number, e.g. the decay of protons. Such processes have not been observed in nature
so far and can thus be assumed to either not exist or have a high mean life time compared to
the age of the universe [39,40]. This part of the Lagrangian can be set to zero by postulating
conservation of R-parity [41]. While R-parity violating models are not strictly forbidden,
only constrained, in this thesis only R-parity conserving SUSY is considered. R-parity is
defined as
Pe= (=112 (2.69)

B is the baryon number, L the lepton number and s the spin number of a particle. This means
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that all SM particles have Py = 1 and all their superpartners have Px = —1. This has some
major impacts on SUSY phenomenology: It means that SUSY particles can only be produced
in pairs. Also it means that in the decay of a SUSY particle an odd number of SUSY particles
must be produced, resulting in a stable lightest supersymmetric particle (LSP). The LSP — if
it does not carry any charges — is a candidate for CDM [42,43], giving us another motivation

to look for R-parity conserving SUSY.

Finally, the soft SUSY breaking part in its most general form is
1 & 5% -
Lot = — 5 Z Mkl]fllg - m%\Hl |2 - m%|H2|2 —|—B‘u€ij(H{sz —|—hC)
k=1

3
+Y [ — M} (i1} i, +d),dps) — M3, itk iigs — M} i dgs+ (lept.)  (2.70)
rs=1

+&;j (aDrSHfQ{dNIES + aUrSHécj{ﬁ;s + (lept.) +h.c.> ] .

“lept.” stands for the equivalent leptonic terms. M, are three real gaugino-mass parameters;
i,f stand for the gauginos B, W and g%; m; and m;, are mass terms for the Higgs doublets;
Mg, ... are 3 X 3 matrices in generation space that lead to non-vanishing off-diagonal terms
in the mass matrices; the complex ap, ... are trilinear coupling matrices leading to flavour-

violating processes.

In this most general form, the MSSM has more than 100 free parameters. They can be
reduced, when assuming a specific SUSY breaking mechanism or taking experimental

constraints into account.

Neutralinos, Charginos and Stops

In the MSSM there are four colour- and electric-neutral spin-1/2 sparticles — the bino B, a
wino W and the higgsinos Flg and H? — which have all the same quantum numbers, which
means that the mass eigenstates — called neutralinos — can be a mix of the gauge eigenstates.

The mass matrix gets contributions from the superpotential, from the SUS Y-breaking gaugino
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masses and from electroweak symmetry breaking. In the basis of (B, W°, I:I[(,),FIS) it is written

as:
M, 0 —cgswmz  sgSwimz
0 M cgewm —sgewm
My = ? prwiiz IR 2.71)
—cﬁszZ cﬁcwmz 0 —H
SgSwiz —Ssgcwhiz —Uu 0

using the short forms sz = sinf3, cg= cos 3, sy = sin By, cw = cos By. The mass terms —
which are rather long — can be obtained by diagonalisation. For the lightest neutralino, which
is usually assumed to be the LSP, one gets the effect that it is gaugino-like for |u| > M, M,

and higgsino-like for |ut| < M}, M, (which leads also to myo ~ ng).

Similarly we get charginos from the mixing of the charged higgsinos and winos. The mixing

matrix in the basis (W, A, W~ H; ) is:

0 0 M, \565 my
0 0 \@s m
My — prw K 272)
Mz \/islg my 0 0
\@slg my u 0 0

Since this matrix can be divided into two equivalent 2 x 2 matrices (for positive and negative
charge) and all other elements are 0, the diagonalisation is simpler than for neutralinos and

one gets

1 . 2
My = > [|M2|2+ | ? + 2miy, — \/(|le2+ |ul? +2m3, )2 — 4| M — m3, sin 2B | ] :

X
(2.73)
1 . 2
e = 5 [|M2|2+ || +2md, + \/(|M2|2+ |wf? +2m3))2 — 4| My — m3, sin 2P| ] .
2.74)

In the limit |p| > M, one gets a gaugino-like xli and a higgsino-like xzi, and vice versa for

|it| < M, for the case || < My, M, one gets Mgo ~ Mgy ~ M.

Now we have a look at stops, which are the main focus of this thesis. Other squarks and
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sleptons work similarly, but will not be discussed here. There are contributions from the
superpotential, from soft SUSY breaking and from the D part of the Lagrangian. In principle
there can be a mixing of the left- and right-handed squarks of all three generations, so one
would have to diagonalise a 6 x 6 matrix in the basis (i, L, 7, iig,Cr,fg). Usually it is
assumed that the flavour changing mixing angles are negligible (minimal flavour violation).
With this simplification we get the 2 x 2 mass matrix in the basis (7.,7g):

2 2 z
Mt~2 _ ™ +m;+D(i)  m(—A;+pcotf) 2.75)

my(—A; + pcotfB) msz +m? +D(iy)

The eigenvalues are:

1 1
mfgl,z :§<mz~ZL +m;gk) + Zm%coszﬁ —|—mt2
1
15 2 2 1 2 ., 2 5 ) /2
+ Q(me_mfR)JszCOSZﬁ 3 zSn Ow || +m;(ucotp —A;)
(2.76)

The left-handed soft mass term for the stop is the same as for the left-handed sbottom:

mg,

Since m, appears in the last term in Eq. 2.76 we can see that the mass splitting is increased
for top squarks compared to the other squarks where the appearing m, is much smaller. This
makes the lighter mass eigenstate 7] the lightest squark in large areas of the MSSM parameter

space.

2.2.4 Top-Squark phenomenology at the LHC

Top squarks can be produced in pairs via proton-proton collision at the LHC under the
condition that the sum of the two masses does not exceed the centre-of-mass energy. The
most contributing channels are shown in Fig. 2.3 [44]. The production cross-section at a

given centre-of-mass energy depends at leading order (LO) only on the top-squark mass. At
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=2
TN D>

Figure 2.3: Leading-order Feynman diagrams for the production of top-squark pairs at proton-proton
collisions.

next-to-leading order (NLO) other parameters can play a role but have only little numerical
impact [45]. This is different from lower-generation squarks, where the gg — Gg t-channel
production with the exchange of a gluino (and thus the value of the gluino mass) plays a big
role. The decay channels however depend largely on SUSY parameters, in particular on the
sparticles with a lower mass. It is thus often useful to look at decoupled scenarios, where
all sparticles except the 7 and the Z? (which would be the LSP) have a much higher mass
and thus have negligible impact on the decay. The production cross-section calculated with
this assumption is displayed in Fig. 2.4a (in non-decoupled scenarios it would be almost
identical). In comparison, the cross section for the production of a gluino pair — depicted in
Fig. 2.4b — is higher for the same sparticle mass. The dominant decay channel in this case
depends on the mass difference Am(f;, %). In case of Am(f;, %{) > m(t) the dominant decay
channel is 7; — %Y. In the case of m(W) < Am(f,, %) < m(t) an on-shell top cannot be
produced and the 3-body decay 7} — Wb} )( becomes the dominant decay mode. Finally in the
case Am(f1,%7Y) < m(W) also the W is produced off-shell and the 4-body decay 7| — bf f7!
occurs, with f being a fermion. If further sparticles have a mass below the stop mass, they
must be considered in competing decay channels. Examples are decays via an additional
neutralino )Zg or a chargino )Zli which can then decay into a )Z? and either a W, Z or Higgs
boson. These six decay channels are depicted in Fig. 2.5. The branching ratios of these

processes can be different in each SUSY model, they depend on the 7; -7 mixing of the 7;

29



2 Theory background
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Figure 2.4: Production cross-sections for pairs of stops or gluinos at /s = 13TeV as a function of
the sparticle mass for decoupled scenarios calculated at NLO+NLL [45]. In the decoupled scenario
the calculation for stops can also be applied for sbottoms, the cross-section then depends only on the

sbottom mass.
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Figure 2.5: Decay modes of 7;. The decay modes in the first row are the only ones allowed if all
sparticles except ] and )Z? are decoupled. The decay modes in the second row can occur if other
sparticles are light enough. SM particles with Pz = 1 are drawn as black lines, sparticles with P = —1
as red lines. The circles symbolise ’effective’ vertices, meaning that only virtual particles (off-shell)
particles (top and or W) are created within them, all real particles are drawn as lines.

and the bino-wino-higgsino mixing of the gauginos.

W bosons decay dominantly into (first and second generation) quarks, the W — gg branching
ratio is 67.41 £0.27 %, the remainder goes into a lepton and its corresponding neutrino. Top
quarks have a very short lifetime, hence in contrast to other quarks they do not hadronise but
decay immediately, almost exclusively — due to the high value of |V,;| in the CKM matrix
(see Eq. 2.42) — into a bottom quark and a W boson. The fully hadronic decay t — ggb has a
branching ratio of 66.5 + 1.4 % [14].

31






3 Experiment

The search for supersymmetric particles requires the conditions to produce them and a
detector capable of reliably measuring their decay products. The Large Hadron Collider
(LHCQ) is at the time of writing the most powerful particle collider in terms of beam energy
and luminosity and hence opens the possibility to find new physics at energy scales that
were not explored before. There are two general-purpose detectors at the LHC which are
both capable of conducting measurements at comparable precisions to allow SUSY searches:
ATLAS and CMS. For the work in this thesis, data taken by the ATLAS detector was used.
A summary of the experimental set-up of the LHC (Sec. 3.1) and ATLAS (Sec. 3.2) is given

in this chapter.

3.1 The LHC machine

The Large Hadron Collider (LHC) [46,47] is a project that was approved by the CERN
collaboration in December 1994, succeeding the proton-antiproton collider Tevatron at the
Fermi National Accelerator Laboratory as the world’s most powerful particle collider. The

main purpose is to accelerate protons, but also heavy ions are used in special runs.

The LHC is located in the Franco-Swiss border region near Geneva, built 50 to 175 m
underground in the 26.7 km long tunnel of the former Large Electron-Positron Collider
(LEP). There are two beam pipes in order to accelerate particles in both directions. The

main modules to lead the particles on a circular path are the 1232 dipole magnets. They
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operate at a temperature of 1.9K and can create a peak magnetic field of 7.74 T. More
magnets (quadrupoles, sextupoles, octupoles, decapoles) are responsible for focusing the
beam and smaller corrections to optimise the particles’ trajectory. There are a total of 9593
magnets. The acceleration is done by 16 cavities, grouped by four in cryomodules, with two
cryomodules per beam. They are operating at a temperature of 4.5 K, each cavity delivers

2MYV at 400 MHz.

Protons undergo an acceleration process in several steps: First they are accelerated at the
linear accelerator Linac2 up to a kinetic energy of 50 MeV, then injected into the Proton
Synchrotron Booster (PSB) which accelerates them to 1.4 GeV. The beam is then fed to the
larger Proton Synchrotron (PS), where it is accelerated to 25 GeV per proton. From there the
protons go into the Super Proton Synchrotron (SPS), from where they are finally transferred
to the LHC after reaching an energy of 450 GeV. The accelerator complex is depicted in
Fig. 3.1. In the LHC the protons are further accelerated in both directions for ~ 20min
gaining 485 keV per turn until they reach the final beam energy and circulate in the pipes
for many hours during normal operating conditions. The protons in the LHC are ordered in
2808 bunches which can each be filled with up to 1.70 x 10'! protons, the nominal intensity

is 1.15 x 10! protons per bunch. The distance between bunches is 24.95 ns.

The LHC has four active interaction areas, each located in a cavern hosting one of the main
detector experiments ATLAS [49], CMS [50], ALICE [51] and LHCb [52]. The ALICE
detector is designed for collisions of heavy ion nuclei, while the other three detector are
mainly focused on proton-proton collisions. LHCb focuses on b-physics, whereas ATLAS

and CMS are designed as general-purpose detectors.

The two most important properties of a hadron collider are the centre-of-mass energy and
the luminosity that can be reached. The design beam energy of the LHC for protons is 7 TeV,
however in Run 2 (years 2015 to 2018), when the data for this thesis was taken, it ran with
6.5 TeV. In the case of two particles colliding head-on the centre-of-mass energy is simply

the sum of both particles’ energies, resulting in 13 TeV.
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Figure 3.1: Drawing of the CERN accelerator complex, including the LHC and pre-accelerators, and
experiments [48].

Luminosity is a measure for the number of events per time. It can be calculated from the

design parameters by
I— SN1N,

= 3.1
4no,o,’ G-1)

where N; and N, are the number of particles per bunches colliding with a frequency f. oy
and o), are the the horizontal and vertical Gaussian beam width at the interaction point. LHC
was designed for a nominal luminosity of 103*cm~2s~!, this was exceeded in many runs, the
actual luminosity was — depending on the year — often times between that and the ultimate

reachable luminosity of 2.5 x 10**cm~2s~!. The rate of events can be calculated by
N=o-L, 3.2)

where o is the cross section of the physical process. The total cross-section of proton-proton
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Figure 3.2: Data delivered to ATLAS by the LHC during stable beams for proton-proton collisions
at /s = 13TeV [54].

scattering at y/s = 13TeV is Oy = 111mb = 1.11 x 1072 cm? [53], which leads at the
nominal luminosity to an event rate of 1.11 x 10°s~! or an average of 27.6 events per bunch
crossing. Since the luminosity is not constant during runs the actual number of interactions
per bunch crossing is a broader distribution, displayed in Fig. 3.2a. The overall data is
measured in integrated luminosity [ Ldz; in the year 2015 the integrated luminosity delivered
by the LHC was 4.2fb~! and in 2016 it was 38.5fb™!, depicted in Fig. 3.2b. From the data
in the two years, 36.1fb~! is good for physics after being recorded by ATLAS.

3.2 The ATLAS detector

ATLAS' is a multilayer particle detector with multiple purposes, described in [49]. It is
designed to measure events from proton-proton collisions at the LHC, but can also take
data at heavy-ion collisions. Its main design physics goal was the search and precision
measurement of the Higgs boson in multiple channels as well as sensitivity to new physics
that could arise at proton-proton collisions with unprecedented centre-of-mass energy. The

high luminosity of the LHC, which is needed to be sensitive to rare physics processes, poses

A Toriodal LHC AparatuS
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Figure 3.3: Cut-away view of the ATLAS detector [49].

challenges for the detectors: they need to have a high granularity to distinguish events from
accompanying pile-up events in the same bunch-crossing; additionally the electronics and
sensor elements, especially close to the interaction point, require high radiation-hardness.
The detector was designed for almost full azimuthal angle coverage and with good precision
for the identification of physics objects and the measurement of their momenta.

The ATLAS detector consist of several sub-detector systems, a schematic view is shown in
Fig. 3.3. The right-handed coordinate system used to describe the detector (and also used in
the rest of this thesis) is defined as follows: the interaction point is defined as the origin, the
x- and y-axis open the plane transversal to the beam with x pointing towards the centre of the
LHC and y pointing upwards; the z-axis points longitudinal to the beam. The angle ¢ is the
angle in the transverse plane with ¢ = 0 being on the x-axis. 0 is the polar angle from the

z-axis. Usually, instead of 6, we will use the pseudorapidity 7, which is defined as

n=-—In (tan%) . 3.3)
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1M is zero in the transverse plane and +o along the beam axis. In some cases, e.g. jet

reconstruction, the rapidity y is used instead:

1. E
y=~In=tP (3.4)
2 E—p;

v has the advantage that rapidity differences between two particles are invariant under Lorentz
boost along the beam axis, however it requires knowledge about the particle’s energy and
momentum, which is experimentally difficult. i on the other hand depends only on 6, and
is thus easier to measure, and converges to y in the m = 0 case. For the angular distance

between two objects we usually use

AR = \/(AN)2 + (Ad)2. (3.5)

The inner detector, closest to the interaction point, is a tracking system, consisting of silicon
pixels and microstrip trackers (SCT?) and a transition radiation tracker (TRT). A solenoid coil
at the outermost part immerses the inner detector in a 2 T magnetic field, which allows high-
resolution momentum measurement of charged particles. The inner detector is surrounded
by a high-granularity liquid-argon (LAr) electromagnetic calorimeter and a scintillator-
tile hadronic calorimeter, surrounded by three large toroid magnets. The outermost part
of ATLAS is the muon spectrometer consisting of three layers of high-precision tracking
chambers. All detectors consist of a barrel-shaped part to cover the low-1 region and two
end-caps to cover the high-n region.

ATLAS is nominally forward-backward symmetric. Overall it is 44 m long and 25 m high
and has a weight of approximately 7000 t. Its design and construction is the work of several
thousand physicists, engineers, technicians and students and took place over a period of

fifteen years.

2SemiConductor Tracker
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Figure 3.4: Drawing of a cut-out section of the ATLAS inner barrel detector without the IBL. The
red line symbolises a charged track at n = 0.3. [49].

3.2.1 Inner detector

The inner detector is schematically displayed in Fig. 3.4 and 3.5. The viewing angle chosen in
Fig. 3.4 allows to see the dimensions of the barrel region, the end-cap region is not displayed;
the angle in Fig. 3.5 allows a better look on the end-cap region. The inner part of the detector
is the silicon pixel detector. It consists of four cylindrical layers in the barrel region and
three disc-shaped layers in the end-cap regions. It gives a very high resolution, allowing to
reconstruct tracks of charged particles and vertices to a high precision. The innermost layer —
3.3 cm away from the beam axis — is the Insertable B-layer (IBL) [55,56]; it was inserted
between LHC Run 1 and Run 2 in order to improve the identification of secondary vertices
which are used to identify decaying heavy-flavour hadrons. Most pixels are identical and
have a dimension of 50 x 250 um? for the IBL and 50 x 400 um? for the other layers, which
gives an intrinsic accuracy of 10 pm in ¢-direction and longitudinal to the particle track and
115 um in z direction (barrel) or radial direction R (discs). Some pixels (about 11%) are
slightly longer (600 um) to avoid gaps. There are about 86.4 million pixels in total.

The SCT in the barrel region consists of four layers with two sets of silicon micro-strip
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Figure 3.5: Drawing of a section of the ATLAS inner detector without the IBL. The red lines
symbolise charged tracks at n = 1.4 and = 2.2. [49].

sensors each, one set of strips is parallel to the beam direction, the other at an angle of
40 mrad, in order two obtain two-dimensional information. In the end-cap there are nine
discs, consisting of a set of strips running radially and a set of strips at an angle of 40 mrad.
The mean pitch of strips in both barrel and discs is ~ 80 pm. The intrinsic accuracies are
17 um in ¢-direction and 580 um in z- (barrel) or R- (end-cap) direction. The SCT has a total
of approximately 6.5 million readout channels. The pixel and SCT detectors cover the region
In| <2.5.

The TRT consists of straw tubes with a diameter of 4 mm, filled with a gas mixture of Xe
(70%), CO, (27%) and O, (3%). They provide only azimuthal information with an intrinsic
accuracy of 130 pm per straw (by measuring the drift-time of ionisation electrons). The
barrel region consists of 73 straw planes, the tubes are arranged parallel to the beam axis,
divided in halves at 7 = 0. In the end-cap regions there are 160 straw planes arranged
radially in wheels. The TRT has approximately 351,000 readout channels. The TRT is a
more economic expansion of the high-precision tracker (pixel and SCT detectors), each straw
has lower precision, but this can be compensated with a higher number of hits (approximately

36 per track, fewer in the transition area between barrel and end-cap) and longer track length.
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3.2 The ATLAS detector

The design goal for the transverse momentum resolution in the inner detector as a whole is

Opr _ 0.05% - pr/GeV @ 1%, (3.6)
pPT

where @ means that the terms are added in quadrature®. The actual transverse momentum
resolution depends on the 7 region and the pr of the track, it is typically 2-6% (pt ~ 1 GeV)
to 4-16% (pt ~ 100GeV), increasing from low-7 to high-1 regions.

3.2.2 Calorimeter

The calorimetry part of ATLAS consists of an electromagnetic calorimeter and a hadronic
calorimeter, both divided into a barrel and end-cap region. In addition there is a forward
calorimeter (FCAL) to cover the range up to |n| < 4.9. The arrangement of the sub-systems

is depicted in Fig. 3.6.

The electromagnetic calorimeter (ECAL) consists of alternating layers of active liquid argon
and lead plates which are passive material for absorption. The thickness of the lead plates
was optimised for high energy resolution. The barrel region consists of two half-barrels,
separated by a small gap at z = 0, it covers the region || < 1.475. The end-cap region
is divided into an outer wheel (1.375 < |n| < 2.5) and an inner wheel (2.5 < || < 3.2).
The accordion-like shape of the LAr detector ensures full azimuthal coverage. The design

resolution of the ECAL is

% = 10% - (E/GeV) ™2 ©0.7%. 3.7

The ECAL has a thickness of > 22 times the radiation length Xy in the barrel and > 24

times in the end-cap*, making it absorb the energy of electromagnetic showers almost

completely.

SEg:a®b=+a2+b2.
4The radiation length Xy is the distance in the material after which an electron has 1 /e of its original energy
left.
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Figure 3.6: Cut-away view of the ATLAS calorimeter system. [49].

The hadronic calorimeter (HCAL) consists of a tile calorimeter in the barrel region, a LAr
calorimeter in the end-cap and a LAr forward calorimeter. The tile calorimeter, which
surrounds the ECAL, uses alternating layers of scintillating tile as active material and steel
as absorber. At 11 = 0 the total detector thickness at the edge of the tile barrel is 9.7 times
the interaction length> A4. In addition to the barrel region covering |n| < 1.0, there are
two extended barrels covering 0.8 < || < 1.7. The hadronic end-cap calorimeter wheels
are located behind the end-cap electromagnetic calorimeters, allowing the usage of the
same LAr cryostats. They cover the area 1.5 < |n| < 3.1, slightly overlapping with the tile
calorimeter and the FCAL. The wheels are built from copper plates, interleaved with LAr
gaps as active material. The FCAL covers the region 3.1 < |n| < 4.9. It is recessed by
1.2 m with respect to the ECAL and integrated into the end-cap cryostats. The FCAL has a
thickness of approximately 10 interaction lengths, to reduce the background reaching the
muon system in this region with high particle flux; this is achieved through high density,
using copper as absorber in one module — optimised for electromagnetic calorimetry — and
tungsten for two more modules to measure hadronic interactions. Each module is inlaid into

a metal matrix and uses LAr in the gaps as sensitive material. The hadronic calorimetry is

50ne interaction length is the average path length of a hadronic particle until it undergoes an elastic or inelastic
interaction with the material.
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3.2 The ATLAS detector

designed for a resolution of

% = 50%- (E/GeV) ™" 3% (3.8)

in the barrel and end-cap and

% = 100% - (E /GeV) ™ & 10% (3.9)

in the forward region.

3.2.3 Muon spectrometer

The outermost part of ATLAS is a set of detectors aiming to measure muons, which are the
only known particles (except neutrinos, which can only interact weakly with the detector
material) that traverse the whole detector without decaying or being absorbed. Their momen-
tum is measured by tracking their trajectories in a magnetic field. In the range 1| < 1.4 the
field is provided by the large barrel toroids, for 1.6 < || < 2.7 there are two smaller end-cap
magnets; in the transition area there is a combination of both magnetic fields. The bending
power® between the innermost and outermost muon-chamber planes is 1 to 7.5 Tm, the
lowest bending power is in the transition region. The muon spectrometer is a combination of
different detector types, the layout is depicted in Fig. 3.7. For most of the n-range (|n| < 2.7)
Monitored Drift Tubes (MDT’s) are used, which provide a high precision in the measurement
of the track coordinates. At 2.0 < |n| < 2.7 the innermost layer is replaced by Cathode
Strip Chambers (CSC’s), which can withstand the high background flux. Special muon
chambers are installed to provide a lower-resolution but much faster signal which can be
used for triggering and measuring the second coordinate orthogonal to the precision-tracking
chambers: Resistive Plate Chambers (RPC’s) are used in the barrel (|| < 1.05) and Thin
Gap Chambers (TGC’s) in the end-cap 1.05 < || < 2.7. The muon spectrometer is designed

5The bending power is the field integral along the muon trajectory [ Bdl, where B is the field component
normal to the muon direction.
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Figure 3.7: Cut-away view of the ATLAS muon system. [49].

to provide a resolution of

O
T —10% at ppr=1TeV. (3.10)

PT

3.2.4 Trigger system

With a bunch-crossing rate of 40 MHz it is not possible to continuously read out and store
the full detector information. ATLAS uses a two-level trigger system to bring down the rate
of events to be stored to approximately 1 kHz [57]. The first level (L.1) is a hardware-based
system, which reduces the rate to 100 kHz, the final trigger decision is made by a software
based high-level trigger (HLT) system. Figure 3.8 shows the data acquisition strategy during
LHC Run 2.

The L1 trigger consists of a calorimeter-based (L.1Calo) and a muon-based (L1Muon)
sub-system. The L1Calo system [58] looks for regions of interest based on tower clusters of
different size in the electromagnetic calorimeter which exceed predefined transverse energy
thresholds. The Central Trigger Processor (CTP) collects input from L1Muon and L1Calo,

a topological trigger (LL1Topo) performs selections based on geometry and kinematics of
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Figure 3.8: The ATLAS Trigger and Data Acquisition (TDAQ) system during LHC Run 2 [57].

trigger objects, which allows also to identify events based on missing transverse energy. If
the CTP makes a positive decision, the events information is read out and buffered in the
Read-Out System (ROS). The HLT then uses calorimeter information with finer granularity,
precision measurements from the muon spectrometer and tracking information from the
inner detector to make a final decision whether the events should be stored. There is a
variety of HLT algorithms, seeded by different L1 triggers, looking for different kinds of
signatures, most use a two-stage approach, first using only a fast reconstruction and rejecting
the majority of events, then with a slower higher-precision approach for the remaining events.
The primary triggers, which are used for physics analysis, look for signatures which are
potentially interesting for the ATLAS physics programme, including electrons, photons,
muons, taus, (b-)jets and missing transverse energy. Some of the HLT algorithms are

discussed in Sec. 5.1.
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4 Event Reconstruction

In order to use the data taken by the detector for physics analysis, the information has to be
processed such that physics objects are reconstructed and identified. The methods will be
described in this chapter. The first step is the use of track and vertex reconstruction with
the inner detector (Sec. 4.1), which allows the identification of interaction points (primary
vertices) and tracks of charged particles. Calorimeter cells with a measured hit that are
next to each other are combined into clusters (Sec. 4.2. In a second step the information
from the sub-detector systems can be used to identify muons (Sec. 4.3), electromagnetic
showers (electrons or photons) (Sec. 4.4) and hadronic jets (Sec. 4.5). The signature of
jets originating from a b-hadron differ from other jets due to their long lifetime, they can
be identified with b-tagging algorithms (Sec. 4.6). With the information of all identified
objects also the missing transverse momentum can be calculated (Sec. 4.7). Jets originating
from hadronically decaying T leptons can also be reconstructed, but since they are not used
in the work presented in this thesis, this will not be further discussed. All these methods
are implemented in the ATHENA software framework [59, 60]. The development of these
methods and their implementation in the software framework is an effort of many people
and constantly undergoes a cycle of updates to improve the physics and computational
performance. This necessitates procedures to ensure that software updates only lead to the
desired effects on the reconstruction results, which is routinely done within the Physics
Validation framework (Sec. 4.8). The author contributed to the core physics validation
software framework and especially to the validation of the missing transverse momentum

reconstruction and thus helped to ensure stable physics results.
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4 Event Reconstruction

4.1 Track and vertex reconstruction

The track reconstruction in the inner detector uses a set of subsequent algorithms [61, 62].
A clusterisation method groups pixels and strips which measure a charge above a certain
threshold that have a common edge or corner into groups, creating so-called space-points,
which is where the charged particle has traversed the detector. In the SCT a space-point
consists of clusters from both sides of a layer to measure all three coordinates, in the pixel
detector one cluster suffices. The intersection point of the particle is determined from a
linear approximation from the pixels contributing to a cluster. In a dense environment a
cluster can be a merged cluster, which includes energy deposits from several particles; a
neural network is trained to identify those and they can than be used for multiple tracks
by the track reconstruction algorithm. After clusterisation, seed tracks are built from sets
of three space-points, which allow an approximate momentum measurement. Depending
on the sub-detectors used, these seeds tracks are classified into three categories: SCT-only,
pixel-only and mixed. These classes have different purities, therefore different criteria are
used to reject fake tracks; these include: momentum and impact parameters, the use of the
same space-point by multiple seed tracks and the compatibility of an additional space-point
with the track. Then a combinatorial Kalman filter [63] is used to build full track candidates
by adding compatible space-points from other layers to the seed tracks. This can still lead
to multiple possibilities. These ambiguities are resolved by assigning a track score to each
track candidate, which takes the goodness of the track fit, cluster resolutions, holes and track
momentum into account. The ambiguity solver then handles clusters shared by multiple track
candidates depending on their identification as merged or single-particle clusters, favouring
tracks with a higher score. This can lead to the removal of entire track candidates or the
removal of clusters from a track candidate. The ambiguity solver removes tracks that do not

fulfil the following criteria:

e pr >400MeV and |n| < 2.5,

» > 7 pixel and SCT clusters,
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4.1 Track and vertex reconstruction

» Not more than one shared pixel cluster or two shared SCT clusters,

* Not more than two holes in total and and not more than one in the pixel detector,

dgL‘ < 2.0mm and ‘sz sin0| <2.0mm’.

The remaining tracks are then extended into the TRT.

An additional track-finding algorithm is then executed in backwards direction, starting in the
TRT, identifying track segments with a standard Hough transform mechanism [64], using
only hits that have not been used for previously reconstructed tracks. This method aims to
find tracks that were not found by the former algorithms due to various reasons, e.g. tracks
coming from secondary decay or material interaction vertices which might not have enough
hits in the silicon detector.

The reconstruction efficiency for tracks depends mostly on the track density and therefore
on the initial particle — its type and and its momentum — but also on the detector region;
typically it lies in the range 80-95%. Fig. 4.1a shows the efficiency for different initial

particles depending on their pr.

It is important to assign reconsructed particles to the individual proton-proton interactions,
hence primary vertices are reconstructed. Tracks reconstructed in the previous step are
extrapolated to the beam axis and then vertex seeds are identified based on the maximum of
the z-distribution of tracks. An 2 minimisation algorithm is then used to reconstruct the
vertex from the seed [66]. This is done with an annealing algorithm, calculating weights
for tracks based on their compatibility with the vertex in the previous iteration and then
re-calculating the vertex with the weighted tracks. After the last iteration only tracks that
lie within seven standard deviations of the vertex are associated with it, the remainder is
removed and iteratively used to seed new vertices. Primary vertices are required to have at

least two associated tracks. The reconstruction efficiency depends on the number of tracks;

ldg‘L is the transverse impact parameter of a track with respect to the beam-line position, zOBL is the distance
of the point used for the d(]f‘L measurement (the ponit of closest approach on the transverse plane) from the

primary vertex in z-direction.
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Figure 4.1: Vertex reconstruction efficiency.

as measured in a run with a low average number of ineractions per bunch-crossing in 2015,
the efficiency is ~ 83% for two tracks and 97 — 100% for three or more tracks, as depicted

in Fig. 4.1b [65].

4.2 Calorimetric clusters

For the reconstruction of objects measured in the calorimeter the cell hits in the calorimeter
are grouped into clusters. There are two different clustering algorithms used for object recon-
struction in ATLAS: the “sliding-window” algorithm and the topological algorithm [67].

The “sliding-window”” algorithm sums cells with a fixed size rectangular window. First the
Nn-¢ space is divided into a grid with fixed element size and the cell energy of all longitudinal
layers is summed up into CaloTowers. Only the cells of the ECAL are used to build EM
towers, but also combined towers are build with ECAL and HCAL cells, which can be used
for jet reconstruction (see Sec. 4.5). Then seed pre-clusters are searched by scanning over the
n-¢ grid with a fixed window size looking for summed transverse energies of the EM towers

above a threshold which are local maxima. A smaller window is used to identify the position
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of the pre-cluster. The actual clusters in the electromagnetic calorimeter (EM clusters) are
then formed by adding up cells in a rectangular shape around the barycentre, starting with
the middle layer around the barycentre of the pre-cluster seed and then continuing with the
other layers using the barycentre of the middle (or other already processed) layers. Different
rectangle sizes are used for different kinds of particle reconstruction and they also depend
on the detector position (barrel or end-cap). The “sliding-window” algorithm is used for
electromagnetic showers and jets from tau decays; ; it leads to clusters with fixed sizes, so
that they can be directly compared to each other, which makes a precise calibration possible.
The topological algorithm [68] starts with seed cells which have a signal-to-noise significance
above a predefined seed threshold. Then cell neighbours are added iteratively to the cluster if
they exceed a (lower) cell-filter threshold; if a newly added cell exceeds a growth-control
threshold (lower than the seed threshold but higher than the cell-filter threshold) its neigh-
bouring cells are then also added in a new iteration if they fulfil the criteria. This process
can lead to merging of proto-clusters. A cluster splitting algorithm, which separates clusters
around local maxima, prevents the formation of very large cluster structures. In contrast to
the “sliding window” algorithm this method does not lead to clusters with a fixed size. The
resulting clusters are used to reconstruct hadronic jets, which makes them the most frequently
used calorimetric clusters in the work described in this thesis. Topological clusters are built

as either electromagnetic or combined clusters.

4.3 Muons

Muons have a very clean signature in the detector: they create a track in the inner detector
and hits in the muon spectrometer and deposit very little energy in the calorimeter. In the MS
the signatures are reconstructed as muon tracks: Muon segments are short straight-line tracks
in the MDT or CSC. A track-finding algorithm ranks segments by quality criteria and starts
building tracks with high-quality segments in the middle chambers, then extending the search

outwards and inwards. First the segments are matched just based on position, then a global
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x2-fit determines if segments are compatible with a common track; if not, the segment is
removed. When a track is accepted based on the fit, the associated segments cannot be used
for other track candidates any more. A muon track must consist of at least two segments.

With these muon tracks and the signatures in the other sub-dtetectors, there are four methods

to reconstruct muons [69]:

e combined (CB): a combination of a MS track with an ID track; this is used for most

muons in physics analysis.

» segmented-tagged (ST): an ID track matched with a MS segment; important mostly

for low-pt muons which do not necessarily reach the outer MS layers.

* extrapolated (ME): muons only reconstructed with MS data, their trajectory is extrapo-
lated to the inner detector; this is the case mostly for the region 2.5 < |n| < 2.7, which

is not covered by the ID.

* calorimeter-tagged (CT): an ID track extrapolated through the calorimeter with energy
deposits in the ECAL and HCAL compatible with a minimum-ionising particle; this
method is mostly important for the region |1| < 0.1 which is not well covered by the

MS.

A set of quality criteria is applied to reconstructed muon; these mostly aim to select prompt
muons while rejecting secondary muons from pion or kaon decays. Four working points
are defined with different criteria, depending on the muon type: Loose, Medium, Tight and
High-pt. The first three are inclusive, meaning that the looser selections include all muons
of the tighter selections. Muons containing an ID track must have at least one hit in the
pixel and five in the SCT detector and fewer than three holes in the two sub-detectors. Apart
from the number of hits and wholes, criteria used for the CB identification are: the g/p
significance |4/pip — 9/pms|/ (O @ Oms) which is the ratio of the charge and momentum
measured in ID and MS divided by the uncertainties added in quadrature; the difference

between the transverse momentum measurements in the MS and the ID divided by the pr
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4.3 Muons

of the combined track; the normalised x? of the track fit. The Medium working point is the
default selection for muons in physics analyses and used for control regions in the context
of this thesis; it uses only CB and ME (solely for 2.5 < |n| < 2.7) tracks and is designed
to minimise systematic uncertainties resulting from muon reconstruction and calibration.
Muons in this selection are required to have at least three hits in the MDT/CSC layers (except
for || < 0.1) and fulfil further quality criteria to suppress the hadron background. The
Loose selection, which is used as a baseline definition in this thesis, additionally uses CT
and ST muons in the || < 0.1 region. The reconstruction efficiency of the two selections is
displayed in Fig. 4.2a.

Often isolation is required for muons. This is done based on the variables pyircone30,
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Figure 4.2: Muon efficiencies in simulation and data measured in Z — pu events [69].

which is the scalar sum of track transverse momenta > 1GeV within a cone of size
AR = min (10GeV/pk,0.3), and E’ pocone20 v hich is the sum of topological cluster trans-
verse energies in a cone size AR = 0.2 around the muon; these variables remove the expected
contributions of muons originating from hadron decays. There are seven different working
points with different pr-dependent cuts on these variables. In this thesis the GradientLoose
working point is used, its pr-dependent efficiency is displayed in Fig. 4.2b.

Simulated muons can show slightly different results then real muons due to imperfect simu-
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4 Event Reconstruction

lation of the detector. Their transverse momentum is therefore corrected with 17 dependent
scale factors obtained from data-simulation comparisons in J/y — uu and Z — pu events.
The transverse momentum is separately measured and corrected in the ID and MS and the
final corrected value is a weighted average. The correction factors are < 0.2% in all detector
regions. The reconstruction, identification and isolation efficiencies are also measured in

data and corrections are applied to simulated events by applying weight factors.

4.4 Electrons and photons

Electrons and positrons, when transversing material, lose a significant amount of energy due
to bremsstrahlung. Photons can convert into an electron-positron pair, witch can then again
interact with the detector material, or undergo Compton-scattering. The resulting shower of
photons, electrons and positrons is usually very collimated and can normally be reconstructed
as part of the same electromagnetic cluster. Dependent if a conversion happens and where
the first time, zero, one or multiple tracks can be matched with a cluster originating from one
primary electron or photon. EM clusters constructed with the “sliding window” algorithm
are the seeds for electron and photon reconstruction, then tracks within the cluster cone
are tried to be matched [70,71]. A pattern-recognition algorithm first tries to reconstruct
tracks under the pion hypothesis; if that fails, a second attempt of reconstruction is made for
track seeds with pt > 1GeV under the hypothesis of an electron using the ATLAS Global
x? Track Fitter [72]. An additional fitting algorithm using an optimised Gaussian-sum
filter (GSF) [73] tries to fit tracks that are only loosely matched to the EM cluster, taking
into account the non-linear effects related to bremsstrahlung and increased bending in the
magnetic field due to energy loss. Tracks are then matched to the EM clusters with tighter
criteria, resolving ambiguities by taking into account the AR to the cluster barycentre in the
second layer of the calorimeter and the number of hits in the silicon detectors. If a candidate
track can be matched to a secondary two-track vertex, the object is considered a (converted)

photon candidate if it has not hit in the innermost pixel layer. If it does not match with
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4.5 Hadronic jets

a photon-conversion vertex, it is considered an electron candidate. If no track is matched
to the cluster, the object is a candidate for an unconverted photon. The identification of
photons is mostly based on the shower shapes in the calorimeter; a Loose and Tight selection
is defined [74]. In addition usually also isolation requirements are applied based on fixed
cuts on fixed cones for calorimeter and tracking isolation, similar to the method used for
muons. For electrons a likelihood based method is used for the identification, combining
the probability density functions of 14 observables into a likelihood function and using
five other observables directly as selection criteria [70]. Four working points with different
efficiencies and background rejections are defined as VeryLoose, Loose, Medium and Tight.
The identification criteria are optimised in bins of cluster 7 and Et. Isolation criteria are
also defined based on a variable-size cone for tracks and a fixed-size cone for clusters, as for
muons. The combined reconstruction, identification and isolation efficiencies for different
working points are shown in Fig. 4.3.

Electrons and positrons are calibrated by using an algorithm based on Boosted Decision
Trees trained with simulated electrons and photons of known energy [75]. With this method it
is taken into account that a significant part of the energy is lost outside of the calorimeter and
thus cannot be measured. Correction factors are applied to account for differences between

simulation and data in Z — ee events, accounting for imperfect detector simulation.

4.5 Hadronic jets

Jets coming from hadronic interactions can be reconstructed in different ways, with varying
inputs and algorithms. The most common jets in ATLAS , which are widely used in this
thesis, use topological clusters (see Sec. 4.2) as inputs and the anti-k, algorithm [76] with
R = 0.4 to construct jets [77]. The topological clusters’ cell energies are measured at the EM
scale, which corresponds to the deposited energy of electromagnetically interacting particles.
Other possible inputs are calorimeter towers, as done by the L1 trigger system, truth particles

of simulated events for truth jets, tracks, or jets with a smaller R-parameter (see Sec. 5.3).
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Figure 4.3: Combined electron reconstruction, identification and isolation efficiencies in simulation
and data measured in J/y — ee and Z — ee events for different working point combinations [70]; the
combinations are denoted in the legend as ’Identification Working Point + Isolation Working Point’.
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4.5 Hadronic jets

To cluster the inputs into jets, a distance d; ; between two entities (the chosen input objects)

and between an entity and the beam d; p are defined:

2

d; j = min (k7 k") R; , (4.1)

dip=k* (4.2)

1io

with Alz = (yvi—y j)z +(¢i—0 j)z; y is the rapidity as introduced in Eq. 3.4; k; is the transverse
momentum; R is the distance parameter which defines the characteristic size of the resulting
jets; p defines the algorithm: p = 1 is used for the k; algorithm, p = —1 for the anti-k;
algorithm, p = 0 is the choice for the Cambridge/Aachen algorithm [76]. The algorithm
goes iteratively through the list of entities and calculates all possible d; ; and d; g. In case the
smallest distance is d; ; the entities i and j are recombined. In case the d; p is the smallest
distance, the entity is removed from the list of entities and stored as a jet. This is repeated
until no entities are left. The anti-k; algorithm does not tend to cluster soft entities among
themselves, but instead rather clusters soft entities to hard ones. This leads to jets with a
more conical shape than other algorithms with a typical radius R. ATLAS uses the FASTJET
software [78] for the execution of the jet clustering.

For R = 0.4 Topo jets a jet vertex tagger (JVT) [79] is used to reject background that does
not come from the hard interaction by making use of information about tracks associated
with the jet. Tracks are assigned to vertices if they are associated with them in the vertex
reconstruction step (see Sec. 4.1) and in a second step if they are associated with the primary
verex if they have |z9| < 3mm with respect it. Tracks are assigned to jets using the ghost
association method [80]. The final discriminant uses variables that depend mostly on the
scalar pr sum of tracks from the hard-scatter vertex and that sum for tracks from other
vertices. The JVT is only applied for jets with 20GeV < pr < 60GeV within |n| < 2.4
(since other jets are very unlikely to originate from pile-up) and for those it has an efficiency
of 92%; the false-positive rate for a pile-up jets is < 2%. These rates were seen to be
independent from the number of vertices.

The jet four-vectors are in a first step the sum of the four-vectors of all associated calorimeter
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4 Event Reconstruction

clusters, then corrections are applied [81]. An area-based method is used to subtract the
pile-up distribution dependent on the number of primary vertices Npy, the mean number of

interactions per bunch crossing p and the median pr density p:

corr

Pr

reco

4.3)

—pxA—ox(Npy—1)—f xu,

where A is the area of the jet and @ and B are n-dependent coefficients derived from
simulation. The jet is then origin-corrected, recalulating the for-momentum such that it
points to the primary vertex instead of the detector cetre. After pile-up and origin correction
the absolute jet energy scale (JES) and 7 calibration is applied by correcting the energy and
1 according to simulated jets with known truth properties. The 1) calibration accounts for
biases in the 1 reconstruction caused by transitions between different calorimeter techniques
or granularities. In Fig. 4.4a the 1) dependent jet response for jets with different known
energy E™™ is displayed. The jet response is defined as the ratio of the reconstructed and

the truth energy E™°/E"" A global sequential calibration is applied by using correction
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Figure 4.4: Jet response measurements used for the jet calibration. The N and E™® dependent jet
response (a) is used for the absolute jet energy scale, in-situ measurements of e.g. Z+jet events (b)
are used to correct differences between data and simulation [81].

factors based on five observables that give information about the jet composition, which
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4.6 b-tagging

depends on the initiating particle®. Lastly a set of in-situ calibration methods is applied to
account for differences between data an MC. The jet responses are obtained from data/mc
comparison for different processes — dependent on the detector region — where the pt of jets
is balanced against well-measured reference objects, e.g a Z boson, as displayed in Fig. 4.4b.

The final uncertainty of fully calibrated jets depends on pr and 1 and is shown id Fig. 4.5.
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Figure 4.5: Combined uncertainty and its components in the jet energy scale for fully calibrated jets
as a function of a) the jet pr at 1 =0 and b) 1 for a pr = 80GeV jet [81].

4.6 b-tagging

Hadrons containing a b quark (and to a lesser degree also a ¢ quark) have a relatively long
lifetime &’(10~'%5s), leading to an average flight path length of several mm depending on
their boost. This behaviour can be exploited to identify jets as originating from a b quark (b-
tagging) [82,83]. One method is to use the impact parameters dy and zp sin @ (IP3D), another
is to search for secondary vertices (SV). Additionally, the JetFitter algorithm exploits the
topological structure of the jets to reconstruct the b- or c-hadron decay chain. A multivariate
method (MV2) based on Boosted Decision Trees (BDTs) combines inputs from all three

methods to achieve a better discriminating power. Since c-jets behave differently from jets

2Quark-initiated jets tend to include higher-pt hadrons that penetrate further into the calorimeter, gluon-initiated
jets tend to contain softer but more particles.
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originating from light quarks or gluons (light jets), the discriminating power of the MV2
algorithm against c- and light jets depends on the amount of c-jets used in the training
procedure. Different analyses can have different needs for this, therefore several variants
were trained, e.g. the variant MV2c10 (which is used throughout this thesis) was trained
against a background with a 7% fraction of c-jets® and 93% fraction of light jets. The BDT
discriminant allows the choice of different working points, defined by their b-jet efficiency.
The 77% working point, which is used throughout this thesis, has an estimated c-jet rejection
of 6 (meaning that 1/6 of c-jets are misidentified as b-jets), a light jet rejection of 134 and a

T rejection of 22; this performance was evaluated in simulated #7 events [83].

4.7 Missing transverse momentum

Due to momentum conservation, the momenta in the transverse plane of all products of an
interaction should effectively add up to zero. This would be the case if the detector could
measure the momenta of all particles perfectly. However, the momentum measurement
uncertainty varies for different particles, and for particles that do not deposit any energy
in the detector a momentum measurement is not possible at all. Neutrinos are the only
known particles that traverse the detector without any interaction, in BSM models more such
’invisible’ particles can arise. The missing transverse momentum p?i”, which is defined as
the negative vector sum of all measured transverse momenta, is hence a sign for invisible
particles, in events without such it is expected to be close (because of imperfect measurement)
to zero.

p?iss can be constructed with different methods [84]: One can use the pt information of
all reconstructed tracks in the ID that are associated with a primary vertex, one can use
calorimeter clusters or one can use fully reconstructed and calibrated objects. The most

common method in ATLAS is to use reconstructed objects (with the methods previously

described in this chapter) and in addition use a ’soft term’, which contains the information

3The number *10° indicates a fraction of 10%, which was originally the case. The name was retained even
though the exact number was changed to optimise the rejection power [83].
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4.7 Missing transverse momentum

of all objects (usually with low pr) that have not been associated with any reconstructed
physics object. A cluster-based soft term (CST) suffers from high pile-up which cannot
be suppressed well, for a track-based soft term (TST) however it is possible to use only
tracks associated with the primary vertex, which makes it largely independent from pile-up.
Because of this the track based soft term is the preferred variant for LHC Run 2, even though
it has the disadvantage that soft particles that are neutral or at [1| > 2.5 cannot be measured.

With these methods the missing transverse momentum is hence defined by

—pf=Ypr+ Y pr+ ¥ pr+Yer+ Y prt Y e (@44

jets electrons photons taus muons soft,track

for the soft term tracks with pt > 400MeV that are associated to the primary vertex are used.
An overlap removal ensures that tracks or reconstructed objects are not double-counted. The
exact definition of the first five terms is specific to the object definition choices of an analysis,
e.g. it is possible not to reconstruct tau jets at all, the transverse momenta of taus are then not
neglected but included in the jet or soft term. The magnitude of p%‘i“ is usually referred to as

missing transverse energy Ef"*°. For Z — uu events, where there are no invisible particles,

the distribution of E and the soft soft term are shown in Fig. 4.6.
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Figure 4.6: Distribution of a) E%’iss and b) the track-based soft term in Z — [/ events in simulation
and 2015+2016 data [85]. There are no invisible particles, E1"* is thus expected to be close to zero.
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4.8 Physics validation

Since the methods to reconstruct physics objects and the corresponding software are continu-
ously updated and improved, the performance and technical integration of such updates has
to be monitored. This is done within the physics validation procedure: event samples are
reconstructed with an older, previously validated software with known behaviour (reference
sample) and also with an updated version of the software (test sample). Distributions of
the objects’ properties are stored in histograms, the test and reference histograms are then
compared. For E%li“ these distributions include: different E%“i“ variants calculated with
different jet collections and the track-based or the cluster-based soft term, as well as EMiss
calculated only from tracks or clusters; for all separate terms in Eq. 4.4 the vector sum,
its x- and x-component, ¢ and the scalar sum; correlations between the terms; residuals,
significances and ¢-distances to certain objects; differences between the E%ﬁss terms and
naive sums of the corresponding objects. Some typical validation plots are shown in Fig. 4.7.
These tests are done regularly for updates in the object reconstruction and identification
software, but can also be used for other potential changes, e.g. in simulation or treatment
of pile-up events. The validation can be run on samples of simulated as well as real events,
in both cases the same events are used for the test and reference samples; simulated events
are usually overlaid with randomised pile-up events, which causes statistical fluctuations
in the validated distributions even if the software does not cause any changes, but for data
the distributions are expected to be identical. Differences between the test and reference
distributions are checked by eye as well as with automated statistical tests (chi-squared
and Kolmogorov-Smirnov [86,87]). The test results are to be interpreted according to the
expected changes of the software update — sometimes updates are supposed to improve the
reconstruction performance, but sometimes they are not expected to change the physics
results at all.
All software changes have to undergo this validation routine before they are used in physics

analyses.
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Figure 4.7: Typical tests in the E%“iss physics validation. Distributions of a test sample (black) are
compared to a reference sample (blue), the lower panel shows the ratio of both samples.
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5 Search for top squarks in the fully

hadronic final state

This chapter describes the search for top squarks in fully hadronic final states at a centre-
of-mass energy of /s = 13TeV with an integrated luminosity of [Lds =36.1fb~! of data
taken with the ATLAS detector. This search was published in JHEP [4]. The main goal is to
search for evidence of stop pair production in the 7 + EIM* final state, a pseudo-Feynman
diagram of this process is shown in Fig. 5.1a, but also other signal models with this final
state were considered. A previous search with similar methods had been conducted with
[Ldt =20.1fb~! of data taken with the ATLAS detector at /s = 8 TeV, which did not find
evidence for BSM processes [3]. Exclusion limits on stop pair production derived from this
search are shown in Fig. 5.2.

The search presented here defines several signal regions (SRs) to look for different signal
models with the same final state but different kinematic properties. Each of them is optimised
to achieve a high expected discovery significance for certain signal models over the SM
background. SRA and SRB are both targeting the 7,7} — 1t )Z? QZ? decay chain, as depicted
in Fig. 5.1a, and follow similar strategies. SRA targets the regions with high stop and
low neutralino mass (benchmark model: m(f;, 7)) = (1000, 1) GeV!), where the top quarks
are highly boosted and E%‘iss is generally high. SRB targets regions with lower stop and
higher neutralino mass (benchmark model: m(f;, %{) = (600,300) GeV) with lower boosted

top quarks and less E%‘iss. Both SRs try two reconstruct top quarks (and in some cases W

Neutralinos lighter than 1 GeV (but not zero) are theoretically allowed but would not significantly change the
kinematics in the final state.
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Figure 5.1: Pseudo-Feynman diagrams showing the targeted scenarios: pair production of a top-
squark pair decaying either via a top quark (left) or a chargino (middle), and pair production of
gluinos decaying into top quarks and quasi-invisible top squarks. The circles symbolise a summation
of all production channels. All three models have a final state with bottom and light quarks and two
of the lightest neutralinos.
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Figure 5.2: Exclusion limits prior to this thesis at 95 % confidence level on top-squark pair-production
for the case when top squarks decay exclusively into a top and a neutralino [3].
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bosons) and are categorised into three bins based on the reconstruction results: TT (two
reconstructed top candidates), TW (one top and one W candidate), and TO (one top candidate
only). SRC targets scenarios where m(7;) ~ m(t) +m(%?). It selects events with a high-pr
jet from initial state radiation (ISR) to make them distinguishable from 7. SRD targets the
decay chain 717; — beli )Zli — bbWW %079, as depicted in Fig. 5.1b, with the assumption
m(%5) = 2m(%Y). In this scenario there are no on-shell top quarks that can be reconstructed.
SRE is designed for scenarios with very highly boosted top quarks, as they can be produced
in the decay of gluinos, as depicted in Fig. 5.1c, especially with large Am(g,7;) and small
Am(f1, 7V) (benchmark model: m(g,7;, 7V) = (1700,400,395) GeV). The signal regions are
described in more detail in Sec. 5.5.

For the signal and background processes simulated events were used, described in Sec. 5.2.
The major background processes are normalised to data in dedicated control regions (CRs),
which are enriched in specific backgrounds. This process is described in Sec. 5.6. Validation
regions (VRs) were defined to verify that the backgrounds are well-modelled. The results in
the signal regions are shown in detail in Sec. 5.9. The interpretation of these findings for
different signal scenarios are described in Sec. 5.8.

The parts of this analysis with a major contribution done by the author of this thesis are trigger
studies, the design of the control region for the W+jet background and the improvement of
the signal region A by adding the observable M7, and optimising the design of the signal

region with it.

5.1 Data collection and trigger

Data for this analysis was taken from August to November 2015 and April to October 2016
at a centre-of-mass energy of 13TeV. A Good Runs List (GRL) is used for the bookkeeping
which of the stored data can be used for physics analysis. This results in an overall integrated
luminosity of 36.1fb~!. The rate of data is much higher than can be stored offline and

thus has to be brought down to ~ 1kHz. This is done by a two-level trigger system [57]:
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5 Search for top squarks in the fully hadronic final state

a first level (L1) hardware trigger followed by a software-based high-level trigger (HLT)
(see Sec. 3.2.4). The most promising triggers for the targeted signal models in this analysis
look for a significant amount of missing transverse energy. For the HLT there are different
algorithms for E%‘iss reconstruction that can be used. These algorithms use simplified methods
for the E%liss calculation as the computation needs to run quickly during data-taking. The
threshold for storing the event does therefore not correspond to a fixed threshold in offline
E‘TniSS (as described in Sec. 4.7), the efficiency is described by a turn-on curve. A study was
done to find out, which HLT EI* algorithm works best in terms of efficiency and data-MC
agreement and to determine the offline E%‘iss threshold where the trigger is fully efficient.
Since our expected signal yields are very small, only unprescaled triggers were considered?.
In particular there were three different trigger algorithms in consideration: the cell algorithm
(xe), which calculates E%‘iss from LAr and Tile calorimeter cells which significantly exceed
the noise level, the jet-based algorithm (xe_mht) which calculates E%“iss from trigger-level
jets, and the topo-cluster algorithm (xe_tc_lcw), where E%niss is calculated similar as in
the cell algorithm but with topo-clusters built for the entire calorimeter. Other additional
signatures like jet+E§rliSS or b-tagging on trigger level were seen to not significantly improve
the performance of the xe (_[...]) triggers. This study was conducted in 2015, when due
to lower rates the trigger could be run at relatively low thresholds (70GeV for all E%liss
variants) but it was expected that the thresholds would increase to at least E%‘iss > 100GeV
and probably not all of them could be kept unprescaled. In order to study the trigger
performances in the context of this analysis, a selection requiring at least four jets with
p%_3 > (80,80,40,40) GeV and one jet to be b-tagged (similar to the preselection used
in Sec. 5.5, but without E%niss and Ey iss,track requirements) was applied to the background
samples described in Sec. 5.2 to derive efficiency values for events with a certain Ess3.
Trigger efficiency is defined as the ratio of the number of events that pass the trigger and the
number of all events with a certain E%‘iss value. It can be seen in Fig. 5.3a that the xe_mht

algorithm has overall the highest efficiency and reaches the plateau of full efficiency at the

ZPrescaled triggers select only a predefined percentage of events that fulfil the criteria, whereas unprescaled
triggers select all.
3E¥“SS refers here and in the following to the fully reconstructed offline Ef"*S.
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Figure 5.3: Efficiencies of triggers with E%’iss > 100GeV threshold on trigger level as a function of the
offline Ef"**. The dashed line depicts E1"** = 250GeV.

lowest E’TnisS value. The xe_mht algorithm uses methods that are closest to the methods
of offline E%“iss reconstruction, especially in the fully hadronic final state, which could be
the reason why it performs best. The xe_tc_lcw algorithm performs only slightly worse,
whereas the efficiency of the xe algorithm is significantly lower. To determine the efficiency
in data, events passing a trigger requiring 2 b jets with pt > 35GeV where used and the
same preselection as before was applied. For simulation a set of samples was used that is
expected to describe all SM processes*. It can be seen that there are differences between
data and simulation in the turn-on. This could in principle be caused by a correlation of
the E%“iss an b-jet trigger efficiencies, but the same observation was made when applying a
preselection that ensured full efficiency of the b-jet trigger. These differences would need to
be considered if we wanted to use events with lower E‘Tniss values — but after reaching a plateau
the HLT_xe100_mht trigger can be considered fully efficient for both data and simulated
events. It can be concluded that it can be safely used above an offline E}ni“ threshold of

250GeV without further considering the turn-on efficiencies. This study was considered in

4These samples are described in detail in Sec. 5.2.
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Figure 5.4: Efficiencies of HLT_xe110_mht triggers in simulation with different L1 seeds as a
function of the offline E7"*°. The dashed line depicts Ef"** = 250GeV.

the decision, which trigger to keep as the lowest unprescaled one. In 2016 HLT_xe90_mht
was then used as lowest unprescaled in early data-taking periods, later HLT_xe110_mht was
used in runs with higher luminosity. It was possible to keep the same L1 threshold (L1XE50),
which also has an impact on the turn-on. The dependence on the L1 threshold is depicted in
Fig. 5.4. It can be concluded that the used HLT_xe110_mht_L1XE50 is still fully efficient at
offline EMiss > 250GeV.

In order to see if E‘TniSS triggers alone are efficient enough for all signal models, the efficiencies
of the triggers were determined in simulated events for all considered 7,7; — t¢ )Z? )Z? models.
A similar preselection as the one described in Sec. 5.5 was used, but with a relaxed threshold
of E%’iss > 150GeV, which was considered to be potentially useful for some of the models.
The efficiencies are shown in Fig. 5.5. It can be seen that the loss due to the HLT _xe_mht_100
trigger is below 1% in most signal models and below 5% in all, so that no other trigger needs
to be taken in consideration for any signal region. The loss due to the HLT_xe_100 trigger
would be considerably larger, which is another sign that the jet-based trigger algorithm works
best for the analysis under consideration.

The use of an E%ﬁ“ trigger is sufficient for all signal and control regions with no or one

lepton. There are however two control regions (described in Sec. 5.6.2 and 5.6.3) which do
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Figure 5.5: Efficiencies of triggers for signal events with offline E%‘iss > 150GeV.

not require high E%‘iss and thus require a different trigger. These regions were designed such
that they can use electron or muon triggers, which were found to be fully efficient at our

signal definition in these regions. All used triggers are summarised in Tab. 5.1.

5.2 Simulated data

In order to estimate the contributions of different processes in all regions, a good under-
standing is needed of how they would look like in the detector. This means that a suitable
amount of events has to be generated by Monte Carlo generators, the parton showering
(PS) and hadronisation has to be simulated and then the event has to be processed in a
detector simulation. The result can then be processed with the same reconstruction methods
as recorded data events. For the modelling of signal and background processes different
Monte Carlo generators were used.

Signal models were generated with MADGRAPHSAMC @NLO 2.2-2.4 [88], the PS and
hadronisation was done with PYTHIAS8 [89]. The decay of b and ¢ hadrons was evaluated
with EVTGEN 1.2.0 [90]. Cross-sections were calculated at next-to-leading order in the

strong coupling constant and with next-to-leading-logarithm accuracy for resummation of
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5 Search for top squarks in the fully hadronic final state

Table 5.1: Overview of the triggers used in the different data-taking periods. Data periods are defined
such that the detector and trigger configuration is coherent in one period. For electrons and muons
an OR combination of different triggers was used. The trigger names contain the criteria for the
trigger objects. The numbers refer to the pr of the trigger object. Electrons are identified with a
likelihood-based algorithm with the three working points lhtight, [hmedium, [hloose. Muons are
identified with a combination of ID tracks and tracks in the muon detector. The suffices ivarloose,
iloose, ivarmedium describe isolation criteria. More information in [57].

Type Year HLT algorithm

Emiss 2015 HLT_xe70_mht
2016 HLT_xe90_mht (period A-D3)
2016 HLT_xel100_mht (period D4-F1)
2016 HLT_xel110_mht (period F2-L)

Electron 2015 HLT_e24_lhmedium or HLT_e60_lhmedium
or HLT_e120_lhloose
2016 HLT_e26_lhtight_nod0_ivarloose or HLT_e60_lhmedium
or HLT_e140_lhloose_nodO

Muon 2015 HLT_mu20_iloose or HLT_mu50
2016 HLT_mu26_ivarmedium or HLT_mub50

the soft-gluon emissions (NLO+NLL) [44,91,92], the nominal cross-sections and uncer-
tainties result from an envelope of calculations with different sets of PDF, factorisation and
renormalisation scales, described in [45].

SM processes with a Z or W boson with additional jets (referred to as Z+jet and W+jet) can
end up in signal regions due to hadronic activities including b- and c- jets and missing trans-
verse energy from one or two neutrinos produced in the decay of the Z and W boson. The
dominant Feynman diagrams of these processes are shown in Fig. 5.6. For the MC samples
SHERPA 2.2.1 [93-96] was used with the NNPDF3.0 NNLO PDF set [97]. Generator-level
filters on the presence or absence of b or ¢ hadrons were used to increase the number of
events containing heavy-flavour jets in order to improve the modelling in a selection with
b-tagged jets. Samples with different filters are then separately normalised to their cross
section.

Top pair production (¢f) can act as a background if at least one of the top quarks decays

leptonically, resulting in a b quark, a charged lepton and a neutrino; the neutrino produces
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Figure 5.6: Selected Feynman diagrams for W /Z+jet production in proton-proton collisions. In case

of a W the quark at the vertex changes from an up-type quark to a down-type or vice versa. In case of
a Z the quark flavour does not change.
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Figure 5.7: Selected Feynman diagrams for ¢7 production in proton-proton collisions. These processes
can act as backgrounds if at least one top quark decays leptonically.

missing transverse energy and the event can fulfil the selection criteria if the charged lepton
is not reconstructed as such. In the case of both top quarks decaying hadronically, events
can only contribute as backgrounds if there is high mismeasures E%‘iss; this happens only
rarely and is thus an insignificant source of background. Feynman diagrams for ¢f production
are shown in Fig. 5.7. The samples were generated with POWHEG-B0X 2 [98], interfaced
to PYTHIAG [99] for PS and hadronisation. A single top quark can be produced together
with a second quark in the #- or s-channel or with a W boson in the Wz-channel, as shown
in Fig. 5.8. Except for the #-channel, which was produced with POWHEG-BOX 1, the same
configuration was used as for top pairs. In order to achieve better modelling through a higher
amount of events in regions with high missing transverse energy, event-level filters were
used to produce slices with different values of missing transverse momentum for the ¢7 and
Wt samples.

The production of a top-antitop pair in association with a Z or W boson (¢f + V) is a back-
ground with a low cross-section. However, if there is a pair of hadronically decaying
top quarks plus a Z boson decaying via Z — vV it results in the same final state as the
signal and is therefore an irreducible background. tt+V samples were generated with

MG5AMC@NLO [88, 100] interfaced to PYTHIAS8 [89] for PS and hadronisation. The
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Figure 5.8: Selected Feynman diagrams for single-top production in proton-proton collisions.These
processes can act as backgrounds if at least one neutrino is produced from a top or W decay. In all
three channels also an anti-top can be produced equivalently by reverting the arrows.
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Figure 5.9: Selected Feynman diagrams for ¢7 4+ Z production in proton-proton collisions. These
processes can act as backgrounds if at least one top quark decays leptonically.

dominant Feynman diagrams for ¢7 + Z are shown in Fig. 5.9.

Diboson processes are a minor background, they can contribute in signal regions due to
hadronic activity and missing transverse energy from one or more neutrinos. Samples were
generated with SHERPA 2.2.1 [93] with the same configuration as for Z/W +jet.

The SM process #f plus a highly energetic photon (¢7 + ¥*) is not a background process, but
is used for the estimation of the #7 + Z background, as described in Sec. 5.6.3. Events for this
process were generated with MG5SAMC @NLO [88] interfaced to PYTHIAS [89] for PS and
hadronisation.

An overview of the configurations for each MC sample can be seen in Tab. 5.2. Further
information about the background samples can be found in [104-108].

The detector simulation for all background samples was done with GEANT4 for all parts of
the detector [109]. For signal samples the simulation was mostly done with a fast simulation
framework which uses parametrised descriptions for showers in the electronic and hadronic
calorimeters [110] and GEANT4 for the rest of the detector. This choice was made for
economic reasons: while background samples can be produced centrally and then used

in many analyses, each analysis has a separate demand for signal samples, often in high
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5.3 Object definitions

Table 5.2: Overview of the configurations used for the event generation, showering, parton distribu-
tion function (PDF) and underlying-event (UE) of the MC samples.

Process Generator Showering PDF set UE tune Precision

SUSY MG5AMC@NLO PYTHIAS NNPDF2.3LO [97] Al141101] NLO+NLL
22-24 & EVTGEN 1.2.0

W/Z + jets SHERPA 2.2.1 SHERPA 2.2.1 NNPDF3.0NNLO [97] SHERPA default NLO

Diboson SHERPA 2.2.1 SHERPA 2.2.1 NNPDF3.0NNLO [97] SHERPA default NLO

tf POWHEG-BOX 2 PYTHIA 6.428 CT10 (NLO) [102] PERUGIA 2012 [103] NNLO+NNLL

Single top:

— t-channel POWHEG-BOX 1 PYTHIA 6.428 CT10 F4 (NLO) [102] PERUGIA 2012 [103] NNLO+NNLL

— s-/Wt-channel POWHEG-BOX 2 PYTHIA 6.428 CT10 (NLO) [102] PERUGIA 2012 [103] NNLO+NNLL

ti+V MG5AMC@NLO 2.2.3 PYTHIA 8.186 NNPDF3.0NNLO [97] Al4[101] NLO

tr+y* MGS5AMC@NLO 2.2.3 PYTHIA 8.186 NNPDF3.0NNLO [97] Al14[101] NLO

numbers with different sets of model parameters; full GEANT4 simulation is computationally
expensive and thus not practicable for all signal samples. For few selected signal models also
samples with full simulation were produced, the differences compared to the fast simulation
were seen to be small. In order to account for pp interactions in the same or nearby bunch
crossings (pile-up) additional minimum-bias events were produced with PYTHIAS8 with the
A2 tune [111] and MSTW 2008 PDF set [112]. All samples were overlaid with a varying
number of these events such that the number of pp interactions per bunch crossing matches
the distribution in data. Events are then reconstructed with the same methods as used for data.
Scale factors are used to correct for differences between data and simulation (reconstruction,
identification, isolation and b-tagging efficiencies, pile-up) and to normalise the samples to
the actual cross-section and integrated luminosity. These scale factors are applied as weights

to the simulated events.

5.3 Object definitions

Since this search is looking only for fully hadronic final states, jets (including b-jets) and
missing transverse energy should be the only reconstructed physics objects in the signal

regions. However, also other objects are needed: Electrons and muons are vetoed against,
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5 Search for top squarks in the fully hadronic final state

also they are selected in 1- and 2-lepton control regions. A simple veto for hadronically
decaying raus is also applied without using the full reconstruction. Leptonically decaying
taus are not identified as such, their signature is simply a muon or electron plus E%"iss.
Photons are needed for the 7 4V control region. An overlap removal is applied to ensure
that a signature which satisfies several object definitions is not double counted. The details

of these definitions are described in the following.

Jets

Jets are reconstructed from three-dimensional topological clusters of calorimeter cells. The
reconstruction is done with the anti-k; algorithm with a distance parameter R = 0.4. After
a pile-up correction and calibration they have to satisfy pr > 20GeV to be counted as a
baseline jet. This definition is only used for the overlap removal. Signal jets have to fulfil
additional quality criteria: they need to be within || < 2.8 and must pass the jet vertex
tagger if they fulfil pr < 60GeV and |n| < 2.4 to reject jets from pile-up interactions. Events
with jets that are labelled as “bad” due to originating from detector noise or non-collision

sources are removed [79].

b-jets
Jets labelled as b-jets must satisfy all criteria of a regular signal jet. In addition they must be

within the inner detector acceptance (|n| < 2.5) and pass the 77% fixed-cut working point of

the MV2c10 algorithm. Jets which are not tagged as b-jets are labelled as light jets.

Electrons

The baseline definition requires electrons to have pr > 7GeV and |n| < 2.47 and satisfy the

very loose identification requirement. This definition is used for a veto in signal regions.
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Signal electrons, which are used for control region definitions, must pass the Tight iden-
tification criteria and satisfy pr > 20GeV and |n| < 2.47. In addition they must pass the

GradientLoose isolation working point.

Muons

Baseline muons are required to have pr > 6GeV and |n| < 2.7 and pass the Loose selection
criteria. Signal muons, used for control regions, must additionally fulfil pr > 20GeV
and pass the Medium identification criteria and the GradientLoose isolation working point.
Additional criteria are required to reject cosmic (|dy| > 0.2mm and |zp| > 1 mm) or poorly

reconstructed (labelled as “bad”) (6(¢/p)/|q/p| > 0.2) are rejected>.

Tau veto

A simple, loose definition is used for the “T veto™: if a non-b-tagged jet within |n| < 2.5
has fewer than four tracks associated with it and the A¢ between the jet and the p?i“ is less
than 7/5, the jet is labelled as a “tau candidate”. This veto targets only the main source of T
leptons in this analysis, which is the W — 7v decay with no additional source of E%niss, it

cannot be seen as a veto against 7 leptons in general.

Photons

Photons are required to be within || < 2.37 and satisfy the Tight identification criteria. In

addition the FixCutLoose working point is used for isolation.

3dy is the transverse impact parameter of a track with respect to the primary vertex, zq is the distance of the
point used for the dyp measurement from the primary vertex in z-direction, 6(g/p)/|q/p| is a measure of the
momentum uncertainty for a particle with charge g.
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5 Search for top squarks in the fully hadronic final state

Overlap removal

The first step of the overlap removal (OR) is to handle electrons overlapping with jets.
Different methods are applied for light jets and b-jets. If the separation between a baseline
electron and a light jet is AR < 0.2, the light jet is removed and only the electron is kept. In
case of a b-jet under the same conditions the jet is kept instead. This method is used so that
prompt electrons are kept when they that are also identified as jets, without losing efficiency

for b-jets, which would otherwise be removed..

The next step is to remove overlap of muons and jets. Non-prompt muons can be produced
from in-flight decays of hadrons, in that case we want to keep the jet, whereas prompt muons
should not be removed. Hadronic jets typically contain several tracks, which is used to
distinguish between the two cases: if the separation between a baseline muon and a jet is
AR < 0.4, the muon is removed if the jet has at least three tracks associated with it; if it has

less than three tracks, the muon is kept and the jet is removed.

The last step again handles the OR of jets and electrons, however this is done after the second
step and only surviving jets are considered. If the separation between an electron and a jet is

0.2 < AR < 0.4 the electron is removed as it is likely to be a decay product of a hadron.

Missing transverse energy

The missing transverse momentum is calculated with all reconstructed objects plus a soft
track-based term, as described in Sec. 4.7. The soft term is calculated from all inner-detector
tracks originating from the primary vertex with pt > 400MeV that are not associated with

miss

any reconstructed physics object. The missing transverse momentum vector is called p7'**,

the magnitude or "missing transverse energy’ is called ETSS,

Another variant of the missing transverse momentum has a minor role in this analysis: the
purely track-based "™, It is calculated only from tracks associated with the primary

vertex with pr > 400MeV and |n| < 2.5, without any other reconstructed objects. The
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reason for using this is that events without genuine E%niss (e.g. multijet and fully hadronic

tf events) can enter the signal regions due to mismeasured jets or pile-up contributions. If

miss,track

an event has genuine E%“i”, it is expected to have also a significant amount of E and
p?iss is expected to be be aligned with p?iss’"aCk. This can be used to reject backgrounds

without genuine EMss,

5.4 Discriminating variables

Apart from the quantity and momenta of the reconstructed objects, further more complex
observables are used to discriminate different processes in signal and control regions. These
variables are described in the following. Transverse momenta p' refer, if not indicated
otherwise, to jets ordered by their pr, starting with the pr-leading jet with i = 0. Other
observables are introduced in the following and some of their distributions in data and
simulation are depicted in Fig. 5.10 and 5.11. More observables which are used exclusively

in one signal region are introduced in Sec. 5.5.

Distances between objects

Angular distances can be calculated in the transverse plain as A¢, which is mainly done if the
polar information is not available (when one of the objects is p%li“). If the polar information
is available for both objects, we can use the full information to calculate AR, which is defined
as

AR=\/(80) + (An). 5.1)

The distances between objects can give discrimination power against events with certain
decay chains, because particles that are decay products of the same mother particle tend to
have a smaller separation. One case where this is used is the difference between two b-jets,
AR(b,b). This quantity is expected to be small when the b quarks are products of a gluon

splitting, which is often the case for the background processes W+jet and Z+jet. If there are
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more than two b-jets the two with the highest b-tagging weights are used. This observable is

shown in Fig. 5.11a.

Another case where AR is useful is to distinguish events with a leptonically decaying top
from events with only a leptonically decaying W by using the distance between the b-jet
and the lepton, which is expected to be small for a top but not if the b-jet originates from
somewhere else. In events with two b quarks — like #7 — only one b-jet is expected to be close
to the lepton, thus the minimum distance of the lepton from the two b-jets with the highest

b-tagging weights AR(b,[)min is used.

Masses of reclustered large-R jets

In order to reconstruct hadronically decaying massive objects one can reconstruct jets with a
larger radius. A “rule of thumb” [113] for the separation of the products of a two-body decay

of an object with mass m and transverse momentum pr is given by

AR ~ 27m’ (5.2)
pPT

this means that the separation of decay products becomes small if the decaying object is highly
boosted and it can be reconstructed as a single jet; the R parameter of the jet reconstruction
algorithm should be equal or higher than the AR of the decay products. The method chosen
for this is to use the anti-k;, algorithm again with our regular R = 0.4 jets as input, but now
with a larger R parameter. The main focus in this analysis is the reconstruction of top quarks,
but also W bosons can be identified. As an identifier for these objects the mass of the large-R
jets can be used. Two variants of collections of these jets are used in this analysis: reclustered
jets with R = 1.2, which are mainly used to identify top quarks, and with R = 0.8 which
are used to identify W bosons or very highly boosted top quarks. The masses of these jets
labelled as mjet’R:l_z or mjet7R:0.8, where i is the position of the jet in the pt ordering of the

corresponding jet collection. These masses are used to define the top categories in SRA

and SRB: Events that satisfy mJQeLR: 12 > 120GeV and mj1 (R—12 > 120GeV are categorised

C
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as TT, if they satisfy mJQet?R:m > 120GeV and 120GeV < mjlet’Rzl.2 < 120GeV they are
categorised as TW and if they satisty mjoet’R:L2 > 120GeV and mjleLR: 12 < 60GeV they are
categorised as T0. T stands for an object that is likely to be a to, W for an object likely to be
a W boson and 0 for an object with a comparably low mass. This notation will be used in the
remainder of this thesis.

The distributions of the reclustered jet masses is shown in Fig. 5.10b, 5.10c and 5.10d. It can

be seen that for signal events these reconstructed masses tend to cluster around the W-boson

and the top-quark mass.

Invariant and transverse masses

If two (or more) particles are the decay products of a massive particle, we can calculate their
invariant mass to identify the mother particle. In general the invariant mass of two particles

with energies £, E; and momenta pp, p; is given by
2 _ 2 2_ 2 2
miy = (E1 + E2)” — |p1 +p2|” = mi +m3 +2(E1E; — p1 - p2). (5.3)

In this analysis this is mainly used in the Z+jet control region to identify Z bosons decaying
into an electron-positron or muon-antimuon pair. In this case the mass of the leptons is

negligible and the invariant mass can be calculated as

mj; = 2(E\E; — p1 - P2) = 2p11p12 (cosh(1)) —12) — cos(§1 — ¢2)) (5.4)

where pr;, 0, ¢; (i € {1,2}) are the properties of the two daughter particles.

In the cases where one part of the decay products is invisible one does not have the full
information to calculate the invariant mass, because we have only the transverse momentum

of the invisible particles. In the case of one visible and one invisible particle, which are
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assumed to have negligible masses, we can calculate the transverse mass as
mit = 2(En EP™ —pri - pF™) = 2pri EF™ (1 — cos(91 — Piss)) - (5.5)

Comparing this with Eq. 5.4 one can see that the transverse mass is exactly the invariant

mass if the pseudorapidity of both particles is the same, and smaller if this is not the case.

There are several important cases where this is used in the analysis. The first case is the

miss

transverse mass of the lepton and p?iss— denoted as mr (I, pF"**) — in one-lepton regions. If

the lepton and p?iss both originate from a W decay, this observable is expected to be below
the W mass in contrast to events with several sources for p%liss, where a also higher values
are expected. In addition, multijet events with a misidentified lepton and p?iss tend to have

very low values.

Another important case for the usage of the transverse mass is m7 (b™", pis$) (in the follow-

ing written as mrl}’min) — the transverse mass of the b-jet which has the smallest ¢ separation

with p?i“, and p?iss. In events with one leptonically decaying top this variable is expected

to be below the top mass, because the transverse mass of two of the decay products (b quark

and neutrino) cannot be higher than the mass of the original particle’s mass, especially since

the third decay particle is not taken into account at all; this can be seen in Fig. 5.10e. The
b,max miss

variable my" is constructed equivalently with the b-jet with the largest A¢ (b, pF***). The

distributions of mf’r’mi“ and ml%’max are shown in Fig. 5.10e and 5.10f.

Stransverse masses

The stransverse mass mr» is a special case of the transverse mass that aims to reconstruct
the masses of a pair of particles which both decay partly invisibly [114]. This is done by
miss

splitting pt"** into two parts p; and p, so that two transverse masses can be calculated, each

constructed with of one of these parts. One scans over the possible choice for p; and p; and
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5.4 Discriminating variables

chooses the combination that minimises the larger of the two transverse masses:

m3, = min [max{m%(pl,ql),m%(pz,qz)}]. (5.6)

miss

P1+P2=Pr

This usually leads to a combination where both transverse masses are roughly equal. Here
one does not necessarily need to assume massless decay products. The visible decay products
can be very massive and one can also use an assumption for the mass of the invisible particle,

if it is known in the scenario under consideration. This expands Eq. 5.5 to

m(p,q) = m> +m’+2prqr (1 —cos(9, — ¢,)). (5.7)

In the case of the process depicted in Fig. 5.1a the visible particles g1 » would be the top
quarks (which are fully visible in the fully hadronic channel) and the top-squark mass would
be the upper limit for mt,. This makes it especially useful for high-mass scenarios (SRA),
because for background events mr; is expected to be lower.

Using tops as the visible input is not a trivial thing to do since tops are not well defined
objects on reconstruction level. A possible choice are the pr-leading large-R jets jetg’il_z or
jet%iovg. However since we are using also events with only one well-reconstructed top with
this method in the TW and TO category, it can be assumed that these jets will not give a good
description of the original top there. Another choice could be to use a combination of light
and b-jets (or just the two pr-leading jets) as top candidates, based on the AR or invariant
mass of said jets. For this there are a lot of possibilities®, e.g. the method used in SRA in [3]
or methods that find top- (and W-)candidates based on the optimisation of a chi-squared-like

cost function. The latter works in principle by choosing the combination with the smallest

xz _ Z (mcandj;zmtrue,i)z’ (5.8)
i i

where i sums over all candidates that are looked for with the mass of the searched particle

Mye,; and the invariant mass of the combined jets mcang,;. f; should be an estimation for

%A suitable method should be able to produce two top candidates for all events with > 4 jets and > 2 b-jets.
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5 Search for top squarks in the fully hadronic final state

the uncertainty of myq;, but can also be chosen differently if necessary. The quality of
these methods can be judged with simulated events by the kinematic differences between the
resulting top candidates and the top quarks on generator level, but also by the performance
of mr, with these input candidates in the signal region optimisation.

The method performing the best, which will be referred to as chi-squared method below, is
described in the following. We are searching for two top candidates, but also two W candi-
dates. A W candidate can consist of either one or two light jets’, a top candidate consists of
a W candidate and a b-jet. In this context only the two jets with the highest b-tagging weight
are considered as b-jets, all others are considered light jets®. The advantage of this method
is, that it constructs top candidates with equal priority while making use of the full event
information and knowledge about the decay process, without being restricted to small AR’s
of the decay products. As f; a proxy for the resolution was used: f; = \/nm GeV,
which estimates only very roughly the mass dependency of the resolution. With that, Eq. 5.8

results in the following cost function:

(m®P  —173.2GeV)?  (m'P  —173.2GeV)>

%2 __\cand,l + cand,2
173.2GeV? 173.2GeV2 5.9
(m¥ g —80.4GeV)?  (ml¥ i, —80.4GeV)?

80.4 GeV? + 80.4 GeV?

This method was seen to be superior to other options which neglect W candidates or allow
other combinations as W candidates. Since this choice for f; is not highly motivated, other
options for were tried, including other fixed values, but also using the uncertainty of mcang;
calculated from propagating the uncertainties of the contained jets. It was also tried to
limit the penalty for not finding W-candidates by using (max(m:i’md,l,mﬁx) —80.4GeV)?
in the numerator, with different values for mgx. All these methods led in practise to no
or only an insignificant improvement over Eq. 5.9. The kinematic differences of the top
candidates to the generator level properties in comparison to the R = 1.2 jets are depicted

in Fig. 5.12 and 5.13. When comparing the two methods in a preselection without any top

7A W boson decays into two quarks, but the particle showers of those can merge into a single jet.
8This choice was made to ensure that the method works for all events in the signal region, because > 2 light
jets is not a requirement.
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Figure 5.12: Kinematic differences of reconstructed top candidates with generator-level top quarks in
simulated SUSY events with m(71, 7) = (1100, 1) GeV. The preselection is the same as in Sec. 5.5. Top;/topa
are defined as the pr-leading/sub-leading R = 1.2 jets for the AntiKt12 method (blue) and the top-candidate
with the lower/higher contribution to y? for the chi-squared method (black). The differences are calculated
with the generator-level top which is closer in AR to the top candidate. The lower panel shows the ratio of

events between the chi-squared and the AntiKt12 method.

identification applied, the chi-squared method performs better in describing the pr and ¢ of
the original top. In a selection with the TT categorisation applied, the R = 1.2 jets perform
unsurprisingly equally well or slightly better than the chi-squared method, but the difference
is not big. However, in regions with the TW or TO categorisation applied the R = 1.2 jets fail
to provide a good description of both jets, whereas the chi-squared methods still performs

reasonably well. It might at first be surprising, that even the “reconstructed” top jet (with

Mjer rR=1.2 > 120GeV) does not give a good description for the pr of the top (see Fig 5.13e).

The reason for this is that decay products of the other, not-reconstructed top can merge into
the jet and increase its overall momentum. It is obvious from these plots that the chi-squared
method is much better suited to describe the kinematic properties of the tops in SRA. It is
however not suited to use the reconstructed top mass as a direct discriminator or to define
signal region categories, because it tends to construct masses close to the top mass even for
non-top backgrounds by design because of the method to select the "test’ combination.

In addition to the chi-squared method, it was seen to be the most useful to use 0GeV (as
a proxy for the unknown neutralino mass) and 173.2GeV (the top mass) as m, and m,

in Eq. 5.7, the construction with these definitions will be used and referred to as ’mr;’
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Figure 5.13: Kinematic differences of reconstructed top candidates with generator-level top quarks in

simulated SUSY events with m(7, )Z?) =

(1100,1) GeV. The preselection is the same as in Sec. 5.5; TT and

TO means that the corresponding top identification categorisation was applied in addition to the preselection.
Top,/top; are defined as the pr-leading/sub-leading R = 1.2 jets for the AntiKt12 method (blue) and the
top-candidate with the lower/higher contribution to x? for the chi-squared method (black). The differences
are calculated with the generator-level top which is closer in AR to the top candidate. The lower panel shows
the ratio of events between the chi-squared and the AntiKt12 method.



5.5 Signal regions

in the following, its distribution is shown in Fig. 5.11b. A different mass hypothesis for
neutralinos just tends to shift the resulting mt, without changing the background rejection
power, whereas a different top-mass’ hypothesis (e.g. using the reconstructed mass of the
candidate) tends to smear out mr;, so that other choices were not seen to be of advantage for

any signal model.

5.5 Signal regions

A common preselection is applied for all signal regions: a basic event cleaning is applied,
which makes sure that the event has a primary vertex, belongs to a run that is white-listed by
the GRL, is not vetoed by error flags of the calorimeter or SCT modules and does not have a
’bad’ jet or a "bad’ or ’cosmic’ muon, as defined in Sec. 5.3; the E%‘iss trigger is used for all of
them, together with an offline E%‘i“ threshold of 250 GeV for full trigger efficiency; at least
four jets with p%’3 > (80, 80,40,40) GeV are required’; at least one jet should be b-tagged;
events with leptons fulfilling the baseline electron or muon requirement are rejected; an
angular separation between the two pr-leading jets and p?iss is required to reject events
with artificial Ef** from mismeasured jets: |A¢ (jet”!, piis*) | > 0.4; further selections on

< track . , . i iss, track
E7""™ are used to reject more events with non-genuine EfMSS: EXV > 30GeV and

‘A(P (p?iss) pr;liss,track) ‘ < 71,'/3

) .
Several signal regions are then defined with additional selection criteria in order to enhance
the signal/background ratio for different scenarios such that the expected discovery signif-
icance is optimised. All signal regions were defined only based on simulation, data was

blinded during this process in order to avoid biases.

9This requirement was chosen such that it rejects background events while still preserving as much signal in all
scenarios as possible.
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5 Search for top squarks in the fully hadronic final state

Table 5.3: Common preselection for all signal regions.

Observable Requirement
Event cleaning v

EISS trigger v

Njets >4

Jet" 3 pr > (80,80,40,40) GeV
Nb—jets >1
Nba_selinefleptons =0
Ep"™ > 250GeV
A9 (jet™!, piss)| > 0.4
E;Iliss,track > 30GeV
‘A(P <p%1iss p?iss,track> ‘ < 7_[/3

Signal region A

Signal region A is optimised for a high sensitivity in the scenario depicted in Fig. 5.1a
with high top-squark masses, the benchmark scenario is m(f;, 7?) = (1000, 1) GeV. At least
two b-jets are required in this selection and a minimum distance of the leading three jets
to piRiss: |A¢ (jet®!2, piss)| > 0.4. A threshold of mi™" > 200GeV is applied to reject
semi-leptonic ¢f events with a missed or misidentified e or i, and the tau veto described in
Sec. 5.3 is applied to reject events containig a W — TV decay. For W- and top-identification
large-R jets are used: Due to the large Am(7y, Z?) the decay products are highly boosted and
with the R = 0.8 jet collection it is usually possible to identify at least one W boson; this
is done by requiring m > 60GeV for the pr-leading R = 0.8 jet. The R = 1.2 jet collection
is used for the categorisation into the three signal bins TT, TW and TO: the pr-leading jet
is required to have m > 120GeV, which indicates a top quark; events without such a top
candidate are discarded. The sub-leading jet can then fall into three categories: m > 120GeV
(TT), m = [60,120] GeV (TW) or m < 60GeV (TO0). The reason for this is that while one top
is usually boosted enough to be identified as a (R = 1.2) jet, the other top can also be softer,
so that only the decay product of the W boson or not even that are contained in one jet. The
binning is used because one does not want to lose the rejection power of two identified tops,

but also not lose all signal events were not both tops could be identified. For the same reason
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Figure 5.14: Distribution of the masses of the pr leading/subleading R = 1.2 jets for the SRA
benchmark signal (m(f1, 7)) = (1000, 1) GeV) after preselection. The areas of the TT, TW and TO
categories used for the SRA and SRB definition are sketched in. For this signal model the fractions
are: 34.1% TT, 22.1% TW, 32.4% TO and the remainder discarded due to low low mass of the leading
R = 1.2 jets; these numbers vary for different signal models.

the usage of the sub-leading R = 0.8 to identify another W candidate was seen to reject too
many signal events with lesser boosted objects and was thus not considered useful. Figure
5.14 shows the distribution of the two R = 1.2 jet masses for signal events. It can be seen
that that the highest density of events is at the point where both jets have masses around
the top mass, but also a significant amount of events show up around the W mass for the
sub-leading jet or below.

The selections were then optimised in each category with a simulated annealing algorithm
implementation introduced in [115]. The figure of merit for the optimisation was the median

expected discovery significance Z calculated with the asymptotic formula [116,117]:

2= [o (om0 A Lyl d DT s

with s and b being the number of signal and background events and o}, being the systematic
uncertainty of the background yield. For o}, a flat relative uncertainty of 30% was assumed.
It was seen that the observables E%‘iss and m, were the most useful for optimising selections,

whereas other observables did not significantly improve the sensitivity when changing
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5 Search for top squarks in the fully hadronic final state

the thresholds compared to the previously described values; only in the TT category an
additional selection on AR(b,b) > 1.0 was found to be beneficial. A summary of all criteria
can be found in Tab. 5.4. Higher EI* and mr, thresholds could still have improved the
expected significance in Eq. 5.10, but this was not done in the final SRA definition because
of inaccurate background modelling in this extreme phase space. Fig. 5.15 shows the

distributions of several used discriminating observables in SRA-TT , SRA-TW and SRA-TO.

Table 5.4: Selection criteria for SRA & SRB in addition to the common preselection defined in
Tab. 5.3.

Signal Region ‘ Observable ‘ Requirement
| Category — | TT | TW | TO
mjoet’ R—12 > 120GeV
Mg g1 >120GeV | [60,120]GeV | < 60GeV
Common | m2™" > 200GeV
Nb—jets >2
T-veto v
|A¢ (jet™! 2, piss)| > 0.4
m;)ep R_0.8 > 60GeV
A AR(b,D) > 1.0 -
mr >400GeV | >400GeV | >500GeV
Emiss >400GeV | >500GeV | >550GeV
B iy >200GeV
AR(b,b) >1.2

Signal region B

This signal region targets scenarios with high LSP masses, the benchmark scenario is
m(f, 7Y) = (600,300) GeV. Typically all objects are less boosted than in SRA. SRB uses
the same top categorisation method as SRA and a set of common selections. The usage
of mt, and E%liss thresholds higher than preselection were not found to be useful, as well

as the usage of R = 0.8 jets. Instead, m2™ and AR(b,b) were used to further suppress
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Figure 5.15: Distributions of several observables used in SRA. All selections of the signal region are applied
except for the observable shown in the diagram. The SM background processes are depicted as coloured areas
stacked on each other. Scale factors derived from control regions are not applied. The hatched band shows the
MC uncertainty, consisting of statistical and detector-related systematic uncertainties. The dashed line is the
SUSY signal with m(7;, 7) = (1000, 1) GeV. In the bottom panel the ratio of signal and SM events is shown.



5 Search for top squarks in the fully hadronic final state

backgrounds. The summarised selection criteria can be found in Tab. 5.4. The distribution of

several observables used in SRB are shown in Fig. 5.16.

Signal region C

This signal region targets scenarios with m(#;) = m(t) +m(%?), the benchmark scenarios
are m(f1, 7Y) = (300,127) GeV and m(f, 7?) = (500,327)GeV. In such a model, if the
neutralinos are produced at rest in the stop-pair frame and the top squarks’ momenta are
back-to-back, the neutralinos’ momenta are exactly opposite, which completely cancels the
E%‘iss, the measurable part of such an events then looks exactly like #7. In order to achieve
sensitivity for such models a selection for events with initial state radiation (ISR) of a gluon
is utilised. The whole stop-pair system recoils in the opposite direction of the ISR system, so
that the momenta of the invisible neutralinos no longer cancel each other. In this case the
ratio of the neutralino and stop mass can be deduced from E%liss and the ISR jet:
[Eiss mgo

T
RisR = —gg ™~
T

) 5.11)
mg,

To identify the ISR system of an event, the recursive jigsaw [118] technique is used: All
R = 0.4 jets are grouped into either the ISR system, which can consist of one or several
jets, or the sparticle system which includes p?iss and the remaining jets. Going through all
possible grouping options of any number of jets in the ISR and sparticle system, the option
is chosen which gives the highest momentum of the ISR system pITSR in the centre-of-mass
frame (which is equivalent to the momentum of the sparticle system in the centre-of-mass
frame p>). With this method several new observables can be obtained that can be used to
discriminate background: the ISR system must have a pt of at least 400 GeV and the angular
separation to p?iss must be at least 3.0 (the invisible system would be at rest without ISR
and is only boosted by recoiling against the ISR system); the sparticle system is required

to contain at least five jets with pt > 50GeV and at least one b-jet with pt > 40GeV; the

transverse mass of the sparticle system is required to be at least 300GeV. SRC is then
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Figure 5.16: Distributions of several observables used in SRB. All selection cuts of the signal region are
applied except for the observable shown in the diagram. The SM background processes are depicted as
coloured areas stacked on each other. Scale factors derived from control regions are not applied. The hatched
band shows the MC uncertainty, consisting of statistical and detector-related systematic uncertainties. The
dashed line is the SUSY signals with m(f1, 7)) = (600,300) GeV.
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5 Search for top squarks in the fully hadronic final state

divided into five bins of Risr to achieve sensitivity for models with different mi?/mfl . With
EMss being quite high in the used events (due to the trigger threshold), a large ratio of the
sparticle system’s boost often goes into the invisible system, the visible part of the sparticle
system is therefore not necessarily highly boosted, which makes the usage of large-R jets
not very helpful in this signal region. A summary of all selection criteria can be found in
Tab. 5.5. Distributions of several recursive-jigsaw variables in this signal region are shown in
Fig. 5.17. It can clearly be seen in Fig. 5.17d that the two chosen signal points have different

sensitivities in the Risg bins.

Table 5.5: Selection criteria for SRC in addition to the common preselection defined in Tab. 5.3.

Observable ‘ Requirement

Bin — | SRC1 | SRC2 | SRC3 | SRC4 | SRC5
N(l?gjets > 1

Pry > 40GeV

N.Sets4 . >5

pr > 50GeV

m3 > 300GeV

PR > 400GeV

A¢ (ISR, piriss) >3.0

Risr 0.3,0.4] | [0.4,0.5] | [0.5,0.6] | [0.6,0.7] | [0.7,0.8]

Signal region D

Signal region D aims to detect the process depicted in Fig. 5.1b where there are no tops in the
decay chain. The top squarks decay via 7} — b}Zli with the chargino decaying via )Zli —W )Z?
and its mass fixed at Mye = 2mz?. SRD is divided into two sub-regions: SRD_low targets the
benchmark scenario m(fi, )Zli,ff?) = (400,100,50) GeV, SRD_high targets the benchmark
scenario m(71, Xi-, 7)) = (700,200, 100) GeV. Since the branching ratio BR(7; — bj;") can
be very different in SUSY models, the signal regions were designed such that they preserve
sensitivity also for the mixed decay, where one stop decays via f; — t)Z?, as a consequence

no explicit veto on hadronically decaying tops was applied. Events must have at least
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Figure 5.17: Distributions of several observables used in SRC. All selection criteria of the signal region
are applied except for the observable shown in the diagram and Risg. The SM background processes
are depicted as coloured areas stacked on each other. Scale factors derived from control regions are not
applied. The hatched band shows the MC uncertainty, consisting of statistical and detector-related systematic
uncertainties. The dashed lines correspond to the SUSY signals with m(f;, 7?) = (300, 127) GeV (green) and
m(fy, 7Y) = (500,327) GeV (magenta).

97



5 Search for top squarks in the fully hadronic final state

five jets with higher pr thresholds than in SRA & SRB. Two b-jets are required and the
observables m2™", m2™ and AR(b, b) were used with thresholds optimised for the signal
scenarios; also the tau veto described in Sec. 5.3 and !Aq) (jeto’l’z,p$iss) ’min were used.
Notably useful as a discriminating observable for this signal region proved the sum of the
transverse momenta of the pr leading and sub-leading b-jet. The exact definition of SRD can

be found in Tab. 5.6. The two sub-regions are not orthogonal and can thus not be statistically

combined. Distributions of some observables are shown in Fig. 5.18.

Table 5.6: Selection criteria for SRD in addition to the common preselection defined in Tab. 5.3.

Observable ‘ Requirement
Sub-region — | SRD-low | SRD-high
|49 (et pF™) |y, >04

Niess >5

Py > 150GeV

Py’ >100GeV | >80GeV
p%s > 60GeV

Nbfjets = 2

AR(b,b) >0.8

Py’ +py” >300GeV | > 400GeV
T-veto v

™ >250GeV | >350GeV
iy >300GeV | > 450GeV

Signal region E

The last signal region is designed to detect very highly boosted top quarks in combination
with E%li“. While such a topology can also arise in stop-pair production with a high stop
mass, this is not the targeted scenario because the production cross-section falls quickly with
increasing stop mass, which leads to scenarios that are very unlikely to be observed at the
current integreted luminosity. More promising are scenarios with pair production of gluinos
— due to higher cross-sections, see Fig. 2.4b — which can then decay via § — 7;7. Since we

are targeting scenarios with two tops, we are looking for models with high Am(g,7;) but

98



5.5 Signal regions

T

> Vs=13TeV,L=36110" i T .swg‘el‘,p 3
> 25 Fis= 13Tev,L - 361 fb" i ‘ ] Sin;le o ‘ - g 40E" srp 0w I Wiets W zijets 3
0] F' Sroow " ‘ v 3 «a 35 piboson [l v =
(u\|7 20 ; . Wajets . Zsjets ? ; 30 = =
> C oiboson [l v i < 25 7 T (N‘,zf,~?)=(4oo,1oo,50) Gev—]
‘g ? ...... (i,x'%")=(400,100,50) GeVE :>j 20 E
i - = 155
E ] 10
e — . E 5
£ P ] = 0=
(% 5 P 9 2
= © .
.g" P e e : c% I : H-
%) HECLE L L H o) SENELEECTFES - F H H
050700 150 200 250 300 350 400 0 100 200 300 400 500 600 700
p, (et,) [GeV] M2 [GeV]
(a) Fourth-leading jet pt in SRD-low. without applying a (b) m?mi“ in SRD-low.

selection on the third leading jet.

T

3 rebcowteiomin L g 4 I o
o 14 = SRD-high Poes P 2 E (s=13TeV,L=36.1f" B Wsioe o
; 1 2? Diboson . v 8 .Wﬂels .Zﬂe{s
< 1= (t,%;%)=(700,200,100) Ge! & oboson [y
2 < (?vi‘*,if):(mo,zoon 00) GeV.
@ g
iT|
=
5 5 »
- = 2
5 g
w 0 n 0
0 200 400 600 800 1000 1200 0 100 200 300 400 500 600 700 800 900 1000
m_?,max [GGV] pg,b+p1T,b [GeV]
b,max . 0,b 1Lb . .
(c) my in SRD-low. (d) p7” + py” in SRD-high.

Figure 5.18: Distributions of several observables used in SRD. All selection criteria of the signal region
are applied except for the observable shown in the diagram. The SM background processes are depicted as
coloured areas stacked on each other. Scale factors derived from control regions are not applied. The hatched
band shows the MC uncertainty, consisting of statistical and detector-related systematic uncertainties. The
dashed lines correspond to the SUSY signals with either m(71, Z;°, 7)) = (400,100,50) GeV (SRD-low) or
m(f1, %7, %0) = (700,200, 100) GeV (SRD-high) with 7 — bj;"
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5 Search for top squarks in the fully hadronic final state

very low Am(f, Z?) which makes the jets that are the visible decay products of the top
squarks very soft and we can treat the top squarks as quasi-invisible. A diagram of this
process is shown in Fig. 5.1c. The benchmark signal scenario for this region is m(g,7, )Z?) =
(1700,400,395) GeV. We expect events to have at least 2 b-jets and the selection cuts on
mb™™ and |A¢ (jet™! 2 piiss)|  are applied as in SRA/SRB. For the identification of the
highly boosted tops R = 0.8 jets are used, a categorisation as in SRA/SRB was not found to
be useful because the number of signal events in a hypothetical TW or TO category would be
too low. Another important variable is the sum of all jet pr’s: Ht = NJZC:\ piT’l. This is then
also used for a type of “E%‘iss significance”, which is a measure for thle: izonﬁdence that the
reconstructed E%liss is a result of invisible particles. In this case as an approximation for
the uncertainty of E%‘i“, which is mostly a result of jet energy uncertainty, \/IW GeV
is used; this results in the dimensionless observable ETsS/ (\/I-W GeV). The exact

criteria can be found in Tab. 5.7. Distributions of some observables are shown in Fig. 5.19.

Table 5.7: Selection criteria for SRE in addition to the common preselection defined in Tab. 5.3.

Observable ‘ Requirement
80 (et™12,pp™) ], | >04
Nbfjets >2

M k03 > 120GeV
Moy p—0.8 > 80GeV
™ > 200GeV
Emiss > 550GeV
Hry > 800GeV
EMss /(/Hr/GeVGeV) > 18

5.6 Background estimation

The dominant background processes in the SRs are t7, Z+jet, W+jet, tf + Z and single top
production. Their estimation is done by normalising each of them to data in a dedicated

control region (CR); a scale factor for this normalisation is derived. Under the assumption
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Figure 5.19: Distributions of several used observables in SRE. All selection criteria of the signal region
are applied except for the observable shown in the diagram. The SM background processes are depicted as
coloured areas stacked on each other. Scale factors derived from control regions are not applied. The hatched
band shows the MC uncertainty, consisting of statistical and detector-related systematic uncertainties. The
dashed line corresponds to the SUSY signal with m(g, ?) = (1700,400) GeV. Spikes in the ratio plots are
artificial, they are caused by a lack of MC events in the background description; hence only the integrated
number of events in the signal region, but not in single bins, should be compared to data
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5 Search for top squarks in the fully hadronic final state

that the scale factor for this process is the same in the signal region (within an uncertainty),
the background process can then be exrapolated to the SR. Validation regions (VRs) are used
to cross-check that this extrapolation works well. By using this procedure, systematic uncer-
tainties affecting the normalisation are partially canceled out and the remaining uncertainty
is smaller compared to the use of a MC-only based estimation.

The scale factors are derived in a fit, scaling all processes of the background-only model
to data for the discovery test and the background-plus-signal model for the calculation of
exclusion limits. They are defined such that they are enriched in events of the dedicated
background process while still containing events that are kinematically close to the events
that end up in SRs; all CRs are defined orthogonally. CRs use the same event-cleaning
method as described in Sec. 5.5, but do not necessarily use the same preselection. The fit
is done separately for each signal region, the CRs used to obtain the scale factors for each
fit do not necessarily have to be the same ones. In this analysis we used several CRs for ##
and Z+jet for different signal regions and categories of SRA & SRB in order to have more
similar kinematics to the SRs; for the other background processes the same CR was used for
all SRs. tf, W+jet and single top production in the SR all have one charged lepton which is
misreconstructed as a jet (this is very likely if the charged lepton is a hadronically decaying
tau) or out of acceptance, thus the CRs for these processes use similar strategies.

The fit is done by maximising a likelihood function'®. This function is a product of several
likelihood functions, calculated with the number of observed data events in the control
regions and their probability density function for expected events, which are the Poisson
probability density functions. Systematic uncertainties are taken into account in this proce-
dure, they are modelled as Gaussian probability density functions and treated as nuisance
parameters. The background scale factors for those backgrounds with a dedicated CR are
treated as free parameters in the fitting procedure and are the parameters of interest. Minor
backgrounds are scaled to the integrated luminosity and the highest-precision cross-section
calculation available or in case of multijet background derived from the data-driven method

described later in this section. Their uncertainties are treated as nuisance parameters in the

10For numerical reasons the negative logarithm of the likelihood function is minimised, which is equivalent.
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5.6 Background estimation

fit, no further scale factor is introduced for them. The signal contribution in CRs was found
to be < 8% for all signal models that were not yet excluded in Run 1 [119] and was found to
not significantly change the expected discovery sensitivity. For the calculation of exclusion
limits this signal contribution was taken into account for each signal model (see Sec. 5.8).

VRs were designed for certain backgrounds. They are not included in the fit, they have in
general a lower purity than the CR in the designated process, but are closer to the SRs. They
were also checked for not-excluded signal contributions; in general these are low, only some
are ~ 25%, namely for models with top-squark masses below 350GeV in the different 77
validation regions (VRT) and top-squark masses of 700GeV in VRs for Z+jet (VRZD and
VRZE). This needs to be taken into account in the interpretation if an excess is found in both
the VR and the corresponding SR, but will normally not be a problem since the VRs are not

included in the fit.

5.6.1 One-lepton backgrounds

The dominant source of background from one-lepton processes are events in which a hadron-
ically decaying tau (originating from a W — 7v decay) is misidentified as a jet. The CRs
described here aim to emulate these background events. Because of lepton universality the
decay into an electron or muon, which can be reconstructed more reliably, should kinemati-
cally be — apart from the negligible mass difference — the same as for taus. Therefore we
define CRs for these processes by requiring exactly one signal electron or muon (in the
following only these two particles are referred to as ’leptons’) and then treat the lepton for
the calculation of all other observables as a non-b-tagged jet. Selections on other observables
are then used in order to separate these processes into different CRs and to have similar
selection criteria as the SRs. A common preselection is used for all 1-lepton CRs, which
is shown in Tab. 5.8. The number of baseline and signal leptons is required to be the same
(referred to as N;) and exactly one. The E%‘i“ trigger and offline E%niss is used in the same

way as for the SRs, same for the number of jets and their pt requirements; at least one b-jet
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5 Search for top squarks in the fully hadronic final state

is required; to reject multijet events, |A@ (jeto’1 ", p%liss) ‘min must be at least 0.4; mr(l, p?iss)

is required to be below 100GeV to make sure that the signal contribution is low.

Table 5.8: Common preselection for all one-lepton control regions.

Observable Requirement
Event cleaning v

E%‘i“ trigger v

N 1

P > 20GeV

Niets > 4 (including lepton)
Jet" S pr > (80,80,40,40) GeV
Nbfjets Z 1

Ep > 250GeV

A9 (jet™, PF™) | i > 0.4
mr(L,pr™) < 100GeV

W-+jet control region

Itis challenging to define a high-purity W+jet control region (CRW) close to the SRs, because
one-lepton regions with heavy-flavour jets are usually dominated by ¢ events; therefore
mostly 7 production needs to be rejected to obtain a useful CR. This is ensured in several
ways. First the selection is restricted to exactly one b-jet. This is done because tf events
almost exclusively produce two b quarks, whereas in W+jet events the b-tagged jets in the SR
can also come from mistagged c or light jets. As a veto against hadronic tops we can set an
upper limit on the leading R = 1.2 jet mass; in addition to the upper threshold on mr (I, p''s*)
also a lower threshold is used to reject a potential multijet contribution. Finally, for rejection
against leptonic tops, the angular distance between the b-jet and the lepton was used: for
leptonic tops it is expected to be small if both particles are decay products of the same
tops. However, if 77 events enter a 1-b region one b quark was not identified by the tagging
algorithm as a b-jet; the AR(b,[) is only expected to be small if the identified b-jet originates

from the leptonically decaying top. AR(b,[) could thus still give us rejection power in this

case, but in the case where the identified b-jet comes from the hadronically decaying top,
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5.6 Background estimation

AR(b,1) will not be very helpful. The non-b-tagged jet with the highest b-tagging weight
is likely to be the second b quark in #f events, hence a better result was seen when using
AR(D%!| 1) min using the two jets with the highest b-tagging weights b%'. AR(b*!, 1) pnin was
found to be useful in the single top and 7 control regions as well to increase the purity. The
exact requirements of the control region can be found in Tab. 5.9. The W+jet purity of this
region (before applying the fit) is 60%, the majority of the reminder is 77 (27%) and single
top (10%).

In addition to the control region, a validation region (VRW) was designed, which is closer
to the signal regions but has a smaller purity (39%) in return. It is designed similarly to
the CR, but requires at least two b-jets and has an additional mg’mm threshold. The exact

requirements can also be seen in Tab. 5.9. Some observables used to increase the W+jet

Table 5.9: Selection criteria for the W+jet control and validation region in addition to the common
one-lepton preselection shown in Tab.5.8.

Observable ‘ Requirement
Region | CRW | VRW
Nb—jets ) 1 ‘ > 2

m (1, piss) < [30,100] GeV
AR(BY D | > 2.0 > 1.8
My k12 <60GeV | <70GeV
™ - > 150GeV

purity are shown in Fig. 5.20 to illustrate the selection choices. Additional uncertainty might
come from the fact that the multiplicity of ¢- and b-hadrons is different in the CR and SR
due to the 1b requirement, especially events with one c-hadron on gennerator level are a
concern if occuring in significant numbers, because the heavy flavour is in this case not
produced through gluon splitting but on tree level, which causes large uncertainties. This
effect was studied with the help of generator-level filters. The fractions in the CR are: Events
without any ¢ or b hadrons: 19.6%, events with ¢ hadrons but without b hadrons: 36.6%,
events with b hadrons: 43.7%. The same numbers in the VR are 2.1%, 7.7% and 90%:; as
an example in SRB-TO the composition is 0.1%, 11.8% and 88.1%. This shows that even

though the composition in the CR is different from the SRs, the VR is designed to have
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Figure 5.20: Distributions of several observables used in CRW. All selection cuts of the control region are
applied except for the observable shown in the diagram. The relevant W+jet process is depicted as a dashed
line, the other SM background processes are depicted as coloured areas stacked on each other. Scale factors
derived from control regions are not applied. The hatched band shows the MC uncertainty, consisting of
statistical and detector-related systematic uncertainties.

very similar types of events as the SRs and is hence a good test for the background fit. The
W + c contribution in the CR is 9.73%, in the VR 5.15% and in SRD-high 1.86% (the W + ¢
contribution is in general very low in all SRs). This source of uncertainty was concluded to

be of insignificant impact and is not further considered in the calculations.

Single top control region

The single-top contribution in our SRs mainly comes from the Wt channel (see Fig. 5.8¢)
with a hadronic top and a leptonically decaying W boson. We use a > 2b-jet region and look
for one massive R = 1.2 jet. This makes it challenging to reduce ¢7; for this purpose ml%’min
and AR(P*! 1) min are used. Furthermore, AR (b, b) is used to reduce events with b-jets from

gluon splitting. The exact selections can be seen in Tab. 5.10. The single top purity is 45%

with most of the remainder coming from ¢7 (31%) and W+jet (20%).
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5.6 Background estimation

Table 5.10: Selection cuts for the single-top control region in addition to the common one-lepton
preselection shown in Tab.5.8.

Observable | Requirement

Region | CRST
Nbfjets ] >2
mr(1,pPss) | <[30,100] GeV
AR(B*" 1) min >2.0
AR(b,b) > 1.5

M g1 >70GeV
™ > 200GeV

tt control regions

For 7 one can achieve a higher purity more easily because it is the dominating process in a
selection with on lepton and > 2 b-jets. This can be used to create CRs closer to the separate
SRs. Here we created separate CRs for the three categories of SRA and SRB respectively,
as well as SRC, SRD and SRE. They are all selecting low values of AR(bO’1 ,D)min and are
apart from that oriented at the SR cuts, with some thresholds (E%"iss, m,br’mm) used in a more
relaxed way to conserve purity. The exact set of selection criteria can be found in Tab. 5.11.
The ¢f purity is in the range 84-95%. Validation regions were defined in O-lepton regions.
These are defined equivalently to their corresponding SRs, but choosing a different region in

one observable, this observable being mé’rmm for all regions except VRTC, where the cut on
A¢ (ISR, p2is*) was inverted instead. The selection criteria are summarised in Tabs 5.12 and

5.13.

5.6.2 Z+jet background

It is very difficult to design a selection enriched with Z(— vVv)+jet events, because the
resonant Z mass-peak is invisible. It can, however, be assumed that events where the Z

boson decays into an electron-positron or muon-antimuon pair behave very similar'! if

'The Jepton masses are negligible.

107



Table 5.11: Selection criteria for the 77 control regions in addition to the common one-lepton preselection shown in Tab.5.8.

Observable

Requirement

Region

| CRTA-TT | CRTA-TW | CRTA-TO | CRTB-TT | CRTB-TW | CRTB-TO |

CRTC

CRTD

CRTE

2@\.*@5 )
;Dnv Cnﬁoq_ ’ m-%:mmv ;:::

mr Qq ﬂﬂmmmv
b,min
SH‘

%AWOL“NVBF

>0.4
[30,100] GeV
> 100GeV

<15

>2

< 100GeV

<25

> 0.4
[30,100] GeV
> 100GeV
<15

me%n_ 2
Eu._?wu_n
Sm%uo@
S_‘_?»no.m

>120GeV | [60,120]GeV | < 60GeV

> 120GeV

> 60GeV

>120GeV | [60,120]GeV | < 60GeV

7 > 120GeV
> 80GeV

m.mm:wm
AR(b, b)

b,max
My

> 250GeV
> 1.0

>300GeV | >350GeV

>1.2
> 200GeV

> 250GeV

>0.8 -

> 100GeV -

S
2@&@?
S
N<._.9m
4.S
Pr
ISR
P

> 1
>5

> 40GeV
> 400GeV

Pt

NVMJW 1,b
P2 4 pl
Hy

> 150GeV -
> 80GeV -
> 300GeV -

> 500GeV
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5.6 Background estimation

Table 5.12: Selection criteria for the #7 validation regions A and B in comparison to their correspond-
ing signal regions. The VRs have all selection criteria of their corresponding SR (shown in Tab. 5.4)
except for the alternative ones given in this table, which ensure orthogonality to the SRs.

Observable ‘ Requirement

Region | VRTA-TT | VRTA-TW | VRTA-T0O | VRTB-TT | VRTB-TW | VRTB-T0
Basedon | SRA-TT | SRA-TW | SRA-TO | SRBTT | SRB-TW | SRB-TO
Epis > 300GeV > 400GeV > 450GeV >250GeV

miy™" [100,200]GeV | [140,200]GeV | [160,200]GeV | [100,200]GeV | [140,200]GeV | [160,200] GeV
mr2

iy - \ >200GeV

Table 5.13: Selection cuts for the ¢7 validation regions C, D and E in comparison to their corresponding
signal regions. The VRs have all selection criteria of their corresponding SR (shown in Tab. 5.4)
except for the alternative ones given in this table, which ensure orthogonality to the SRs..

Observable ‘ Requirement
Region | VRTC | VRTD | VRTE
Based on ‘ SRC ‘ SRD ‘ SRE

mly™" - | [50,150]Gev |
T-veto -

Py > 40GeV -
m > 100GeV -

my /m5 <0.6 -

Risr -

A9 (ISR, prs) | <3.0 -

pT - > 150GeV -
Py - > 80GeV -
pr -
iy - >300GeV | -
pPr +pr - > 300GeV -
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5 Search for top squarks in the fully hadronic final state

the charged leptons are treated as if they were invisible. This allows to select events with
two opposite-sign same-flavour leptons, requiring the invariant mass of the lepton pair to
be close to the Z mass, which results in a high Z+jet purity. Such events should not have
genuine E%‘iss, which makes it necessary to use a different trigger. Muon & electron triggers
are used here and only leptons with pt > 28 GeV are selected so that the triggers are fully
efficient. One can then calculate a new variant of *missing transverse momentum’ with the

lepton-antilepton pair treated as invisible:
miss’ __ _.miss lepton antilepton
Pt =Pr +Pr +Pr : (5.12)

All observables that use pT'** in the SRs use p?i”/ instead in the Z+jet control region (CRZ)
and are also marked with a prime. The original E‘TniSS is required to be low. Other criteria are
chosen such that they are similar to the SRs. There are four variants of CRZ: One for the TT
and TW category and one for the TO category of SRA and SRB, one for SRD and one for
SRE. The Z+jet background in SRC is negligible so that a CRZ for this region is not needed.
The exact selection criteria can be found in Tab. 5.14. The Z+jet purity in these regions is
73-83%. As validation regions we used O-lepton regions with similar cuts as the SRs, but
with the AR(b,b) cut inverted. One region for SRA and SRB was defined, one for SRD and
one for SRE. The exact cuts can be found in Tab. 5.15. The Z+jet purity in these regions is

significantly smaller than in the CRs (41-48%).

5.6.3 tt+Z background

The tf 4+ Z production has a relatively small cross section, but is nevertheless an important
background process, because it results in the same final state as our signals if the Z boson
is decaying into neutrinos, whereas all other background processes are the result of missed
or fake objects. Defining a CR similarly as for Z+jet for the Z — II case leads to large
contributions from other backgrounds (mainly #f and Z+jet); the option of using leptonic

decay modes of the top by defining a 3-lepton or 4-lepton CR was investigated but was found
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5.6 Background estimation

Table 5.14: Selection cuts for the different Z+jet control regions.

Observable ‘ Requirement

Region | CRZAB-TT-TW | CRZAB-T0O | CRZD | CRZE

Event cleaning v

Trigger electron or muon

N 2, opposite charge, same flavour

P > 28GeV

my [86,96] GeV

I\Jjets > 4

Jet" 3 pr > (80,80,40,40) GeV

ET' <50GeV

Emiss > 100GeV

Nbfjets >2

mJQeLRZI_z > 120GeV -

Moy g1 2 > 60GeV < 60GeV -
pmi - > 200GeV
pymax - > 200GeV -

Hr - > 500GeV

Table 5.15: Selection cuts for the different Z+jet validation regions in addition to the common
preselection defined in Tab. 5.3.

Observable ‘ Requirement

Region | VRZAB | VRZD | VRZE

Niets >4 | =5 | >4

Nbfjets >2

T veto v ‘ -

™ 200GeV

M k12 > 120GeV -

AR(b,D) <1.0 <0.8 < 1.0
bymax - > 200GeV -

Hr - > 500GeV

EMss /\/Hr - > 141/GeV

M ko - > 120GeV
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5 Search for top squarks in the fully hadronic final state

to be not very practical due to low number of events. Instead the option was chosen to design
a tt + 7y CR. This method was introduced in [120] and can be done because the processes
are very similar in terms of Feynman diagrams'?; the MC samples were also generated with
the same configuration. If the transverse momentum of the photon is high enough, it can
be assumed to be kinematically very similar to the Z boson because the mass difference
becomes negligible; the photon pr can than be used to describe the p%‘iss caused by Z — vv
and replace it in the calculation of observables similar to p?issl in the Z+jet CR. A 1-lepton
option was chosen, meaning that the ¢f part of the event decays semi-leptonically; lepton
triggers were used and the lepton pt threshold chosen such that the triggers are fully efficient.

The exact set of cuts can be seen in Tab. 5.16.

Table 5.16: Selection cuts for the ¢7 + 7y control region.

Observable Requirement
Event cleaning v

Trigger electron or muon
N, 1

2 > 28GeV

Ny 1

pr > 150GeV

I\Jjets >4
Jet"Jpr > (80,80,40,40) GeV

5.6.4 Multijet background

The QCD multijet background has a very high cross-section, but a very low probability to
end up in our signal regions because multijet events do not produce genuine E%‘iss. A reliable
modelling with simulated events cannot be achieved due to the impractically large amount of
events that would be needed and because effects that can lead to fake EF (mostly due to
mismeasurement of hadronic jets) are not expected to be reliably described by the detector

simulation. Therefore the multijet background is estimated with the data-driven jet-smearing

12The dominant diagrams for 7 4 y production are the same as in Fig. 5.9, replacing the Z boson with a photon.
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5.6 Background estimation

method introduced in [121] and described in detail for this analysis in [115]. It is based on
the assumption that fake E'TIliSS is produced by an unfortunate combination of mismeasured
jets. The jet-smearing methods uses seed-events (" well-measured’ data events) and smears
the jet pr’s randomly according to a response function. By doing this repeatedly, we obtain
a large amount of pseudo-data, among these are a significant amount of high—E‘TniSS events.
The seed events are events obtained from jet-triggers with > 4 jets and > 1b-jets with a low

E;" significance, which is defined here as

EP's —8GeV
VHr

EMisssig, — (5.13)
Since E%‘iss is not only calculated from jets, but with an additional soft term, whereas Hr in
the denominator is only calculated from reconstructed jets, the correction term *—8 GeV’
was added in the numerator to remove this bias. The exact threshold is dependent on the

number of b-jets because those can produce neutrinos in b-hadron decays:
EPSSsig. < 0.3+0.1 Ny jers- (5.14)

The smearing is done with ATLAS internal software, using a jet response function derived
from simulation by comparing generator-level jet properties with their corresponding re-
constructed properties; this is done 5000 times for each seed event. The arbitrary amount
of pseudo-data is then normalised to data in control regions, which are close to the signal
regions, but with [A¢ (jet”', pi**)| < 0.1 and some other criteria like Ef'** relaxed to
increase the number of events to reduce statistical uncertainty. The exact selection criteria
for the CRs can be found in Tab. 5.17. The amount of multijet events in the SRs can then be
estimated by applying the SR criteria to the pseudo-data scaled with the factor derived from
the normalisation in the CR.

The uncertainty of this method is obtained by varying the E%‘isssig. threshold for the seed
events up (EFsig. < 0.6+ 0.2 - Njp_jers) and down (EMSSsig. < 0.24-0.05 - Nj_jeys) in addi-
tion to a 30% uncertainty added quadratically to account for low-side-tail modifications of

the response function, seen in Run 1.
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5 Search for top squarks in the fully hadronic final state

Table 5.17: Selection cuts for QCD control regions in addition to the preselection defined in Tab. 5.3
or replacing them in case of the same observables in both tables.

Observable ‘

Requirement

Region

CRQA | CRQB

| CRQC | CRQD | CRQE

- 40,1 _miss

’A(P (Jet L PT
Njets
Nbfjets
T veto

b,min

T

miss
ET

0
’"Jbet,R:m
Myt R=0.8

0
Miet R=0.8

b,max

T
AR(b,b)

S
N, lg—jets
]Vjets

4,S
Pt
e} 4
A¢ (ISR, p1™™)
E_}niss / HT

Hrt

) ’min

<0.1
>4
>2
v
> 100GeV
>300GeV |
> 120GeV
>60GeV |

- > 200GeV
- >1.2

| 0.05,0.1] <0.1
>5 |
> 1

- Ve ‘ -
- > 100GeV
> 250GeV

- > 120GeV
> 80GeV
- >08 | -

>1 -
>5 -
> 40GeV -
> 150GeV -
>2.0 -

> 800GeV
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5.7 Systematic Uncertainties

5.7 Systematic Uncertainties

For the correct interpretation of results, we need a good estimation for the uncertainties of
SM and signal processes. In most SRs systematic uncertainties are not the main limiting
factor, because statistical uncertainties dominate in regions with a low number of events;
however systematic uncertainties are not negligible and there are also regions where they are
the dominant source of uncertainty, e.g. in SRB-T0. Systematic uncertainties consist of both

experimental and theoretical uncertainties.

5.7.1 Experimental uncertainties

Experimental uncertainties can come from imperfect knowledge of the generator modelling
or imperfect detector simulation due to effects that are difficult to quantify. Such uncertainties
can affect the probability of events ending up in certain selections, e.g. because of different
object reconstruction efficiencies in data and MC. Such deviations are usually handled by
applying scale factors on events derived from comparison of data and simulation, e.g. by
choosing a well-understood selection with electrons and then comparing the efficiency of
electrons in data and MC. These uncertainties are estimated by varying these scale factors by
one standard deviation of their uncertainty up and down, which then results in yields differing
from the nominal case. Other experimental uncertainties can affect the kinematics of objects
and can hence affect the distribution of observables. The effect of such uncertainties are
estimated by varying the calibration of these objects up or down by one standard deviation,
then calculate all observables with the re-calibrated objects and apply selection cuts on
these. There are different methods to estimate the size of these uncertainties for different

systematics.
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5 Search for top squarks in the fully hadronic final state

Jet energy scale & resolution

The jet energy calibration is performed by comparing jet energies at generator level with
reconstructed jets, the pr and 1) dependent uncertainties are estimated using different in-situ
methods, the majority using events where a jet recoils against a photon or Z boson; also
uncertainties from flavour composition and pile-up effects are taken into account [122]. In
principal the jet calibration includes 80 nuisance parameters, but in practise the description
of the jet energy scale (JES) uncertainty can be modelled with a precision sufficient for this
analysis with a compressed set of four nuisance parameters, which are combinations of the
80. In addition to the scale, the jet energy resolution (JER) effects are estimated by smearing
the jet pt’s and 1M’s according to resolutions measured in a dijet balance method [123]. The
impact of the JES uncertainty on the event yield is < 10% in all SRs except SRC5 (17%).
JES usually has a smaller impact, howerer in signal regions where jet reclustering is used it
can influence which sets of R = 0.4 jets are combined to large-R jets, thus it reaches 10-12%

in some SRs, mostly it is lower.

b-tagging efficiencies

b-tagging efficiencies are derived separately for b-, c- and light jets. Scale factors are applied
to correct for differences in efficiencies in data and simulation. These factors and their
uncertainties have been measured with a set of complementary methods and combined,
taking correlations into account [124]. The impact of the b-tagging uncertainty on the yields
is mostly small in our SRs, only in SRD they have a bigger impact (9 and 7%) due to the

explicit cut on b-jet pr’s.

Pile-up uncertainties

Pile-up related correction factors are applied to simulated events to account for the different

distributions of average number of interactions per bunch-crossing, (i), in simulation and
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5.7 Systematic Uncertainties

data. Uncertainties arise from this difference (which is treated as a two-sided uncertainty)
as well as from the measurement of (i) [125]. The impact of this uncertainty on the yields
ranges from 0.5% to 14% in the different SRs. The large uncertainty in some SRs is mainly
an artifact of the method used for obtaining the pile-up correction factors which can lead to

events with large weights.

EsS soft term

Since E%liss is calculated from all measured objects, most of its uncertainty is already handled
by treating the uncertainties of those objects, only the soft term remains. The uncertainty of
the soft term is measured with in-situ methods using Z — uu events without additional jets
and comparing simulation to data [126]. The imapct of this uncertainty is below 5% for all

SRs except SRCS (15%).

Lepton uncertainties

Lepton uncertainties have to be taken into account because of the use of leptons in the
CRs but also because of the efficiency of the lepton veto in the SRs. The energy scale of
electrons and muons is obtained by selecting events with two same-flavour opposite-sign
leptons and fitting the di-lepton invariant mass to the known mass peaks of Z — e*e™ or
Z—putu and J/¥Y — putp~. Uncertainties arise from this fitting procedure [127, 128].
Additional uncertainties coming from trigger [57], reconstruction, identification and isolation
efficiencies are also taken into account. These uncertainties are estimated for with "tag-and-
probe’ methods utilising Z — eTe  (uTu~) and J/¥ — eTe (U u™) events [128, 129].
The impact of lepton uncertainties is rather small in this analysis, they do not exceed 1% in

any SR.
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5 Search for top squarks in the fully hadronic final state

Luminosity

The overall uncertainty of the luminosity for the combined 2015+2016 data is 3.2%, it is
measured with a x-y beam-separation method, as described in [130]. With normalisation
mostly calculated from CRs, the impact of the luminosity uncertainty is small compared to
other uncertainties for this analysis; it only has an impact on the signal samples as well as

the diboson background, which iss not normalised in a dedicated CR.

5.7.2 Theory uncertainties

Theory uncertainties of background and signal samples can affect both the normalisation
and the kinematic distributions. In case the background is normalised in a control region,
the theory uncertainty on the normalisation has no impact. The theory uncertainties are thus
calculated as uncertainties on the transfer factors 7', which are defined as the ratio of the

yields of a process X in a SR Y and their corresponding CR:

_ Nx sry

Txy (5.15)

)

Nx cry

Relative uncertainties are then calculated by comparing the nominal yield to the yield with
the theory uncertainty Z applied:
T}?ominal _ T)?y

o(X,Y,7) =2

T)ao)/minal (5 16)

Upwards and downwards uncertainties are treated separately; if several theoretical uncertain-
ties are considered, they are added quadratically.

The uncertainty on the Z+jet and W +jet backgrounds was calculated by applying weights
provided by the SHERPA generator. These weights correspond to varying the renormalisation,
factorisation, merging and resummation scales each by a factor of two up and down. This
method is cleaner than comparing it to a different generator, where one can usually only see

the impact of several uncertainties, however a comparison with a different generator can
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5.7 Systematic Uncertainties

be found in [106]. The impact of the Z+jet and W+jet uncertainties on the event yield was
found to be 3% or less. No additional uncertainty was applied for the W + ¢ contribution
(discussed in Sec. 5.6.1) because the validation region was seen to match the data well, even
though it has a different flavour composition than the control region, and it is thus assumed
that this has a negligible impact.

The ¢f uncertainties were evaluated by comparing the nominal sample to samples from
different generators. For the hard scattering generation uncertainty this additional sample
for comparing was created with SHERPA 2.2.1 and for the parton shower uncertainty with
POWHEGHERWIG++ [131] with the UESC6L1 CT10 tuning. For the ISR/FSR radiation, ad-
ditional samples were generated with POWHEGPYTHIA with decreased or increased amount
of radiation (each by a factor of two). The impact of the ¢f uncertainty is typically 12% or
below in all SRs except in the 17 dominated SRC, where it reaches up to 71% in one bin.
These large uncertainties are causes mostly by a low amount of MC events in the bins.

The uncertainties on the 7 + W /Z yield were calculated by varying the factorisation and
renormalisation scales and in addition comparing the nominal yields to a sample created with
OPENLOOPS+SHERPA. The same variations were also applied to the ¢7 4y sample. That
way the use of the control region for this background will only decrease the uncertainty if the
assumption that both processes behave similarly holds true, this seems to be the case since
the impact of the 17 4+ V /¥ uncertainties on the yield in signal regions is only 2% or less.
The single top uncertainty was evaluated by comparing the nominal sample to a sample gen-
erated with POWHEGHERWIG++. Also the ISR/FSR uncertainties were evaluated similarly
as for ¢7. An additional uncertainty comes from the fact that there is interference of ¢ with
the dominant Wt channel if an additional b is produced (in beyond-LO processes) [132].
This uncertainty was estimated by comparing the nominal 7 plus single-top+b yields with a
WWbb sample including resonant and non-resonant production. A relative uncertainty of
30% was found to be the upper limit in SRs and was used as a conservative estimate. The
impact of the single-top theory uncertainty on the event yield is 12% in SRE, but in all other
SRs only 6% and below.

For diboson processes an uncertainty of 50% is assumed as a conservative estimation. Due
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5 Search for top squarks in the fully hadronic final state

to the very small contribution to SRs this is still negligible.

Signal uncertainties were evaluated by varying parameters in the simulation, including the
QCD coupling constant, renormalisation and factorisation scales, CKKW matching scale and
parton shower tune variations (each varied up and down by a factor of two). The impact of
these uncertainties on the signal yield range between 10% and 25% for the 7} — ¢ )Z? models,
but can become higher in other signal models. Due to the high number of signal models, only
for those the variations were performed which are at the edge of exclusion at 95% confidence
level'3. The uncertainty of the production cross-section (~ 15 — 20% for direct top-squark
production [45]) was also taken into account.

Tables 5.18 and 5.19 show a summary of the dominating experimental and theory systematic

uncertainties.

Table 5.18: All systematic uncertainties are given in percent relative to the total background yield
if their impact is greater than 1% in at least one SR for SRA and SRB. iy are the uncertainties on
the normalisation factors of the process X that come from statistical uncertainties in the CRs. MC
statistical uncertainties were found to be negligible.

Region — ‘ SRA-TT SRA-TW SRA-T0 SRB-TT SRB-TW SRB-T0
Total syst. unc. | 24 23 15 19 14 15
tf theory 10 6 3 10 11 12
tf+V /v theory 2 <1 <1 1 <1 <1
Z theory 1 3 2 <1 1 <1
Single top theory 6 3 5 3 4 5
Diboson theory <1 2 <1 <1 <1 <1
L7 <1 <1 <1 2 2 1
Wity z 6 3 2 4 3 2
Uz 6 10 7 5 6 4
Uw 1 1 1 2 1 2
.usingletop 5 3 5 4 4 5
JER 10 12 4 3 4 3
JES 4 7 1 7 4 <l
b-tagging 1 3 2 5 4 4
E‘Tniss soft term 2 2 <1 1 <1 <1
Multijet estimate 1 <1 <1 2 2 <1
Pileup 10 5 5 8 1 3

13Typical signal models with a CLy value close to 0.05 — see Sec. 5.8 — where chosen by hand for this.

120



5.7 Systematic Uncertainties

Table 5.19: All systematic uncertainties are given in percent relative to the total background yield if
their impact is greater than 1% in at least one SR for SRC, SRD and SRE. pix are the uncertainties on
the normalisation factors of the process X that come from statistical uncertainties in the CRs. MC
statistical uncertainties were found to be negligible. Uncertainties in several SRC bins are in general
quite large, which is mostly due to the limited sze of the MC samples that were used to estimate these

uncertainties.

Region — \ SRC1 SRC2 SRC3 SRC4 SRC5 SRD-low SRD-high SRE
Total syst. unc. 31 18 18 16 80 25 18 22
tf theory 27 11 14 11 71 12 10 11
tf+V theory <1 <1 <1 <1 <1 <1 1

Z theory <1 <1 <1 <1 <1 <1 <1 2
W theory <1 <1 1 3 2 <1 <1 1
Single top theory 3 2 2 3 <1 5 6 12
Wi 4 6 6 5 5 1 1 <1
Wiz <1 <1 <1 <1 <1 2 2 4
Uz <1 <1 <1 <1 <1 4 5 5
Uw <1 <1 1 3 3 3 1 2
Usingletop 3 2 2 3 <1 5 6 6
JER 4 10 6 5 10 3 6 4
JES 4 5 2 2 17 8 4 5
b-tagging 2 2 <1 2 4 9 7 <1
EMiss soft term 1 3 2 3 15 4 3 2
Multijet estimate 12 3 <1 <1 <1 2 2 <1
Pileup <1 1 <1 2 14 9 <1 2
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5 Search for top squarks in the fully hadronic final state

5.8 Statistical interpretation

The goal of the statistical interpretation is to test the hypothesis that there are only SM
processes, called Hy, against a hypothesis H; where there is additionally a signal. The
methods for this test are described in the following. For a discovery significance we only

need the p-value of Hp, which is defined as
p(x > xobserved|HO) —1— CLb -1 —p(x < xobserved|H0), (5.17)

which is the likelihood of a test statistics x to be equal or above the observed value x°Pserved
under the assumption that Hy is true and that a potential signal would lead to higher values
of x. The test statistics x can be chosen according to the needs (but should be chosen prior
to unblinding to avoid a bias), but its probability density distribution should be known; in
the simple case of a cut-and-count analysis with just one bin one can use the number of
events in the signal region (x in Hy corresponds then to the number of expected background
events). The popularly quoted Z-value, which is the number of standard deviations in a

normal distribution, is connected with the p-value by the equation

+mg(x)dx:p, (5.18)
z

where ¢ (x) is a standard Gaussian distribution. An observation of a signal can only be
claimed if the Z-value exceeds 5, which corresponds to a p-value of 2.87-10~".
If no signal is observed that way, we want to evaluate if certain signal models can be excluded.

For this we need the CL;; value, which is defined as
CLyyp = plx < x°Pe0ved| ), (5.19)

which is the probability of x being below the observed value under the assumption that H;
(which is the signal plus background hypothesis) is true. The CL;; value is not commonly

used by ATLAS for exclusion, because it could happen (e.g. in an under-fluctuation in a
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Figure 5.21: Illustration of the CL;,; and CL, values. The lines represent the probability density
function for a certain value of the test statistic x assuming either the background-only hypothesis
(Hp, red) or the signal+background hypothesis (Hj, blue). The hatched areas represent the integrated
probabilities that define CL;,; and CL;. The integrated probability over all values of x is normalised
to unity for both hypotheses.

cut-and-count signal region) that both the CL; and CL;,; values are low and we would
exclude a signal even though we cannot confirm the background-only hypothesis and would
not expect sensitivity to the signal model. To account for that, instead the CL value [133] is

used, which is defined as
CLs+b
CL, = .
s CL,

(5.20)

The meaning of the CL;, and CL, values are illustrated in Fig. 5.21. If CLg < 0.05 the
signal model is considered excluded at 95% confidence level.

The most powerful test statistic x to reject a hypothesis Hy in favour of H; is according to
the Neyman-Pearson lemma the likelihood ratio of the two hypotheses [134]. For numerical

reasons usually the negative logarithm of this ratio ¢ is used:

L(observation|Hp)
L(observation|H;) "

gne = —2In (5.21)
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5 Search for top squarks in the fully hadronic final state

We use instead the Profile Likelihood test statistic, which is in general the choice for LHC

searches and works well in the presence of nuisance parameters:

In L(:u’s—'_bv GM)

- 12y (5.22)
L(fis+b,0)

qu = —

The signal strength parameter u is set to O for discovery (one wants to reject the background-
only hypothesis b) and to 1 for exclusion (to reject the background + signal hypothesis
s+b). é“ is a set of nuisance parameters which is optimised for the fixed y to maximise
the likelihood. In the denominator fi and the nuisance parameters 6 are both optimised for
the maximum likelihood. A big advantage of the Profile Likelihood is that according to
Wilks’ theorem for a sufficiently high number of events g, follows a x? distribution and
therefore allows the use of asymptotic formulas [135, 136]. The likelihood function L is
a product of the Poisson probability density functions & in each bin for the number of
observed events in this bin for a given set of nuisance parameters and signal strength ¢ and
the probability density function of the nuisance parameters NP, usually treated as standard

Gaussian functions ¥:

bins

L(obs|u,0) = [T 2 (N1 -:(8) + bi(6) - T(6:%18) - [T (61 Imean = 0,6 = 1),

l ' (5.23)
where ’obs’ is the entire observation in the signal region with N;’bs being the observed
number of events in each bin. The gamma functions I'(6;'| ;) describe the MC statistical
uncertainty. Several bins can only be combined in this way into one test statistic if they are
orthogonal. This means that the three bins of SRA can be combined with each other, as well
as the three bins of SRB and the five bins of SRC, but not the two sub-regions of SRD or the
different SRs with each other.

These methods are implemented in the software framework HISTFITTER [137] which is
used for the statistical interpretation. It also processes the normalisation of the backgrounds

in the CRs deriving scale factors f,, for each process « in its dedicated control region CRa.
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5.9 Results

This is done by the formula

n _ nothers
__ !'data,CRax sim,CR« 24
fO( - o ) (5 )
nsim,CRoc

“others’ are in the case of the discovery fit all other background processes (background-only
fit). n%  corresponds to a naive normalisation to the best known cross section and luminosity.
The other background processes in this formula are also scaled by the scale factor derived in
their corresponding control region, which in return again depend on the other scale factors.
This means that the fit has to be done simultaneously in all control regions. Since there are
multiple CRs for #f and Z+jet, a choice has to be made, which one to use for the calculation
of the scale factors of other processes. For the W+jet scale factor it was decided to use CRTD
and CRZD. This was chosen because all other CRs explicitly select top quarks, which CRW
vetoes. For CRST the regions CRTB-TO and CRZAB-TO0 were chosen because it was seen
that most single-top events fall into the TO category and the SRB-like regions are closer to
CRST in terms of E%‘iss requirements. The same regions were also used for the 77 +y CR,
where most of the ¢7 and Z+jet events fall into the TO category.

For the calculation of discovery significances the background processes are fitted in the CRs
and SRs, which is more conservative than fitting only in the CRs and then using the scale
factors in the SRs. For the calculation of upper limits (exclusion) the fit is also done in the
signal region and the signal strength u is used as an additional parameter to be fitted in the

CRs and SR.

5.9 Results

Table 5.20 shows the calculated scale factors derived in the a background-only fit, where
the background scale factors are derived only in the CRs without assuming a signal. All
scale factors are reasonably close to 1, which means that the amount of backgrounds in the
measured data does not deviate too far from the nominal estimation based on simulation.

The scale factors in the exclusion fit, which takes the signal contribution in the CRs into
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5 Search for top squarks in the fully hadronic final state

Table 5.20: Scale factors derived from CRs in the background-only fit [4].

Sample ‘ Fitted scale factor
W+jet (all SRs) 1.26740.146
tf (SRA-TT) 1.173+0.146
tf (SRA-TW) 1.1384+0.112
tf (SRA-TO) 0.898+0.121
tf (SRB-TT) 1.2024+0.156
tf (SRB-TW) 0.969 +0.0681
tf (SRB-TO) 0.924 +£0.0525
tt (SRC) 0.707 +0.0498
tf (SRD) 0.945+0.103
tt (SRE) 1.0124+0.180
Single top (all SRs) ‘ 1.166 +0.390
Z+jet (SRA,B TT and TW) 1.170£0.238
Z+jet (SRA,B TO) 1.1314+0.144
Z+jet (SRD) 1.035+0.146
Z+jet (SRE) 1.1854+0.152
tt+V 1.290+0.204

account, vary for every signal model and will therefore not explicitly be given here.
After applying the scale factors to the simulated yields, the predicted yields in the VRs
and SRs can be compared to data. Figure 5.22 shows a summary of the yields in all VRs
compared to the post-fit expectation. The differences fluctuate only within the expected
uncertainty, giving us confidence that our methods works well.

The expected and measured yields in the SRs are shown in Tabs 5.21, 5.22 and 5.23. A

graphical summary is shown in 5.23.

It can be seen that we do not observe any significant excess over the background expectation.
The largest upwards deviation is seen in SRB-TO with 179 £26 events expected but 206
observed, which corresponds to a p-value of 0.13 or a significance of 1.15 [4]. SRC4 shows
a larger deviation with 7.7 events expected but only 1 event observed, which corresponds to
a CL, value of 0.01, however this does not corespond to a discovery significance , since only
positive deviations are interpreted as evidence for a signal. Overall there is no significant

excess and thus no finding of new physics can be reported. The distributions of some
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Figure 5.22: Summary of the yields in all validation regions after the likelihood fit [4]. SM
background processes are depicted as coloured areas stacked on each other. The hatched band
shows the MC uncertainty, consisting of statistical and detector-related systematic uncertainties, MC
statistical uncertainties, and theoretical uncertainties in the extrapolation from the control region.

Table 5.21: Observed and expected yields in SRA and SRB after applying the scale factors from
the discovery fit. The uncertainties include MC statistical uncertainties, detector-related systematic
uncertainties, and theoretical uncertainties in the extrapolation from CR to SR [4].

Region — | SRA-TT  SRA-TW  SRA-T0  SRB-TT  SRB-TW  SRB-T0
Observed | 11 9 18 38 53 206

Total SM | 8.6+£2.1  93£2.2  197+£2.7 393+£7.6 524+74  179£26
1 0717051 051793 1.314+0.64 7.3+£43  124+59  43£22
Wet 0.82£0.15 0.89+£0.56 2.00+0.83 7.8+£2.8  48+12 258+88
Z+jet 25+1.3 49+19  98+£16  9.0+28 168+4.1 60.7+£9.6
+V 3.16£0.66 1.84+039 2.60+£053 93+1.7 108+1.6 205432

Single top | 1.20+0.81 0.70£042 29+£1.5 42422 59+28 2613
Diboson - 0.35+0.26 - 0.13+£0.07 0.60+0.43 1.04+0.73
Multijet 0.21£0.10 0.14+0.09 0.12£0.07 1.54+0.64 1.01+0.88 1.8+£1.5
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5 Search for top squarks in the fully hadronic final state

Table 5.22: Observed and expected yields in SRC after applying the scale factors from the discovery
fit. The uncertainties include MC statistical uncertainties, detector-related systematic uncertainties,
and theoretical uncertainties in the extrapolation from CR to SR [4].

Region — |  SRC1 SRC2 SRC3 SRC4 SRC5
Observed | 20 22 22 1 0
Total SM | 20.6+6.5 27.6+£4.9 189+34 7.7+12 0914073
1 129+59 22.1+43 14.6+32 491+£097 0.6370%
W +jet 0.80£0.37 1.93+049 191+0.62 1.93+£046 0.214+0.12
Z+iet - - - - -
f+Vv 0.29+0.16 0.59+0.38 0.56+0.31 0.08+£0.08 0.06+0.02
Single top | 1.74+1.3 12417 1.22+£0.69 0.7240.37 -
Diboson | 0.39+0.33  0.217027  0.2840.18 - -
Multijet 4.6+24 1.58+0.77 0.32+0.17 0.04+0.02 -

Table 5.23: Observed and expected yields in SRD and SRE after applying the scale factors from
the discovery fit. The uncertainties include MC statistical uncertainties, detector-related systematic
uncertainties, and theoretical uncertainties in the extrapolation from CR to SR [4].

Region — | SRD-low  SRD-high ~ SRCE
Observed ‘ 27 11 3
Total SM | 25.1+£6.2  85+15 3.64+0.79
1 3.34£33  098+£0.88 0.21703)
W +jet 6.1£29 1.06+£0.34 0.52+0.27
Z+jet 6.94+1.5 321+£0.62 1.36+0.25
f+V 3.94£0.85 1.37£032 0.89:£0.19
Single top | 3.84+2.1 1.51£0.74 0.66+0.49
Diboson - - -
Multijet | 1.124+0.37 0.40£0.15 -
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Figure 5.23: Summary of the yields in all signal regions after the likelihood fit [4]. SM background
processes are depicted as coloured areas stacked on each other. The hatched band shows the MC
uncertainty, consisting of statistical and detector-related systematic uncertainties, MC statistical
uncertainties, and theoretical uncertainties in the extrapolation from the control region.
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5 Search for top squarks in the fully hadronic final state

observables of data compared to the expected yields in chosen SRs are shown in fig. 5.24.
For the interpretation into exclusion limits, for each signal model the SR with the lowest
expected CLg value (calculated as if we observed exactly the background expectation) was
chosen and the observed CLs was calculated for this SR to evaluate if the signal point
is excluded. This results in exclusion contours, which are usually displayed in a two-
dimensional plane, reducing the signal models to a grid of only two parameters. Regions
between two signal points were interpolated based on the known evolution of the signal
cross-section; the neighbouring signal points usually differ by 50 GeV in the dispayed particle
masses, along the m(f;) = m(t) +m(})) diagonal a higher granularity of signal models was
used. All signal models within the drawn contour are excluded at 95% confidence level. For
models outside of the contour no statement can be made.
The first interpretation is done for the simplified model where only 7; and )Z? are considered
and the top squark decays purely via f; — ¢ )Z? (process depicted in Fig. 5.1a). The exclusion
contour is shown as a function of m(f;) and m(?) in Fig. 5.25. The different areas here were
targeted by SRA (high m(7;)), SRB (bulk region) and SRC (close to the m(7;) = m(t) +m(%?)
diagonal). Fig. 5.26 shows which signal region was the most sensitive for each signal point.
Then we can interpret the results for the case where r := BR(#; — t7?) < 100% and the
remainder decays via f; — b}Zli. This means that in 7> of the events both top squarks decay
viaf; — t)Z?, in (1 —r)? of the events both via fj — b;Zli (process depicted in Fig. 5.1b) and
for the remainder it is a mixed decay. This is depicted in Fig. 5.27 for different branching
ratios, the chargino mass is set here to m(¥;") = m(%?) + 1 GeV. This is motivated by the
naturalness argument (see Sec. 2.2.1), reducing the necessary fine-tuning of the model,
which leads to the lightest neutralino and chargino being quasi-degenerate [138]. It can
be seen that the exclusion contour shrinks for lower r, because the signal regions are not
as sensitive to events without top quarks. Especially SRA, which has low expected event
numbers, suffers from lower expected signal yields, which decreases the exclusion from
m(f;) < 1000GeV at r = 100% to m(7;) < 820GeV at r = 0% at m(7\) < 150GeV. The
sensitivity in the region covored by SRB, which has higher expected event numbers, also

decreases, but slightly less rapidly.
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Figure 5.24: Distributions of several observables used in different signal regions in data and background
after the likelihood fit [4]. The SM background processes are depicted as coloured areas stacked on each
other. The hatched band shows the MC statistical and detector-related systematic uncertainties. The
dashed lines correspond to the different SUSY benchmark signals explained in Sec. 5.5.



5 Search for top squarks in the fully hadronic final state

Top squark pair production, B, - t* g) = 100%
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Figure 5.25: Observed (red line) and expected (blue line) exclusion contours for stop pair production
in the case where BR(7| — ¢ 5{? ) = 100% in the 7;- Z? mass plane [4]. The red dashed lines correspond
to 10 of the theoretical signal uncertainties. The yellow band is the =10 variation of the limit
expectation based on systematic and statistical uncertainty of the expected background yield. The
area that was already excluded by different searches at /s = 8 TeV is overlaid in blue [119].
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Figure 5.26: The same expected and observed exclusion contours as in Fig. 5.25 are shown, addition-
ally for each signal point a number indicates which signal region gave the best expected CLg value [4].
The numbers 1, 2, 3, 4, 5, 6 correspond to SRA, SRB, SRC, SRD-low, SRD-high, SRE, respectively.
Itcan can be seen that SRA, SRB and SCR cover the regions they were designed for, SRE would be
sensitive for models with higher #; masses, which cannot be included at this point. The SRD regions
are unsurprisingly not sensitive for these signal models.
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Figure 5.27: Exclusion contours in the 7]- 72? mass plane for stop pair production different scenarios
with different values for BR(7; — %) = 100% and the remainder decaying via fj — bZ;", where
m(%5) = m(%? +1GeV [4]. The solid lines are the observed limits, the dashed lines the expectation.
For the sake of clarity uncertainty bands are not drawn here, but can seen in dedicated exclusion
graphics for each of the four scenarios in [4].

The last targeted simplified model is the gluino pair production, where gluinos decay via § —
th —t )Z? + soft (process depicted in Fig. 5.1¢). The exclusion contour is shown in Fig. 5.28
as a function of m(g) and m(f;). The neutralino mass is set to m(%{) = m(f;) — 5GeV,
because only a small mass gap leads to the targeted scenario with two tops and quasi-
invisible stops (see Fig. 5.1c). For m(f;) < 600GeV signal models with m(g) < 1800GeV
can be excluded in this scenario.

The results can also be interpreted in full, more realistic models. One approach is the

so-called phenomenological MSSM (pMSSM) [142,143]. This SUSY framework reduces the
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Figure 5.28: Observed (red line) and expected (blue line) exclusion contour in the g-7; mass plane
for gluino pair production where the gluinos decay via § — tf; — ¢ )Z? + soft [4]. The red dashed lines
correspond to =10 of the theoretical signal uncertainties. The yellow band is the 10 variation of
the limit expectation. Limits from other searches are overlaid [139-141].
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5 Search for top squarks in the fully hadronic final state

number of free parameters by making some assumptions. These assumptions are: no R-parity
violation; no new sources of CP and flavour violation; the first two generations are mass
degenerate and their trilinear couplings are negligible. 19 free parameters remain, which are
usually defined at the mean stop-mass scale: the gaugino mass parameters M; (bino), M,
(wino) and M3 (gluino); the ratio of the Higgs vacuum expectation values tan 3; the higgsino
mass parameter i and the mass of the pseudoscalar Higgs boson my; the sfermion mass
parameters mg, with f = Ok, iig, di, Li, & (k =1,2,3, but the parameters are identical for
k =1 and k = 2); the trilinear couplings of the third generation A,, A, A;. These parameters
can then be set to build well-motivated, more realistic models, which usually have more than
one decay channel for top squarks, and we can check if these models can be excluded with our
results. One example that will be presented here is the so-called *well-tempered neutralino’
model [144]. Other interpretations can be found in [4]. The well-tempered neutralino
model aims to obtain a good CDM candidate (see Sec. 2.2.1). The LSP is not necessarily
a good CDM candidate in all SUSY models, because the resulting relic density deviates
too far from the measurement of the Planck experiment Qcpyh? =0.1188+0.0010 [31].
In the considered models a relic density of 0.10 < Qcparh® < 0.12 was achieved by setting
M; ~ —u, which makes the LSP a bino-higgsino mixed state'*. Signal points were created
in the p vs. mg, and u vs. mp, planes with reasonable choices for the other parameter, i.e.
resulting in a Higgs boson mass close to 125 GeV, and the production of top and bottom
squarks was considered. In these models we typically get )Z]i, )Zg and )Zg masses which are
not more than 70 GeV higher than the )Z? mass, which leads to several competing decay
channels. The interpretation is done on the 7;- Z? mass plane for the two different cases
fi =1 and 7 = 7g. In the former case top squarks with m(7;) < 800GeV can be excluded
for m(%{) < 200GeV. In the latter case mg, is too high to give any contributions from
sbottom production, which significantly decreases the sensitivity. The exclusions are shown

in Fig. 5.29.

14This is not the only possibility to achieve a feasible relic density.
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Figure 5.29: Observed (solid) and expected (dashed) exclusion contours for *well-tempered neu-
tralino’ models in the 7 —}Z? mass plane [4]. The case 7| = 77 is drawn in red, the case ] = 7 in blue.
The coloured band corresponds to the +10 variation of the limit expectation.
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6 Studies with new methods

The following studies were conducted by the author in order to find methods to improve
the results in Chpt. 5 in a follow-up analysis with a larger dataset. They were done with
a set of MC samples that are mostly equivalent to the ones described in Sec. 5.2, but with
a larger number of events and simulated conditions that represent the full data taken in
2015-2018. Real data was not used for these studies (including data-driven methods for
background estimation) and the used object definitions (calibration and selection) do not
exactly correspond to what will be the final recommendations. This should however only
slightly change the results of these studies and is not expected to negate any of the conclusions.
As a preselection we use similar criteria to Tab. 5.3, but use ’A(p (jet0*3,p$iss) |min > 04
miss,track

and avoid using py , which might not be needed any more. Additionally Nj_jers > 2 18

required, since the goal of this study is to improve the previous SRA and SRB in Chpt. 5.

6.1 Top identification

After the results in Chpt. 5 the focus is now on targeting models that are not yet excluded.
This means that the new SRA should target scenarios with m(7;) > 1TeV and the new SRB
should cover the gap between the bulk region and the m(f;) = m(t) +m(}") diagonal in
Fig. 5.25. For SRA it means that the top quarks are in general more boosted and since
new top identification methods for boosted tops have been developed, they should be tested
for their potential to improve the analysis compared to our current method with R = 1.2

reclustered jets, described in Sec. 5.4. SRB has in general less boosted objects and one can
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6 Studies with new methods

try if other methods can improve the sensitivity here. The transverse momenta of the tops
on generator level for different benchmark models are shown in Fig. 6.1. The goal is to
optimise for discovery, therefore it was tried to improve the expected discovery significance

(see Eq. 5.10).
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Figure 6.1: Transverse momentum of the leading and sub-leading top on generator level for different signal
models.

6.1.1 Large-R-jet tagging

Jet-substructure based top-tagging methods have been developed specifically to label large-R
jets as being likely to originate from a top quark and in similar ways also for other heavy ob-
jects like a W boson [145]. They are designed for a specific jet collection which reconstructs
jets from individually calibrated noise-suppressed topological clusters of calorimeter cells
with the anti-k; algorithm using a radius parameter of R = 1.0. A grooming technique is ap-
plied to remove effects of pile-up or the underlying event. The used method (¢trimming [146])
reclusters the used jet constituents into smaller subjets (here with the k; algorithm using a
radius parameter of R = 0.2) and then discards all subjets with pt smaller than a specific
fraction of the total pr of the original jet. The jets are then calibrated in two steps, correcting

the jet energy scale and the jet mass scale [122, 147].
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Jet moments are observables that quantify the jet substructure, calculated from jet constituents.

Jet tagging algorithms make use of the different distributions in some of these moments of

jets originating from light quarks or gluons and tops or other heavy objects. Some important

jet moments are defined in the following:

* The N-subjettiness is calculated with the formula

1 .
v = %ZPT,kmln{Ml,k7M2ak7'”7ARNJ<}’ 6.1)
k

dp is the normalisation factor dy = }; p1«Ro (Ro = 1.0 is the characteristic jet radius
of the original jet); k runs over N jet constituents, which are obtained by using the
exclusive-k; algorithm, forcing the original jet into exactly N subjets [148]. Ty of a jet
quantifies to what degree it can be regarded as a composition of N subjets. Often a
ratio is used:

5= :J 6.2)

The jet moment 73,, which is important for top tagging, is depicted in Fig. 6.2a.

The splitting scale \/d;; is determined during reclustering the jet constituents with the
k; algorithm, which tends to cluster high-pr constituents with large distances last. It is
defined as

. AR;;
Vdij =min(pr;, prj) X R (6.3)

where Ry = 1.0 is the distance parameter of the jet [149]. The splitting scale v/d; is
determined in the last clustering step; in case of a top i and j are expected to represent
the b quark and the W boson. \/d»3 is determined in the second-to-last clustering step
and the subjets in case of a top are expected to represent the decay products of the W

boson, the distribution is depicted in Fig. 6.2b.

The variable Qw is determined in the second-to-last reclustering step with the k;

algorithm. It is calculated as the minimum pair-wise invariant mass of the three subjets,
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which is expected to be at the W mass in case of a top [150]. This can be seen in

Fig. 6.2c.
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Figure 6.2: Several jet moments in data and MC [151]. ¢f events where a generator-level top can be matched

with the jet are

depicted in white. A preselection was applied to increase the number of top-matched events.

The bottom panel shows the data/MC ratio and systematic uncertainties of experiment and theory.
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Energy correlation functions are subjet-independent methods to identify the N-pronged
substructure by studying the angular separation and transverse momentum of combi-

nations of the constituents [152]. One defines

1 1
= Y prptiRi; & e=—r— 3 Y prpripnRiRRi.  (6.4)
(pr)*iGes (Pr)? i<jches

The indices i, j, kK run over the jet constituents J. ey is expected to be much smaller

than ey if a jet has N constituents. From these quantities one derives the variables

& C= (6.5)

(e2)*
The e; as well as D, and C, are dimensionless.
The combined mass m. is the linear combination of the jet masses calculated with a

calorimeter-based method and a track-assisted method [147]. It is not considered a jet

moment, but is also an important quantity for the identification of heavy objects.



6.1 Top identification

Several simple two-variable tagging algorithms are available. For top-tagging there are three
variants of variable combination, each one using an upper threshold on 73, plus one criterion
on another jet moment; the options are a lower threshold on the combined mass m., on Qw
or on +/d»3. For W-tagging there is only one option using a lower and upper threshold on the
combined mass and an upper threshold on D,. The exact values are pr-dependent and are
optimised such that they result in a constant efficiency over the full pt range for jets that fully
contain all top decay products. This efficiency is tuned to either 50% (tight working point) or
80% (loose working point). Since especially decaying objects with low pt do not necessarily
result in all decay products being contained in one jet, an attempt was taken to optimise the
tagger configuration also to increase the efficiency for jets where not all decay products are
fully contained ('nc’="not-contained’). These configurations exist for the W-tagger and for
the top-tagger that uses 73 and m.. More complex taggers use machine-learning techniques
to analyse a large set of substructure variables. These work with either Boosted Decision
Trees (BDT) or Deep Neural Networks (DNN) and are each configured as 80% efficiency
tagger for tops or 50% efficiency taggers for W bosons.

In our analysis the tops’ transverse momenta are often not high enough (see Fig 6.1) that
all decay products are ’fully-contained’ in the jets. The efficiency for all kind of tops in the
context of this analysis should be known, the design efficiency can only be expected at the
high-pt end of the spectrum. In addition we want to know how well the different taggers are
performing in terms of background rejection in the context of this analysis. For this study
we defined top-jets as such if the generator-level top quark is within AR < 1.0 of the jet,
without the need of its decay products being within the jet, but with the condition that the
top quark decays hadronically. For the test with signal events a set of 71f] — 7t )Z? )Z? signal
samples with different 7; and )Z? masses was used to cover tops with different boosts. The
efficiency can be depicted either as a function of the generator-level top pt or the large-R jet
pr. Both versions are shown in Fig 6.3. In the first case we define the efficiency as the ratio
of the number of generator-level tops matched with top-tagged jets over all generator-level
tops, in the second case we define the hadronic top tagging rate as the number of tagged jets

matched with a generator-level top over all jets matched with a generator-level top. As an
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6.1 Top identification

alternative to the signal samples also a 7 sample was tested. The tested events have passed
the preselection, as defined in Sec. 5.5. As a comparison to the new tagging methods also the
method described in Sec. 5.4 is used, which uses reclustered R = 1.2 jets and counts jets as
“top-tagged’ if mje g=1.2 > 120GeV. It must be considered that the minimum jet p for the
two-variable taggers is 350GeV by design, 200GeV for the BDT and DNN taggers and the
reclustering method does not require a minimum pr.

We are not displaying the efficiencies for the top-tagger based on 73, and \/d»3 or discussing
it any further, because it is known to be more suited for highly boosted tops and was seen
early on to perform worse than the others in the context of the analysis.

Since efficiencies do not show the whole picture about how useful the taggers are, we are
also looking at the fake rates, meaning the tagging efficiencies of jets that do are not matched
with a hadronically decaying top on generator level. Fake rates can look different depending
on the process. In fig. 6.4 the fake rates for ¢f are shown; this process has hadronic tops,
but only jets are considered that are not matched with a generator-level top. Separate plots
are depicted for jets that are matched with leptonically decaying top (divided into decays
with electrons, muons and taus) and jets without a top. Also the fake rate of Z+jets is shown,
where there are no tops in any events.

It can be seen that the reclustering method (black) ensures the highest efficiency, but also
has very high fake rates, thus having no particularly good background rejection power. The
MVA based taggers (DNN (dark blue) and BDT (dark green)) on the other hand have very
low fake rates (only at low jet pr the tight taggers perform better) while still obtaining a
reasonably high efficiency. The fake rate is especially high if the large-R jet contains a top
decaying via a tau, but is in general higher for leptonically decaying tops than for non-top

jets.
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6.2 Top identification in semi-boosted scenarios

6.2 Top identification in semi-boosted scenarios

In regions with semi-boosted tops, as in our current SRB, top-tagging has a low efficiency
and is thus not the best choice when used as the only top-identification method, but it is still
possible to find a better method than the mass of R = 1.2 jets. The method presented here
extends the top reconstruction by allowing several definitions based on the decay kinematics,

which are symbolically depicted in Fig. 6.5. The categories are:

\A A\

(a) Monojet scenario. (b) Dijet scenario. (c) Trijet scenario.

Figure 6.5: Symbolic representation of the three different decay scenarios of a semi-boosted top
quark.

* Monojet tops: All decay products have merged into one single jet. We identify it
with top tagging, using the 50% working point of the 73, and Qw based ’contained’
tagger. The choice for this tagging algorithm was made because the focus is here on
high-pt tops with this method, whereas low-pt tops should be covered by the other

two methods.

* Dijet tops: The decay products of the W boson have merged into one jet, the b-jet
is separate'. In this case we identify the W-jet with the 50% ’contained” W-tagging
algorithm and the b-jet with the usual MV2c10 algorithm. Since the two jets are not
part of the same jet collection and an overlap removal between the two collections

was not enforced, we must make sure that the two jets do not overlap. We can also

IThe case where a b-jet and a light jet merge into one large-R jet is not considered here since such a jet is
difficult to identify.
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assume that the angular separation between the jets is not too large and we can use the

invariant mass as identification for tops. Thus we demand:

1.0 <AR(D,W) <14 & 100GeV < m(b,W) < 250GeV. (6.6)

 Trijet tops: The b-jet and the two light jets are all separate, but are still expected to
be close to each other. We identify a top by checking every possible combination of
three R = 0.4 jets i, j, k for the following criteria: at least one of the jets is b-tagged;

the angular distance between the jets is not too large.
max {AR(i, j),AR(j,k),AR(i,k)} < 1.4. 6.7)

The invariant mass is required to be close to the top mass, the ratio of the invariant
mass of the W candidate (defined as the combination of two of the jets with an invariant
mass closest to the W mass) and the top candidate (all three jets) must be close to the

ratio of the known particle masses.

m(teana)/m(t)
120GeV < m(teang) < 230GeV & 0.85 < ——————+— < 1.25. (6.8)
(Fena) 1 (Weana) (W)

This is still a rather loose definition, but tightening the used criteria was not found to
be favourable. New methods to further filter top candidates could be beneficial for this

method.

It was taken care of that no object is double-counted, meaning that the large R-jets used
successfully for the monojet identification and the R = 0.4 jets that are within AR < 1.0 of
them are not reused for the dijet and trijet identification, and in the same way objects used
for the dijet identification were not re-used for the trijet case. The exact values of these
criteria were tuned so that the background contribution is still acceptable (which means
that the mass requirements in the trijet case need to be stricter). Counting the number of

top tags with these methods one gets the distributions shown in Fig. 6.6. Most tags for the
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Figure 6.6: Number of top tags with the different methods after preselection. The SM background
processes are depicted as coloured areas stacked on each other. The dashed line is a SUSY signal with
m(f1, 7Y) = (700,400) GeV scaled by a factor of 20. In d) all tags with all three methods are counted.

m(f1, 7Y) = (700,400) GeV signal come from the trijet method, but in a significant number
of events at least one top is identified with the mono- or dijet method. Adding up all tags we
get a good signal/background ratio for events with two tags while maintaining high statistics.
Due to fakes, signal events with three tags can also occur in some cases, so signal regions

should not exclude these events.
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6.3 Conclusions of top identification study

It was seen that the MVA taggers are the most interesting ones as stand-alone to-identification
method in the context of this analysis for regions with high Am(f;, %)) (SRA in Sec. 5.5),
both perform very similarly, the DNN version slightly better than the BDT version. The
not-contained taggers are also interesting, offering a good efficiency at low pr, but especially
the ’loose’ version allowing significantly more fakes than other tagging algorithms. The
’contained’ taggers perform especially well in the high-pt region, which is in the context of
this analysis only interesting if combined with other methods that target the low-pr region.
Such methods were introduced in Sec. 6.2 as the dijet and trijet methods. The combination
of these methods is potentially interesting for regions with low Am(7,, )Z?) (SRB in Sec. 5.5).
All tagging algorithms’ performances differs vastly from the reclustering method, which
suggests that the top identification method cannot be simply replaced in the signal regions
discussed in Sec. 5.5, but a re-optimisation of the signal region has to be done, which should
be done anyway for a higher integrated luminosity.

Later in this chapter optimisation attempts will be presented using the DNN tagger for SRA
in Sec. 6.5.1 and the combined semi-boosted method for SRB in Sec. 6.5.2. Optimisation
with other tagging algorithms was attempted as well, but did not lead to a better result and

will hence not be presented here.

6.4 Object-based E?iss significance

A type of “E‘TniSS significance” was already used in Sec. 5.5. However, a newer method can
be used, which calculates for each event the p-value of the null-hypothesis of having zero
real E%‘iss by taking into account the transverse momentum resolutions of all objects instead
of using the estimator /Hr for the E%“i“ resolution [153]. The pr resolution consists of
two parts: the resolution parallel to the jet direction and the one perpendicular to it (related

to the angular resolution). In our signal regions jets are the only objects, their resolution
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depends on their momentum and the detector region. A central jet with pr = 20GeV has
a resolution in parallel direction of ~ 22% and in perpendicular directions of 5-7%, for a
pr = 100GeV jet it is only 7% in parallel and 1.1-1.6% in perpendicular directions [122].
An additional uncertainty comes from the probability that a jet is produced from pile-up,
this probability can be estimated as a function of the JVT discriminant. For the soft term
resolution, 10GeV was used as a conservative estimator, obtained from Z — pu events with
no additional jets [126].

The measurement of each object is considered independent and the measurement of the
transverse momentum pt and the azimuthal angle ¢ are considered uncorrelated. All the
resolutions add up to a total variance component longitudinal (o1) and transverse (or) to

p%liss, and a correlation prr. The correlation is only introduced by rotating the coordinate

system into the p?i“ system, in the system of the jet the longitudinal and transverse variance
are uncorrelated. The EIN'SS significance can be written in the L-T basis as
miss |2
2B

= - 6.9
ot (1—pfr) %

The distribution of the E%liss significance after preselection, plus additionally the T-veto and
m}%’min > 175GeV applied to be closer to SRA and SRB, is displayed in Fig. 6.7. It can be
seen that EF* significance could potentially be useful in both SRA and SRB. With EMiss
being in the numerator of Eq. 6.9 and the denominator not necessarily increasing for high
genuine EMS, one can assume that there is some correlation of . and E™*; thus it has to be
seen in the optimisation if using requirements on EI'*S significance, EF** or a combination

of the two performs better in the different SRs.

6.5 Signal region optimisation

It was attempted to optimise the SRA and SRB described in Sec. 5.5 by applying these new

methods. We assume an integrated luminosity of 139.0fb~! and a flat systematic uncertainty,
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Figure 6.7: Distribution of E%‘iss significance after a preselection. Data events are shown in black,
the error bars symbolise Poisson uncertainties. The SM background processes are depicted as
coloured areas stacked on each other. Systematic errors were not evaluated in this preliminary phase
and no scale factors from CRs were applied. The dashed lines correspond to SUSY signals with
m(fy, 7V) = (700,400) GeV scaled by a factor of 10, m(f1, %) = (1100, 1) GeV scaled by a factor of
40 and m(f1, %) = (1300,1) GeV scaled by a factor of 80. Data was blinded (indicated by boxes) in
bins where a potential signal contribution would exceed 15%.
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based on Tab. 5.18 and an estimation about future improvements?. All selection criteria are

in addition to the preselection described in the beginning of this chapter.

6.5.1 SRA optimisation

An optimisation of SRA was performed, assuming a flat 20% systematic uncertainty on
the background yields in addition to the MC statistical uncertainty. The benchmark signal
m(f, %)) = (1300,1) GeV was used. Signal regions with only very few MC events would
be problematic even though the calculated expected significance would suggest otherwise,
because some SM processes would be considered as zero without any uncertainty in the
calculation although this could happen just because of a lack of MC statistics. In order to
prevent this problem, selections with too few events were avoided. We use the DNN taggers
which were seen to work best. The number of tags is used to sort events into equivalent
top identification categories (TT, TW, T0). All other variables are based on the strategy
of the 36.1fb~! search with the exception of the newly added E%niss significance. The first
optimisation shows the optimal case, if DNN top- and W-tagging are fully usable. A
summary of the selection criteria is shown in Tab. 6.1. All selections are always on top of
the preselection.

The second optimisation was done without W-tagging and with top-tagging only applied
for jets with pt > 300GeV. The reason for this optimisation is that top-tagging for jets with
pr < 300GeV and W-tagging was seen to differ significantly in fast calorimeter simulation
vs. full simulation. Here, there is still a TT category, but instead of TW and TO, T-high
(E%“iss) and T-low (E%“iss) is used. A summary of the selection criteria is shown in Tab. 6.2.

The third optimisation does the same, but not using thresholds on E%“iss or mr; higher than
700GeV in order to avoid cutting too much into the tails, which can be modelled unreliably.

A summary of the selection criteria is shown in Tab. 6.3.

2In most regions the exact numbers for the systematic uncertainties would not have a big impact on the
optimisation as the statistical uncertainties are dominating.

3Jet substructure variables are not well described by the fast calorimeter simulation, which was used for signal
samples in this test. Especially all W-tagging algorithms were seen to have vastly different efficiencies when
using full detector simulation. For the DNN top-tagger efficiencies were seen to be compatible.
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Table 6.1: Summary of optimised SRA selection criteria obtained with top- and W-tagging, in
addition to the preselection described in the text.

Variable | SRA-TT | SRA-TW | SRA-TO

T-veto v

Niop,DNN >2 =1

Nw DNN >1 =0

Emiss >700GeV | >550GeV | >900GeV
b.min > 100GeV | >100GeV | > 100GeV

mr >500GeV | >550GeV | > 800GeV

EMSs Sig. >5 >5 >5

Table 6.2: Summary of optimised SRA selection criteria obtained with top-tagging for jets with
pt > 300GeV, in addition to the preselection described in the text.

Variable SRA-TT | SRA-T-high | SRA-T-low
T-veto v

Niop,DNN >2 =1

PTtop, DNN > 300GeV

PTtop, DNN > 300GeV - -

Eiss >700GeV | >900GeV | [600,900] GeV
™ >75GeV | >100GeV | > 150GeV
m> >450GeV | >800GeV | >700GeV
AR(b,b) - - >1.2
EMiss Sig, >5 > 14 > 12




6.5 Signal region optimisation

Table 6.3: Summary of optimised SRA selection criteria obtained with top-tagging for jets with
p1 > 300GeV and limits on ET"** and mt; thresholds, in addition to the preselection described in the
text.

Variable SRA-TT | SRA-T-high | SRA-T-low
T-veto v

Niop, DNN >2 ‘ =1

PTtop, DNN > 300GeV

thf)Pz,DNN > 300GeV - -

Ejpiss >700GeV | >700GeV | [600,700] GeV
mly™" >75GeV | >175GeV | >250GeV
mr> >450GeV | >700GeV | >550GeV
AR(b,b) - >0.8 >1.2
EMss Sig. >5 > 14 >5

At last an optimisation using the old R = 1.2 reclustering method is performed as a
comparison, as before not using thresholds on E%li“ or mty higher than 700GeV. These

selection criteria are shown in Tab. 6.4.

Table 6.4: Summary of optimised SRA selection criteria obtained with R = 1.2 reclustering in
addition to the preselection described in the text.

Variable | SRA-TT | SRA-TW | SRA-TO
T-veto v

My k038 > 60GeV

M k12 > 120GeV

Mg p_1o | > 120GeV | [60,120]GeV | < 60GeV
Emiss >700GeV | >700GeV | >700GeV
™ >175GeV | >225GeV | >300GeV
mr2 >700GeV | >700GeV | >700GeV
AR(b,b) >1.2 > 1.0 > 0.8
EMiss Sig, >6 > 8 > 15

A comparison of the expected significances can be found in Tab. 6.5. The significances
are calculated with the asymptotic formula (see Eq. 5.10). The combined significance is

calculated by adding the significances in the single bins in quadrature.

It can be seen that “low”-EIS regions do not seem to be very useful. EM significance does

155



6 Studies with new methods

Table 6.5: Summary of expected significances for m(f;, z0) = (1300, 1) GeV with different set of
selection criteria in 139.0fb~!. The T1 and T2 categories cannot directly be compared with each
other, because their definition is very different. SRA-T1 means SRA-TW in the first and fourth case
and SRA-T(high E%“iss) in the second an third; SRA-T2 is SRA-TW in the first and fourth case and
SRB-T(low E‘T“i“) in the second an third. Events that are in the T1 category for one definition can be
in the T2 category of another and vice versa.

Significance (6 = 20 %) at 139.0fb~!
SRA-TT | SRA-T1 | SRA-T2 | combined

Top- and W-tagging 1.66 0.78 1.62 2.44
Only top-tagging with p'Tet > 300GeV 1.70 1.68 0.83 2.53
+ ERiS&my < 700GeV 1.70 1.51 0.34 2.30
R = 1.2 reclustering 1.72 0.69 0.70 1.98

not significantly improve the sensitivity here, just using a baseline threshold of E%‘iss Sig.
> 5 to reject multijet background instead of the presented thresholds here would not change
much. The usage of the DNN top tagger however improves the sensitivity significantly. It
can be seen, that especially regions with only one identified top contribute much more than
with the reclustering method. In regions with two identified tops the reclustering method
has a better sensitivity despite the higher background contribution. This is because with the
current amount of data taken, events with two top tags are still very rare and the discovery

sensitivity is statistically limited.

The expected yields of the third variant (only top-tagging for pr > 300GeV and limited
values for EMS and mr,) can be found in Tab. 6.6. The background predictions of this
of this variant are more reliable because phace space with potentially problematic MC
modelling is excluded, however the relative background composition is similar to the second
variant. The signal and background yields are both very small, which is mainly caused by
the relatively low efficiency and high background rejection of the DNN tagger. This could
lead to challenges for a reliable background modelling. The gain in expected discovery
significance compared to the reclustering method however motivates to consider top-tagging

in SRA.
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6.5 Signal region optimisation

Table 6.6: Summary of yields obtained with moderately optimised SRA with the selections shown in
Tab. 6.3 assuming an integrated luminosity of 139.0fb~!.

Process SRA-TT | SRA-T-high | SRA-T-low
1t 0.0440.01 | 0.11£0.03 | 0.2240.05
ti+V 0.304+0.22 | 0.94-+0.15 | 0.9740.17
Single Top - 0.2840.10 | 0.42+£0.24
Z+jets 0.0940.03 | 1.26+0.10 | 1.1240.12
W+jets 0.0240.02 | 0.16£0.05 | 0.0240.01
diboson - 0.14+0.10 | 0.13+0.10
SM total 0.4540.10 | 2.91+£0.24 | 2.8840.44
m(f,79) = (1100,1)GeV | 3.28£0.23 | 8.07+0.36 | 1.9240.17
m(f1, 70) = (1300,1)GeV | 1.63+0.08 | 3.224+0.12 | 0.6540.05

Table 6.7: Summary of optimised SRB selection criteria obtained without new methods, in addition
to the preselection described in the text.

Variable | SRB-TT | SRB-TW | SRB-TO
T-veto v

M R 2 > 120GeV

My g1 | > 120GeV | [60,120]GeV | < 60GeV
Emiss >300GeV | >250GeV | >300GeV
m™ | >200GeV | >225GeV | >200GeV
my™ | >250GeV | >250GeV | >200GeV
AR(b,b) >1.2 >1.2 >1.2

6.5.2 SRB optimisation

An optimisation of SRB was performed, assuming a flat 15% systematic uncertainty* in
addition to the MC statistical uncertainty. It was attempted to improve the expected discovery
significance by using the top identification method introduced in Sec. 6.2. The benchmark
signal m(f1, 7?) = (700,400) GeV was used.
The first optimisation is as a reference, only optimising the selections already used in Sec. 5.5.
The resulting selection criteria can be found in Tab. 6.7.

The second optimisation uses the semi-boosted top identification method by adding up all

reconstructed tops with the three methods introduced in Sec. 6.2 and depicted in Fig. 6.6.

“It was seen that the sum of systematic uncertainties are smaller in SRB than in SRA, see Tab. 5.18.
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6 Studies with new methods

Table 6.8: Summary of optimised SRB selection criteria obtained with top-tagging for jets with
pt > 300GeV and lower thresholds on E1"** and m», in addition to the preselection described in the
text.

Variable | SRB-TT | SRB-TW | SRB-TO

T-veto v
Ntop,all >2 =1
Nw tight - >1 =0

E%liss >300GeV | >250GeV | >300GeV
m[%"mm >200GeV | >250GeV | >200GeV

my™ | >300GeV | >200GeV | >300GeV
AR(b,b) |  >1.0 > 1.0 > 1.4

For the 1-top regions a splitting into the categories TW and TO was done by looking for
additional W-tagged jets (by using the tight contained W-tagger on jets that were not yet
used for the top identification). The resulting selection criteria can be found in Tab. 6.8.

The third optimisation in addition uses a lower threshold on E%‘iss significance. Looking at
ROC (’receiver operating characteristics’) curves for lower thresholds in all of these variables,
shown in Fig. 6.8, it can be seen that EITniss significance has the best background rejection
power while still maintaining a reasonably high signal acceptance. It should be noted that
mf’r’min is still a very powerful discriminating variable; a threshold of mf’r’min > 175GeV,
which removes a big portion of the #f background, was already applied for these curves, it is
just not particularly useful to use a much higher threshold. E%‘iss significance is expected to
have good discrimination power against processes with fake E%‘iss; since we are only using
MC samples with genuine E%“iss, this effect cannot be seen here. The resulting selection
criteria can be found in Tab. 6.9. In principle an upper threshold on E%’iss significance could
also be used, which would further increase the discovery significance for the benchmark
signal, since the background has a broader distribution. However, this could potentially
damage the sensitivity for other signal points than the benchmark point, which can have
different E%“ss significance distributions. This motivates an analysis with multiple bins in
E‘TniSS significance, which could potentially increase the sensitivity without any loss for other
signal points. This possibility is not further explored here.

Another possibility to improve SRB is the usage of m,. Since signal models targeted by
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Figure 6.8: Background rejection vs. signal acceptance for all possible lower thresholds in the used
variables in SRB. A good working point should be close to the upper right corner. For these curves a
loose SRB-like selection was applied, meaning preselection, m, , | , > 120GeV, mi™" > 175 GeV

and AR(b,b) > 1.0.

Table 6.9: Summary of optimised SRB selection criteria obtained with semi-boosted top-tagging and
lower thresholds on ET"** significance in addition to the preselection described in the text.

Variable | SRB-TT | SRB-TW | SRB-TO

T-veto v

Ntop,all >2 =1

Nw,tight - >1 =0

Emiss >250GeV | >250GeV | > 300GeV
b.min >200GeV | >250GeV | >200GeV
hymax >300GeV | >200GeV | >200GeV

AR(b,D) > 1.0 > 1.0 > 1.4

EMS Sig. | > 16 > 13 > 17
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Figure 6.9: mr in a loose SRB-like selection, meaning preselection, 7, p_, , > 120GeV, mlp™™ >

175GeV and AR(b,b) > 1.0. The SM background processes are depicted as coloured areas stacked
on each other. The dashed line corresponds to a SUSY signals with m(7, Z?) =700,400GeV scaled
by a factor of 10.

SRB are expected to have slightly higher values and also a harder cut-off than backgrounds
(see Sec. 5.4). This can be seen in Fig 6.9.

One can in principle use a lower and upper threshold. However it is better to avoid a lower
thresholds since mr; usually becomes lower for higher m( Z?) and to restrict the sensitivity in
this direction is undesirable. An advantage of an upper threshold is, that it would make SRB
orthogonal to SRA, which opens the possibility to combine them statistically. This could
smoothen exclusion limits in regions where both SRs are sensitive; since we are only looking
at the expected significance of the benchmark point, this effect cannot be seen here. A set of
selection criteria using a fixed upper threshold of mr; < 450GeV can be found in Tab. 6.10.

A comparison of the expected significances can be found in Tab. 6.11. The significances
are calculated with the asymptotic formula (see Eq. 5.10). The combined significance is
calculated by adding the significances in the single bins in quadrature.

Each of the tested methods can significantly improve the expected discovery significance
compared to a SR that was just re-optimised with the old methods and should hence be

considered for the final definition of SRB with the full Run 2 dataset. It can be seen that the
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6.5 Signal region optimisation

Table 6.10: Summary of optimised SRB selection criteria obtained with semi-boosted top-tagging,
lower thresholds on ET"** significance and a fixed upper threshold on m, in addition to the preselec-

tion described in the text.

Variable | SRB-TT | SRB-TW | SRB-TO

T-veto v

Ntop,all >2 =1

Nw tight - >1 =0

Episs >300GeV | >250GeV | > 300GeV
b,min >200GeV | >250GeV | >250GeV
bmax | 5 200GeV | >200GeV | >200GeV

AR(D,b) > 1.0 > 1.0 > 1.4

mro < 450GeV

EMs Sig, > 15 > 13 > 18

Table 6.11: Summary expected significance for m(f;, 7?) = (700,400) GeV with different set of

selection criteria in 139.0fb~!.

Significance (o = 15 %) at 139.0fb~!

SRB-TT | SRB-TW | SRB-TO | combined

Old

Semi-boosted top identification
+lower threshold on Ef"* Sig.

+ mTy < 450GeV

1.69 1.40 0.88 2.36
243 1.45 1.55 3.22
2.63 1.52 1.75 3.51
3.16 1.68 2.24 4.22
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6 Studies with new methods

Table 6.12: Expected yields in the optimised SRB obtained with the selections shown in Tab. 6.10

assuming an integrated luminosity of 139.0fb!.

Process SRB-TT SRB-TW SRB-TO

tt 0.51£0.06 | 0.61£0.11 | 11.65£0.67
tr+V 1.98+0.24 | 1.20+£0.17 | 13.36£0.56
Single Top 0.134£0.07 | 0.30+£0.23 | 11.94+1.44
Z+jets 0.18+0.04 | 0.30£0.11 | 17.34+1.24
W+jets 0.07£0.04 | 0.16£0.12 | 5.514£0.95
diboson - - 1.13+0.34
SM total 2.934+0.27 | 2.67+£0.35 | 61.474+2.33
m(fl,f(?) = (700,400)GeV | 7.49+1.22 | 3.444+0.74 | 28.77+2.26

TW category often does not contribute much, a splitting of the 1-top-tag region into TW and

TO might not be necessary.

The expected yields of the last variant (using semi-boosted top-tagging, a lower threshold on

E%liss significance and an upper threshold on mT,) can be found in Tab. 6.12.
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7 Conclusion

The Standard Model of Particle Physics is a very successful theory, bringing together the
knowledge about particle properties and interactions collected in many experiments. Its
predictions have been confirmed whenever an experiment was able to measure previously
unknown phase space and it has withstood all attempts to directly disproof it. Despite its
success there is evidence that it is not sufficient to fully describe the universe. Supersymmetry
is a promising theory that can address several of the unsolved problems of the Standard
Model, but none of its predicted additional particles has been observed so far.

The Large Hadron Collider and the ATLAS detector were built with the goals to find the
last missing piece of the Standard Model — the Higgs Boson — and to search for evidence of
physics beyond it. While Run 1 of the LHC was a big success in that the Higgs Boson was
discovered, no discovery was made in the search for physics beyond the Standard Model.
In Run 2 the centre-of-mass energy was increased from 8 to 13 TeV, which could allow to
observe processes that were not seen before. Additionally the luminosity was increased,
resulting in a total of Ly = 139fb~! of proton-proton collisions usable for physics recorded
in the years 2015 - 2018.

A search for the top squark was conducted, which is a hypothetical scalar partner of the
top quark predicted by supersymmetric models. A large set of R-parity conserving SUSY
models with different parameters was considered. The most promising channel, resulting in
the best discovery significance, is the production of a top-squark pair, each decaying into a
top quark and a neutralino (717, — ¢ )Zlo )Z?); the neutralino is considered the lightest SUSY

particle and stable. This decay is kinematically possible if the top-squark mass exceeds the
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sum of the top and neutralino masses. Only hadronic top decays were considered for this
search. Thus, final states with jets (including b-jets) and missing transverse momentum were
considered. Signal regions were designed to optimise the expected discovery sensitivity for
different models. Major Standard Model backgrounds were modelled by using simulated
events, normalised to data in dedicated control regions. Data taken in 2015 and 2016 was
used for this analysis, resulting in Liy = 36.1fb~!. No evidence for a signal exceeding the
Standard Model expectation was found. The results were interpreted as excluded areas of
parameter space for different models, greatly superseding the limits obtained from Run 1. In
the simplified model with BR(7; — ¢ Z?) = 100%, top squarks with a mass below 950 GeV
can be excluded for neutralinos below a mass of 350 GeV, in other models the exclusion
limits are less stringent.

The full Run 2 data has not been analysed yet and the strategy could change with respect to
this iteration. Several studies of new methods were conducted and their potential to improve
the sensitivity was estimated by designing signal region suggestions. While models with high
top-squark masses could profit from machine-learning technique based top tagging methods,
for models with high neutralino masses the sensitivity could be improved by combining
several top-reconstructing techniques that consider top signatures consisting of one, two or
three jets, and by making use of E%“i“ significance, a new observable which is a measure for
the likelihood of an event to contain invisible particles. The conclusions of these studies will
be considered in a subsequent analysis.

Thanks to the larger dataset, but also improved methods, the sensitivity can be expected to be
widely expanded with the full Run-2 data, which will either result in an even larger exclusion

of SUSY models — or a discovery.
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Zusammenfassung

In dieser Thesis wird die Suche nach einem supersymmetrischen Partner des Top Quarks
mit dem ATLAS-Detektor bei /s = 13TeV diskutiert. Das Standard Modell der El-
ementarteilchenphysik kann, obwohl es eine sehr erfolgreiche Theorie ist, keine alles
beschreibende Theorie sein. Supersymmetrie ist eine mogliche Erweiterung, die als Lo-
sungsansatz fiir mehrere offene Probleme des Standardmodells eingefiihrt werden kann. Eine
ihrer Vorhersagen ist die Existenz von hypothetischen «Top-Squarks», die bei Proton-Proton-
Kollisionen am Large Hadron Collider als Paar erzeugt werden konnten; das kann zu einem
Topquark-Paar und fehlendem Transversalimpuls im Detektor fiithren. In dieser Thesis wird
die Suche nach diesem Prozess im vollhadronischen Endzustand beschrieben; dies beinhal-
tet die Suchstrategie, die Untergrundabschitzung und die Untersuchung neuer Methoden,
um die Sensitivitit in der durchgefiihrten und einer nachfolgenden Suche zu verbessern.
Mit 36fb~! Proton-Proton-Kollisionsdaten, durchgefiihrt am LHC und aufgnommen von
ATLAS in den Jahren 2015 und 2016, wurden in dieser Analyse keine Hinweise auf neue
Teilchen gefunden; im vereinfachten Modell, das von einem Zerfall von Top-Squarks in je ein
Topquark und ein Neutralino ausgeht, konnen Top-Squarks mit einer Masse unter 950 GeV
fiir Neutralino-Massen unter 350GeV ausgeschlossen werden. In dieser Thesis werden
dariiber hinaus Studien von neuen Methoden vorgestellt, die zur besseren Identifizierung von
Top Quarks und von unsichtbaren Teilchen fithren und die Sensitivitiit einer nachfolgenden

Analyse verbessern konnen.
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