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Abstract

The theoretical development of the Standard Model in the 1960s and 1970s has
led to the discovery of its missing piece, the Higgs boson, at the ATLAS exper-
iment (together with its sister experiment, CMS) at the Large Hadron Collider
at CERN in 2012. In order to solve the problem of large quantum corrections to
the leading expansion of the Higgs boson mass, additional symmetries need to
be added to the Standard Model. A possible solution to this problem of Higgs
mass quantum corrections is the theory of Supersymmetry, which includes part-
ners to each Standard Model particle, such as gluinos, squarks, and the lightest
supersymmetric particle. This dissertation describes a search for pair-produced
gluinos, where each gluino decays via a top squark or a bottom squark to the
lightest supersymmetric particle (a neutralino). Events which contain a large
jet multiplicity in the final state (i.e. at least four jets of which at least three
must be b-jets), and large amounts of missing transverse energy, are obtained
for further studies. The dataset used for this search includes 139 fb~! of integ-
rated luminosity recorded by the ATLAS experiment between 2015 and 2018
at a center-of-mass energy /s = 13 TeV. No significant excess is observed in
data above the Standard Model backgrounds, and gluino masses up to 2.3 TeV
for both the Gtt and the Gbb models are excluded at a 95% confidence level.
This dissertation also contains an overview of, and the author’s work on, the
data quality monitoring of the ATLAS liquid argon calorimeter during 2017
data taking.
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Chapter 1

Introduction

Particle physics encompasses the study of all subatomic particles, as well as
their electromagnetic, weak, and strong fundamental interactions. The beha-
viour of these particles and interactions is well-described by the theory known
as the Standard Model [1-3] that was formulated during the latter half of the
20th century. Many of the basic predictions of the Standard Model have been
tested, and the discovery of the Higgs boson in 2012 was a great success for
the theory. There are several open questions which are not addressed in the
Standard Model, such as a number of parameters that appear to be unusu-
ally fine-tuned, and the microphysical natures of dark matter and dark energy.
Supersymmetry encompasses a set of the most promising extensions of the
Standard Model, which would help to resolve some of the open questions. In
R-parity conserving Supersymmetry, partners of each Standard Model particle
are predicted, and the lightest supersymmetric particle is a good candidate for
dark matter. Chapter 2 introduces the theories of the Standard Model and
Supersymmetry in particle physics.

To search for violations of the Standard Model, and for Supersymmetry,
proton-proton (pp) collisions at high energies are produced at the Large Hadron
Collider (LHC). The ATLAS and CMS detectors are the two general purpose
experiments at the LHC at CERN! which collect and store data resulting from
pp collisions. Chapter 3 describes the Large Hadron Collider complex and
the ATLAS subdetectors. The ATLAS event recording strategy and Monte
Carlo simulation for pp interactions are described in Chapter 4. After an event
is recorded by the ATLAS trigger systems, all physics objects such as jets,

leptons, and missing transverse energy need to be reconstructed to be used in
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the analysis (see Chapter 5). Chapter 6 presents the ATLAS search for pair-
produced gluinos that decay to Standard Model top or bottom quarks, as well as
neutralinos (which are the lightest supersymmetric particles in these models).
Different sources of detector-related and theoretical systematics are discussed in
Chapter 6. In this dissertation, ATLAS data collected between 2015 and 2018,
at a center-of-mass energy 13 TeV, is used to probe for Supersymmetric models.
Chapter 7 presents the results for a background-only fit, the exclusion limits
for gluino-neutralino masses, and a comparison of similar signal models probed
by the ATLAS and CMS collaborations. Finally, the concluding remarks about

this multi-b analysis are discussed in Chapter 8.



Chapter 2

Standard Model (SM) and

Supersymmetry

The Standard Model (SM) of particle physics is the theory that successfully
predicts experimental results concerning fundamental particles and the inter-
actions among them. It combines both quantum chromodynamics (the theory
of the strong interaction) and the electroweak model (the unified theory of
electromagnetic, weak, and Higgs interactions) to encompass all fundamental
interactions, with the exception of gravity. Many particle physics experiments,
both during the 30 years prior to the construction of, and at the Large Hadron
Collider (LHC), have performed many precision measurements, and the results
show good agreement with the predictions of the SM. This chapter presents an
introduction to the SM of particle physics, as well as to a large class of exten-
sions to the SM which are categorized under the heading of Supersymmetry
(SUSY). Section 2.1 will provide a general overview of the SM. Some of the
most famous puzzles of the SM and the theory of SUSY will be discussed in
Sections 2.2 and 2.3.

2.1 The Standard Model

The SM is a gauge quantum field theory combining three different Lie groups
into the product group SU¢(3) x SUL(2) X Uy(1): the Glashow-Weinberg-Salam
theory of electroweak interactions (subsection 2.1.3), SUp,(2) x Uy(1), and the
theory of QCD SU¢(3) (subsection 2.1.4). The Standard Model has predicted
the existence of several elementary particles, including a number of both fer-

mions with half-integral spin and gauge bosons with integer spin. All of these



particles have been discovered by different experiments around the world, in-
cluding the observation of the Higgs boson at LHC in 2012 [1-(], which resulted
in the awarding of the 2013 Nobel Prize in Physics to Peter Higgs and Francois
Englert for their development of the theory of the Higgs mechanism in 1964.

2.1.1 Standard Model particles

All particles in the SM can be categorised as fermions or bosons (see Fig. 2.1).
Fermions are half-integer spin particles, thus they obey Fermi-Dirac statistics
and comprise all non-dark matter in our universe [7]. They can be divided into

leptons and quarks:

Leptons: includes electrons, muons and taus, as well as each of their associ-
ated neutrinos. Charged leptons can undergo electromagnetic as well as weak
interactions; however neutral leptons (i.e., neutrinos) can only undergo weak

interactions.

Quarks: includes six flavours of strongly interacting particles. The top quark
is the heaviest one, and was discovered in the CDF and the D0 experiments
at Fermilab [3,9]. Quarks experience the electroweak force in addition to the

strong force.

Both the leptons and the quarks have left-handed doublets ¥* (which de-
notes left chirality) within which the two particles in each pair differ in electric
charge. For example, charged leptons have an electric charge of -1 while the
neutral leptons (neutrinos) have no electric charge. Right handed singlet states
® exist for charged leptons and for all flavors of quarks; however they do not
exist in the Standard Model for neutral leptons (i.e., there are no right-handed
neutrinos). Another difference between leptons and quarks is the confinement
property of the strong interaction. It is possible to observe free leptons, whereas
quarks are bound into hadrons. Hadrons are formed by three quarks, called ba-
ryons, or one quark and one anti-quark called mesons.

Bosons are integer spin particles, so they obey Bose-Einstein statistics. All
forces in the SM are carried by gauge bosons exchanged [10] between funda-
mental particles. For example, the electromagnetic interaction between two
charged fermions is due to photon exchange. All types of SM interactions are
listed in Table 2.1.
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Figure 2.1: Particles of the Standard Model: Shown are twelve fermions (quarks and leptons)
with spin % and five bosons: photon, W/Z bosons, gluon and the Higgs boson. All funda-
mental bosons have spin 1 except the Higgs boson which has spin zero. Gravitational inter-
actions and the gravitational force carrier (graviton) are not included in the Standard Model.
The information included in this plot, such as the masses and charges, is provided by the

Particle Data Group [11].

Force
Particles Electromagnetic Weak  Strong Gravity
Leptons v v X v
Quarks v v v v
Gauge Bosons Photons W/Z Gluons Graviton (not yet discovered)

Table 2.1: All SM interactions (forces) among fundamental particles. The third row shows
the gauge mediators for different interactions.



2.1.2 Gauge invariance

The SM is a renormalizable gauge field theory in which all the interactions are
described by a Lagrangian. In natural units (h = ¢ = 1) the free Lagrangian

for fermions and the massless electromagnetic vector A* are given by:

‘Cfermion(x) = ¢($)(27uau_m)¢($) ) (21)
Evect0r<x) = _i ,LLI/FW/ ) (22)

where FJ, = 0,A] — 0,A] + gf™AFAL. In these equations ¢ is the fermion
field, v are 4x4 Dirac matrices, 0, is the four-vector derivative, and f;;;, is the
structure constant of the group which is zero for Abelian groups like U(1).
Both Lagrangians 2.1 and 2.2 need to be invariant under global and local
gauge transformations [12,13]. Global transformations are described by a phase

change of the fermion field:

V' (x) = eT 9V (x) = Ugtp(a) (2.3)

where g is the coupling constant and 77 is the group’s generator (Pauli matrices
in SU(2) and Gell-Mann matrices in SU(3)) [11]. The Lagrangian 2.1 is invari-
ant under this phase transformation when 6 is constant everywhere in space-
time. The local gauge transformations are defined with an z-dependent phase

parameter ¢”(x) which varies locally from point-to-point in space-time:

V() = e 7Y@y (1) = Up(z)ib(z) . (2.4)

The kinetic energy term in the fermion Lagrangian is not invariant under local
transformations (9,67 (x) # 0). This implies adding a covariant derivative to
the theory:

e The covariant derivative D,, that must replace 9, in Lagrangian 2.1:
D, =0,— Z'ngTjA{L

° AL are massless vector gauge fields, and transform under local transform-

ations as:
Al = A] = 10,07 + fub" A,

By substituting both the covariant derivative and the transformed vector gauge
field in 2.1 and 2.2, one can see that both Lagrangians are invariant under local

transformations.



In summary, the SM is locally invariant under SUq(3) x SUL(2) x Uy(1).
The invariance under SUy,(2) x Uy (1) leads to the theory of electroweak inter-
actions, while the theory of strong interactions follows from invariance under
SUc(3). Based on Noether’s theorem, a symmetry of the Lagrangian under a
field transformation always implies a conservation law [15]. As the result, local
invariance in the SM implies the conservation of weak hypercharge, isospin and

colour charge.

2.1.3 Quantum electrodynamics

Quantum Electrodynamics (QED) [16] is a local gauge theory, meaning in this
case that all Lagrangians in QED are invariant under continuous U(1) symmetry
transformations. QED describes the interaction between electrically charged

particles through the exchange of photons. QED Lagrangians are given by:

,CQED - »Cfermion + ‘Cboson (25)
‘Cfermion - QZJ(QZ') (w“@u — m)@ZJ(ZL’) + qiyyuAud}
1

ﬁboson = _ZF;WFMV?

where v is a Dirac spinor (fermion field), 1) is defined as 1) = ¢1°, and A, is
a vector field. The first and second terms in the fermion Lagrangian represent
the kinetic energy and mass terms for spin % particles. The last term describes
the interactions between a fermion and a vector field. Lyoson in 2.5 describes the
kinetic energy of the electromagnetic field (photon). The local gauge invariance
leads to massless photons because the mass term %214”14“ violates the local
gauge invariance unless m = 0.

An example of the simplest or leading order Feynman diagram of QED is
shown in Figure 2.2a. The two vertices in this diagram represent the lowest-
order QED process between charged fermions (leptons or quarks) by exchanging
a Z boson. Initial or final state particles can emit and/or absorb a photon and
make more complex QED diagrams. These types of radiation are known as
initial or final state radiation and are shown in Figure 2.2b. Feynman diagrams
like 2.2 can be used to calculate the amplitude .# of the process. Eventually,
other observables like production cross-sections can be derived directly by using

amplitudes.



Figure 2.2: Examples of leading order (2.2a), and next-to-leading order (2.2b), QED pro-
cesses.

2.1.4 Quantum chromodynamics

Quantum chromodynamics (QCD) [17] is the theory which describes the strong
interaction between colour-charged particles (quarks and gluons), through the
exchange of gluons. There are three types of colour charge: red, blue, and green.
Each quark carries one of the three colour charges. Quarks combine to make
observable states, known as hadrons. For example three quarks can combine
to make a baryon (qqq) or a quark and an anti-quark can can make a meson
(qq). QCD is based on the non-Abelian symmetry group SUc(3), where the C
refers to the colour. There are eight gauge bosons (gluons) in QCD which carry
colour charge, and therefore interact with both quarks and themselves (unlike
the photon). Gluons are massless and have no electric charge (like the photon).

Figure 2.3 shows a leading order QCD process with gluon as mediator.

q q

q q
Figure 2.3: Example of leading order strong interaction.

The QCD Lagrangian describes the interaction between quarks ¢ and gluons



Al(i=1,2,..,8), and is given by:

Lacn = Y2 a(iy" Dy — mha = {GLG™ (26)
q
where the summation is over all quark flavours. As explained in subsection. 2.1.2,
in order to have a gauge-invariant Lgcp, the covariant derivative should be
defined as: ,
Mo
D,=0,— igs?AJ (2.7)

om0

where g, is the strong coupling constant and \* are the 3x 3 Gell-Mann matrices.

G, are the field strength tensors for gluon fields A, and are given by:

v

G, = 0,4, —0,A] + g f,g'lA’;Al (2.8)

where the structure constants f; are defined as: [A\*, Nl] = 4 ffl/\j . Unlike
Uy(1), SU(3) is not an Abelian group (f7*' # 0), which means gluon self-
interactions such as three- or four-gluon coupling are allowed in QCD.

The strength of strong interactions depends logarithmically on the mo-
mentum transfer between the interacting particles, and this can greatly affect
gluon-loop and quark-loop corrections at leading and higher orders. The energy

scale () dependence of the strong coupling constant is given by:

au(Q?) = br (2.9)

33 — 2n) log ~
( nf) 0g AQCD

where 1y is the number of quark flavors in nature and Aqcp is the cutoff scale
with properties explained below. Setting ny = 6 we see that the running coup-
ling constant a,(Q?) decreases with the increase of the energy scale and vice-
versa. The behaviour of ag(Q?) is shown in Figure 2.4. At sufficiently high
momentum transfer Q* (small distance), the effective coupling between quarks
and gluons is small, so the strong interaction can be mathematically treated
perturbatively. Quarks and gluons behave as free particles in this region known
as asymptotic freedom [18,19] . On the other hand, at low momentum transfer,
the strong coupling increases and makes it impossible to find free quarks or
gluons. Because of the large coupling constant in this region, all quarks and

gluons are confined into hadrons and this phenomenon is known as confinement.
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Figure 2.4: Running QCD coupling constant with the energy scale. Figure from [20].

2.1.5 Electroweak theory

In order to unify the electromagnetic and weak (but not the strong, or grav-
itational) forces, Glashow-Weinberg-Salam (GWS) introduced a model of elec-
troweak interaction. The theory of electroweak interaction is a non-Abelian
gauge theory based on SUp,(2) x Uy(1) gauge symmetry. In GWS, the weak in-
teraction is governed by SUL(2) and the subscript L represents the left-handed
fermions. As mentioned in subsection 2.1.3, the electromagnetic interaction is
defined by SUL,(2) x Uy(1) where the Y indicates the weak hypercharge.

In GWS, leptons are either in left-handed doublets L or right-handed singlets
R of the SU(2) group, which are respectively represented as:

L= (ZL> R=1(n (£=1,2,3), (2.10)
L

where L consists of left-handed neutrinos and charged leptons. Based on exper-
iment, right-handed neutrinos have not been observed, so right-handed leptons

R are singlet. For quarks this is the same and right-handed fields are singlet:

Ui :
QLi B (D) 5 R = URi7 DRi7 (’l = 1,2,3) 5 (211)
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where U and D represent up- and down-type quarks respectively. The covariant
derivative for the SUL(2) x Uy(1) group is:

l%z%%—@%&,%d%BM, (2.12)
ffu and B, are gauge boson fields associated with SU,(2) and Uy(1) respect-
ively. g and ¢’ are the gauge coupling constants; Y is the weak hypercharge and
7 is the weak isospin operator defined by Pauli matrices. The component of the
weak isospin and the weak hypercharge are related to the electric charge via
Gell-Mann Nishijima formula, Q = T° + % The gauge-invariant Lagrangian

for GWS is constructed as:
Ly = Liv*D,L + Riv*D,R (2.13)

where L and R are left- and right-handed fermion fields (both leptons and
quarks). The kinetic term of the gauge fields is given by:

Lg= —iFlij"’“’ — iBWBW : (2.14)
where F}}, and By, are the gauge field strength tensors, corresponding to SUL(2)
and Uy(1) respectively, and defined in subsection 2.1.2. There are no fermion
and gauge boson mass terms in Lr and Lg, which contradicts experiment. In
order to make fermions and gauge bosons massive, the Higgs mechanism is
needed to generate spontaneous symmetry breaking [21,22].

The Higgs mechanism introduces two scalar fields in the form of a complex

¢ = (“"Z) : (2.15)
"

o and ¢ are positively charged and neutral complex scalar fields with hyper-

doublet format:

charge Y = 1. The Lagrangian for these scalars is given by:

Ls= (Do) (D"¢) = V(¢'9) (2.16)

where ¢' is the Hermitian conjugate and the explicit form of the covariant
derivative is defined in Eq. 2.12. The potential term V (¢'¢) is given by:

V(gl) = m*¢lo + A(o'9)* | (2.17)

11



where m? and \ are real constant parameters. The value of these parameters
determines the shape of the potential. For example if A > 0 and m? > 0,
the potential has only one minimum corresponding to ¢ = 0. The case where
the vacuum is unique is known as the Wigner phase. On the other hand, if
A > 0 and m? = —p?(p? > 0), all points on a circle with radius v = /u2/X
in the (p1,p2) plane correspond to the minimum of the V. This allows for
spontaneous symmetry breaking (SSB) since the symmetry of the vacuum will
be broken by the arbitrary choice of complex phase as the field falls into a
position that is chosen randomly on the circle of minimum potential. Both
options are shown in Figure 2.5. As explained before, SSB occurs when the

scalar doublet ¢, defined in Eq. 2.15, gets a vacuum expectation value (VEV)

0
() s

Now we can parametrize the scalar doublet in terms of the fields relative to the

vacuum state ¢q

iy

iz, 0
¢ — e 20 ((U N H(;p))/ﬂ) . (2.19)

Here two complex scalar fields ¢ and ¢° are replaced by 4 real fields, & (i =

1,2,3), known as Goldstone bosons, which are absorbed into the longitudinal

components of W* and Z° bosons, and H is a Higgs boson.

V(o) V(9)

Figure 2.5: Higgs potential shape for 2.5a Wigner phase and 2.5b SSB.

Substituting scalar fields defined in Eq. 2.19 into the scalar Lagrangian

12



defined in Eq. 2.16 yields:
02

‘Cmass =
8

(gZA}LAl‘L + g2AiA2“ + (gAi —¢B,)?%) . (2.20)

To make this Lagrangian simpler, we can introduce charged boson fields W=*:

AL FiA
V2

Then the sum of the first and second terms of Eq. 2.20 can be written as

W= (2.21)

}ngUQW/j W, which implies that the charged gauge bosons are massive with
My = %gv. The third term in Eq. 2.20 which contains neutral fields can
be written as & (g% + ¢”2)Z, 2" + 0.A,A* if we use the following orthogonal

transformation:
Z, _ C'OS Ow — sinbw Ai | (2.92)
A, sinfw  cos by B,

where Ay is called the weak mixing angle and is dependent on the coupling
/

constants by tan by = g From the third term, we can see that the neutral

g
Z boson, which is the mediator of the weak force, becomes massive with the

1
My = -v\/g>+9g? . (2.23)

2
and the other neutral boson A, is the massless photon of the electromagnetic

mass:

force. The last part of the GWS is the Yukawa interaction which represents the

coupling of fermions to the Higgs field. The Yukawa Lagrangian for e"e™ is:

Ly = —Go(LoR + Ro'L)
— —Ge(éLL(U —+ H)@R + éR—(’U + H)eL)

V2

= —%ée - %Hée : (2.24)

NE

G
The first term in this equation represents the fermion mass m. = —=v and the

second term corresponds to the fermion coupling to the Higgs boson. We can
easily identify that the fermion mass depends on the vacuum expectation value

v of the Higgs boson and the coupling is proportional to the fermion mass by
G. m.

V2 oou
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2.2 Open questions in the Standard Model

The SM is the most successful theory in particle physics, describing all known
particles and interactions. However, in particle physics there are still some open
questions that imply the SM needs to be extended to describe physics at higher

energies. A few of the open questions are listed below:

Hierarchy Problem

The Higgs boson mass is measured by considering the tree-level and loop cor-
rections. At tree-level, the mass of the Higgs boson is given directly by insert-
ing Eq. 2.19 in Eq. 2.17 (my = \/ﬁ) Then, the fermion Yukawa coupling
(—Gy fHf) will make a mass correction to the Higgs boson mass. The Feynman
diagram corresponding to the fermion loop correction is shown in Figure 2.6,

and this diagram yields a mass correction:

Afy + ., (2.25)

Ayy is an ultraviolet momentum cutoff scale. It identities the energy scale
at which new physics enters to alter the high-energy behaviour of the theory.
If Ayy is of the order of the Planck scale Mp = 2.4 x 10'® GeV, then the

fermion loop correction to m is vastly larger that what is computed from the

theory [23]. (This issue is also known as quadratic divergence).
f S
TN
/ \
S -- - | |
\ /
H _ _s_o____

(a) (b)

Figure 2.6: First-order loop corrections to the Higgs squared mass m% due to 2.6a a fermion
coupling f, and 2.6b a scalar coupling S. Figure from [24].

One way to solve this divergence is to suppose there exists a heavy complex
scalar particle S that couples to the the Higgs boson through —G,|H|*|S|? as

shown in Figure 2.6b. This scalar field results in a Higgs mass correction:

Gs

Am? = —>
M 1672

[Afy — 2mgIn(Apy/ms) +...] . (2.26)
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Considering the opposite sign between contributions to Am# from fermion loops
(in Eq. 2.25), and boson loops (in Eq. 2.26), this indicates that this hierarchy
problem could be resolved via a new symmetry related to fermions and bosons
(called supersymmetry). If a complex scalar field is associated to each of the
quarks and leptons in the SM with Gs = |G|?, the quadratic divergence (A%y,)

will be cancelled.

Neutrino Oscillations and Masses

In the SM, neutrinos are massless particles. However neutrinos are known to
have mass and they may be ordinary Dirac masses and possibly Majorana mass
terms:

L, = —%mR(V_f%)I/R — %mR(V_E)VL — MpVRVL, , (2.27)
where vf is a left-handed antineutrino produced by charge conjugation operator.
The first two terms correspond to Majorana mass and the third term corres-
ponds Dirac mass. Phenomena such as v, — v, where a neutrino is transformed
into another neutrino with different flavor are called “neutrino oscillations” [25]
Observations from neutrino experiments such as “Super-Kamiokande” confirm

that the probability of having a neutrino oscillation v, — v is:

2
AmZy

ZUBie_ = Uy
i

P(v, — vg) = , (2.28)

where the difference in the square of the masses is given by Am? and the
unitary matrix U corresponds to the flavor mixing angle Maki-Nakagawa-Sakata
(MNS) matrix. This formula clearly shows that to have neutrino oscillations,
both flavor mixing described by a non-diagonal U and nonzero mass differences
Am?, are necessary.

There are additionally many other open questions in particle physics, for
example: “How can general relativity and the standard model be combined
[26]7”7, “What is the microphysical nature of dark matter [27-29]7" and “Why
is there more matter than anti-matter in the Universe [30]7”, and “Can we unify
the strong and electroweak interactions [31]7”. Supersymmetry is an extension
of the Standard Model that aims to fill some of these gaps. More details about

the framework of supersymmetry are given in the next Section.
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2.3 Supersymmetry

Supersymmetry (SUSY) [32-37] comprises a category of beyond-Standard Model
BSM theories that provides solutions to some of the open questions listed in
Section 2.2. The SM contains several symmetries (as discussed before) between
particles, and any theory beyond the SM should include both those pre-existing
and new ones. Supersymmetry introduces a new symmetry that relates the fer-
mions and bosons. To elucidate this new symmetry, the supercharge operator

(@, which is the generator of supersymmetry transformations, can be used:

@ |Fermion)g,; =  |Boson)qygy

@ |Boson)g,; = |Fermion)qyqy - (2.29)

Based on this pair of equations, all the spin-1 gauge bosons of the SM have spin-
1/2 superpartners in SUSY, and all the spin-1/2 fermions of the SM have spin-0
superpartners. All types of SUSY particles are listed in subsection 2.3.1. If
SUSY were unbroken then the SM particles and their supersymmetric partners
would have the same masses. Since no SUSY particles have been discovered,
then if SUSY correctly describes nature, it must be a broken symmetry. There
are a variety of SUSY breaking mechanisms, and some of them are discussed

in subsection 2.3.3.

2.3.1 SUSY particles and supermultiplets

The particle states in SUSY are organized within irreducible representations of
Lie algebras, called “supermultiplets”. Each supermultiplet contains a fermion
state and a boson state which are superpartners of each other. There are three

types of supermultiplets:

Chiral supermultiplets

These are the simplest supermultiplets, and each contains a Weyl (massless)
fermion and two real scalars as its superpartner. The fermionic degrees of
freedom for each Weyl fermion (corresponding to two different spin helicity
states: mp = 2) results in the existence of two real scalar bosons (each with
np = 1). The superpartners of fermions (leptons and quarks) are called “sfer-
mions” (sleptons and squarks), and a tilde (7) is used to represent the super-
particles. The Higgs boson must be in a chiral supermultiplet, since it has spin

0. All chiral supermultiplets in the Minimal Supersymmetric Standard Model
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are shown in Table 2.2.

Names Spin 0 Spin 1/2  SU(3)¢,SU(2),U(1)y

squarks, quarks = Q (@i, dy) (uy, dr) (3,2, ¢

(x3 families) @ alk uL 3,1, -2)
a df df (3 1,3)

sleptons, leptons L (7 en) (v ewn) (1, 2, 1)
(x3 families) e én eI{ (1, 1,1)

Higgs, higgsinos H, (HF H?) (AF A?) (1,2, +3)
Hy (H HY) (A A (1,2, -3)

Table 2.2: Chiral supermultiplets in the Minimal Supersymmetric Standard Model. Table
from [24].

Gauge/Vector supermultiplets
Gauge bosons of the SM and their fermionic superpartners reside in gauge
supermultiplets. The names of fermionic supersymmetric particles are the same
as the corresponding SM gauge bosons but with a -ino suffix.

The last SUSY particle is the gravitino which is the superpartner of the
graviton. Gravity should be mediated by the graviton with spin 2, so the
gravitino should be a spin-3/2 SUSY particle [21]. Gravitinos are the lightest
supersymmetric particles in gauge-mediated SUSY-breaking (GMSB) models.

2.3.2 Minimal Supersymmetric Standard Model

The Minimal Supersymmetric Standard Model (MSSM) [38] is the supersym-

metric extension to the Standard Model with the minimum number of new
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Names Spin 1/2  Spinl1l  SU(3)c,SU(2)1,U(1l)y

gluino, gluon g g (8, 1, 0)
winos, W bosons wE w0 wt w0 (1, 3, 0)
bino, B boson BO BO (1,1, 0)

Table 2.3: Gauge supermultiplets in the Minimal Supersymmetric Standard Model. Table
from [24].

particle states and new interactions consistent with SUSY and with the exist-
ing SM. The superpotential for MSSM is:

WMSSM = ayuQHu - ddeHd - éyeIN/Iid - /uHqu ) (230)

where Q,@,d, L are scalar components of the chiral supermultiplets (squarks
and sleptons), and the Yukawa coupling parameters are given by yu, Yd, Ye-
The p term is the SUSY version of the Higgs boson mass. Two examples for
supersymmetric interactions proportional to Yukawa couplings are shown in
Figure 2.7.

(OF3

Hc(l)*| Hu |

I I

I I
ng L % 1 _ A e
L _y-"~q. R bé,v v.”R

Figure 2.7: Examples of supersymmetric Higgs couplings to (a) stop and (b) sbottom.

The MSSM description can be completed by adding SUSY-breaking terms

in order to have massive superparticles. The general soft SUSY-breaking Lag-
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rangian includes mass terms for gauginos and scalar fields:
1 . - .
LM = 5 (Mggg + MWW + MlBB>
- (aauQHu - dN&dQHd — éanHd>
- QTHI(QQQ — ﬁmiz — ﬂTmﬁﬂ — JTmfici — éngé

—my, H,H, —m} HiHy — (bH, Hy) .

The first and the third rows include the mass terms for gauginos and sfermions.
Gy, G4, e are 3 X 3 matrices in one-to-one correspondence with the Yukawa
couplings, and make it possible to have Higgs-sfermion-sfermion interactions.
This Lagrangian introduces many new parameters: 105 masses, phases, and
mixing angles, which makes SUSY difficult to explore [2].

In order to have baryon number (B) and lepton number (L) conservation in
MSSM, “R-parity” is added to the theory [39]. R-parity is defined as:

P = (—1)PB D2 (2.31)

where s corresponds to the spin of the particle. All the SM particles have
even R-parity (Pg = +1), while all the MSSM particles like squarks, sleptons,
gauginos, and higgsinos have odd R-parity (Pr = —1). Some of the phenomen-

ological consequences of R-parity conservation are:

e There should be an even number of supersymmetric particles in every

Interaction vertex.

e The lightest supersymmetric particle (LSP) with Pr = —1 must be stable.
LSPs are neutral supersymmetric particles, interact only weakly with mat-
ter and can be a candidate for the non-baryonic dark matter. All SUSY

particles must decay to a final state containing an odd number of LSPs.

2.3.3 Supersymmtery-breaking models

In order to have massive sparticles, the MSSM needs to be extended via spon-
taneous symmetry breaking. It is not easy to make a phenomenological frame-
work with renormalizable interactions to achieve SUSY breaking. One problem
relates to the fact that there is no coupling of (scalar)-(gaugino)-(gaugino) in
supersymmetry to cause gaugino mass. The typical expectation is that SUSY

breaking occurs in a “hidden sector”. The hidden sector would contain new
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particles that are not part of the MSSM fields. On the other hand, MSSM
particles (the SM particles and superparticles) live in the “visible sector.” The
particles in the hidden and visible sectors have no or very small couplings with
particles in the other sector. However, some interactions can make communica-
tion possible for SUSY-breaking between the two sectors. The two sectors and

mediators are shown in Figure 2.8.

Mediator | Supersymmetry

MSSM NS\ S breaking sector

(visible sector) | i teractions |  (hidden sector)

Figure 2.8: SUSY breaking and MSSM sectors. The mediator connects the hidden sector to
the visible sector.

We can distinguish two mechanisms, depending on which interaction provides
the communication between the SUSY-breaking sector and the MSSM sector:

Planck-scale-mediated SUSY-breaking (PMSB)
In these models the SUSY-breaking sector connects with the MSSM sector
through gravitational interactions. In PMSB [10-12], what is called the soft

term in the visible sector is given by:

{F)
]\4p7

Moty ~~

(2.32)

where (F) is the VEV of the SUSY-breaking field in the hidden sector and Mp
is the Planck scale (2.4 x 10'® GeV). Equation 2.32 shows that when SUSY is
unbroken ((F) — 0) or gravity is negligible (Mp — 00), mgog should vanish.
After writing the SUSY-breaking Lagrangian and minimizing the form for the
normalization of kinetic terms and gauge interactions which is called minimal
supergravity (MSUGRA), the soft terms in LM35M are all determined by these
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parameters:

my = (k+n?) <]\Z§
Ay = (a+3n)%
By =(ﬁ+2n)% , (2.33)

where m;, is the gaugino mass parameter, mg is the scalar (squarks and
sleptons) mass, Ay is the supersymmetrization of the Yukawa coupling, and
By relates to the Higgs mass parameter by b = Byu. Based on Eq. 2.33 in
MSUGRA the entire MSSM spectrum can be predicted by just five parameters
M1 /2, Mg, Ag, By, and p. In all the SUSY-breaking models, Higgsino (H) and
gauginos (W, Z) can combine to form neutralinos (N) and charginos (C). In
MSUGRA, the neutralino is the LSP which means all SUSY particles decay

finally to the neutralino.

Gauge-mediated SUSY-breaking (GMSB)

GMSB [13-17] is another SUSY-breaking model where ordinary gauge interac-
tions are responsible for transmission of SUSY-breaking effects to the visible
sector. In GMSB, a set of chiral supermultiplets (fermion and boson super-
partners), called “messengers,” make the connection between the hidden and
visible sectors. Messengers interact both with the source of the SUSY-breaking
VEV (F) and MSSM fields (through SU¢(3) x SUL(2) x Uy(1) gauge boson
and gaugino interactions). Due to SUSY-breaking, the fermion messengers ob-
tain different masses from the boson messenger particles. It is through the

messenger 1-loop contribution that MSSM gauginos obtain mass:

a (F)
Meoft, ~ —— 2.34
soft A Mmess ) ( )
where - is a loop factor for gauge interactions and M. IS a mass scale

for messenger particles. The mass of squarks and sleptons comes from 2-loop
contributions, but the mass scale is still as in Eq. 2.34. In GMSB the spin-
3/2 gravitino (the superpartner of the graviton) is the LSP. As discussed in
Section. 2.1.5, the W* and Z° gauge bosons in the SM obtain mass by absorbing

21



Goldstone bosons. In a similar way, the gravitino in GMSB gains a mass
by absorbing (“eating”) the spin-1/2 particle after the spontaneous symmetry
breaking.
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Chapter 3

The Large Hadron Collider and
the ATLAS detector

This chapter provides an introduction to the large hadron collider, LHC, the
world’s highest energy particle accelerator, and the ATLAS detector, one of
the four main experiments at the LHC. The LHC can accelerate bunches of
protons to 99.99999991% of the speed of light, and after colliding some of the
protons in the bunches , new heavy particles can be made. After reconstructing
the charged particle trajectory and energy deposits resulting from the collision,
these new particles can be detected by ATLAS. Section 3.1 describes the LHC
and briefly the other accelerators at CERN. In addition, some of the LHC
parameters such as luminosity and pileup are explained in this Section. The
ATLAS structure is discussed in Section 3.2.

3.1 The Large Hadron Collider

The LHC [18] at CERN is a synchrotron particle accelerator located on the
border between France and Switzerland. It is 27 km in circumference, located
in an underground tunnel up to 170 m below ground level which was previously
used by the Large Electron-Positron Collider (LEP) [19]. The LHC collides
beams of proton bunches moving in opposite directions at four different points.
Four particle detectors, ATLAS [50], CMS [51], ALICE [52], and LHCb [53],
housed at these points, can detect the production of these proton-proton colli-
sions. 1232 superconducting dipole magnets that are each 15 m long are used
to keep the proton beams in a circular path. These dipole magnets are made

of a niobium-titanium alloy and are cooled by 150 tons of superfluid helium
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at a temperature of 1.9 K [51]. The LHC dipoles provide an 8.3 T magnetic
field which bends the paths of the protons to keep them inside the ring. 392
quadrupole magnets along the LHC ring are used to focus the proton bunches
by squeezing them either vertically or horizontally. Radio-frequency (RF) cav-
ities along the LHC tunnel provide electrical fields to accelerate proton beams.
There are 16 RF cavities oscillating with a 400 MHz frequency and each can
produce 5 MeV /m accelerating field.

There are several accelerators within the complex at CERN, of which LHC
is the last step in this chain, where protons are accelerated up to 6.5 TeV. The

summary for other accelerators is mentioned below:

e At Linac2 the proton source (hydrogen gas) is ionized by an electric field,

and the resulting protons are accelerated to a kinetic energy of 50 MeV.

e The first synchrotron accelerator in the chain, the Proton Synchrotron
Booster (PSB), is made up of four superimposed synchrotron rings, and

increases the kinetic energy of the protons to 1.4 GeV.

e The Proton Synchrotron (PS) was CERN'’s first synchrotron with 628 m
circumference and 100 dipoles, and further accelerates the protons to 25

GeV kinetic energy.

e With a circumference of 7 kilometers, the Super Proton Synchrotron (SPS)
is the second-largest machine in CERN’s complex. The SPS accelerates
the protons up to 450 GeV and it includes 744 dipoles. The Nobel-Prize-
winning discovery of W and Z bosons was made at the SPS running (during

years 1976 - 1983) with proton-antiproton beams.

e The last and the largest particle accelerator is the LHC, which first started
up on 10 September 2008. In the LHC it takes 15 minutes for each beam
to reach the present maximum energy of 6.5 TeV (design energy is 7 TeV

for each beam).

A general schematic (not to scale) of all CERN accelerators and the locations
of the four main LHC experiments (ATLAS, CMS, LHCb, ALICE) can be seen
in Figure 3.1.

3.1.1 LHC operational parameters

The center-of-mass energy and the integrated luminosity are two of the most

important parameters at LHC. The LHC is designed to provide collisions at
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Figure 3.1: The CERN accelerator complex. There are four interaction points along the four
main detectors. The accelerator chain is as follows: Linac2 — PSB — PS — SPS — LHC.
Figure from [55].

Vs = 14 TeV center-of-mass!. During 2011 and 2012, the LHC was running
with a centre-of-mass energy of 7 and 8 TeV, and then after the first long
shutdown (between 2013-2015), the LHC started colliding protons at 13 TeV.
The LHC is shut down now (second long shutdown) for a series of upgrades,
then it is expected to operate at /s = 14 TeV. The LHC upgrade plan leading
to High Luminosity LHC is described in this Reference [50].

There are two measures of luminosity in the LHC: instantaneous and total
integrated luminosity. The instantaneous luminosity represents the number of
collisions that can be produced per unit time and per transverse area. The

instantaneous luminosity is defined as:

L= M , (3.1)

dro,oy

which implies that the instantaneous luminosity depends on the properties of

IThe definition of s is as the following: s = (p1 + p2)? while p1 = (Ep,p) and p2 = (Ep, —p). p1 and p2 are
four-momenta of the two proton beams.
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the colliding bunches of protons. n; and ns are the number of protons in each
of the two colliding bunches, N, is the number of bunches in each beam, f is
the revolution frequency 11.2455 kHz, and o, and o, are the horizontal and
vertical transverse beam size at the interaction point. The transverse beam
sizes at the interaction point are given by o,, = \/m, where €., are
known as the horizontal and vertical emittance, and (;  are known as the
horizontal and vertical amplitude functions at the location of the interaction
point [57]. The emittance €,, provides a measure of the average spread of
proton coordinates in position-and-momentum phase space. The amplitude
functions at the interaction point ; , are determined by the focusing properties
of the LHC magnets near the interaction point and around the ring. As an
example, the peak instantaneous luminosity during 2018 data-taking is shown
in Figure 3.2a.

To calculate integrated luminosity Ly, we can integrate the instantaneous

luminosity with respect to time:

Line = / cdt . (3.2)

In Figure 3.2b, the total integrated luminosity during Run 2 data taking (between
2015 and 2018) is shown. Multiplying the production cross section for a spe-
cific physics process (such as an expected production cross section for a specific
SUSY signal channel) and the integrated luminosity yields the total number of
events for that process:

Nevent = /:'int-o- . (33)

After operating at near-nominal parameters for some years, the LHC will be
upgraded for significantly higher luminosity. A higher luminosity likely will
be necessary to produce an observable number of possible new heavy particles.
Higher luminosity increases the probability of observing multiple proton-proton

interactions per bunch crossing (pileup). There are two types of pileup:

e In-time pileup: Signals from particles that have resulted from multiple

proton-proton collisions within the same bunch crossing; and

e Out-of-time pileup: Signals from particles that have resulted from addi-
tional proton-proton collisions that happen in bunch crossings either just
before, or just after, the bunch crossing that contains the primary inter-

action.
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Figure 3.2: Peak instantaneous luminosity for 2018 data taking 3.2a, and cumulative lumin-
osity versus time delivered to ATLAS (green), recorded by ATLAS (yellow), and certified to
be good quality data (blue) during stable beams for pp collisions at 13 TeV centre-of-mass
energy in 2015-2018 3.2b. Figures from [58].

Pileup is typically quantified by (u), which is defined as the average number of
minimum bias interactions per bunch crossing . When averaged across all of
ATLAS Run 2 data, (p) is 33.7. Figure 3.3 shows the mean number of interac-
tions per bunch crossing, recorded by the ATLAS detector, during 2015 — 2018
data taking. The mean number of interactions per crossing (1 = Loine/ f1)
is proportional to the instantaneous luminosity £, the inelastic proton-proton
collision cross section oy,e, the revolution frequency f at which the bunches

collide, and number of bunches per beam n,.
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Figure 3.3: Mean number of interactions per bunch crossing distribution for Run 2 (2015-

2018) proton-proton collision recorded by the ATLAS experiment during stable beam. Figure
from [58].
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3.2 The ATLAS Detector

ATLAS (illustrated in Figure 3.4) is one of the two detectors at the LHC used
to probe the widest possible range of physics, from SM properties to extra di-
mensions and other physics beyond the SM. The ATLAS detector is located
approximately 100 meters underground, is approximately 44 meters in length
and 25 meters in height, and weighs approximately 7000 tons. The collisions oc-
cur at the center of the detector (interaction point) and the produced particles
leave energy deposits at different subdetector layers. There are four main sub-
detectors in ATLAS: the Inner Detector (ID) with a cylindrically-shaped barrel
and two disk-like end-caps, the Electromagnetic Calorimeter (ECal), the Had-
ronic Calorimeter (HCal), and the Muon tracking system. All subdetectors are

shown in Figure 3.4.

25m

Tile calorimeters

LAr hadronic end-cap and
forward calorimeters

Pixel detector

LAr electromagnetic calorimeters

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

Figure 3.4: The ATLAS detector with all subdetectors and magnet systems. Figure from [50].

As a summary for each subdetector: charged particles are produced at the
collision point and travel outwards leaving tracks in the inner detector. The
ID collects information from these tracks to make high-precision measurements
such as transverse momentum and charge. The ECal, which is just outside the
ID, measures the energy of the particles that produce electromagnetic showers
in the ECal, such as photons or electrons [50]. The outer calorimeter, HCal, is
designed to measure the energy of hadrons which interact via strong interaction

like neutrons or charged pions. The only charged particles which traverse the
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whole detector with no large energy deposition in the ECal or the HCal, are
the muons. The muon spectrometer is the outermost layer of ATLAS, measures
the track and momentum of high energy muons. Figure 3.5 shows various
fundamental particle interactions inside ATLAS and how they are detected by

different subdetectors.

Hadronic
Calorimeter

The dashed tracks

A
’—.11 are invisible to
Neutrino

the detector

’
¥

Figure 3.5: Diagram of the ATLAS detector, showing particle interactions with the various
subdetectors, as well as the effects of the magnetic field. Figure from [59].

3.2.1 Coordinate system

ATLAS uses a right-handed coordinate system with the center at the nominal
interaction point. The beam direction defines the z-axis (with positive z point-
ing toward the A-side of the cavern, which is in the direction of the Geneva
Airport; and negative z pointing toward the cavern C-side, which is in the dir-
ection of the Jura), and the x — y plane is perpendicular to the beam direction.
The positive z-axis points from the interaction point toward the center of the

LHC ring and the positive y-axis points upward as shown in Figure 3.6. In cyl-
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indrical coordinates, the radial coordinate r = \/9527—1—312 points outward, and
the azimuthal angle ¢ = atan2(y, x) is zero along the positive z-axis, and points
counter-clockwise around the beam axis when one looks toward the A-side of
the cavern. In spherical coordinates, the polar angle 6 is zero along the positive
z-axis, and reaches a maximum of +7 along the negative z-axis. In most cases
pseudorapidity 7 is used instead of 6 since the distribution of particles in a

detector is approximately flat as a function of pseudorapidity. Pseudorapidity

-0 »

where large positive values of n correspond to the region close to the positive

is defined as:

z-axis and 1 = 0 is perpendicular to the beam. In general, pseudorapidity is an

approximation of rapidity in the limit of massless particles |p|> m. Rapidity

1 E+p,
— 21 .
y Zn{E_pz] | (3.5)

y is defined as:

where F denotes the particle’s energy, and p, is the particle’s momentum along
the (z-axis). Rapidity and pseudorapidity are preferable to polar angle, since
the rapidity difference Ay is Lorentz invariant along the beam axis [60] (with
the same invariance for pseudorapidity in the limit of massless particles).

In hadron colliders, kinematic variables such as momentum and energy tend
to be measured in the transverse plane when they are used in analysis. They
are then refereed to as transverse momentum pr and transverse energy FEr.
Energy-momentum conservation is used purely in the transverse plane, since
the longitudinal component of the colliding protons’ momenta is not conserved
by the hard-scattering products of the collision, since only one part (i.e., one
parton) of each proton undergoes the hard scatter. Protons are composed of
partons (quarks and gluons), and each parton has a varying fraction of the

longitudinal momentum of its parent proton. Transverse momentum in the

pr=\/P2 412, (3.6)

where p, and p, are the momentum values projected onto the x — y plane.

(x,y) plane is defined as:

3.2.2 Inner detector and solenoid magnet

The inner detector in ATLAS [01,62] measures the position and momentum of

charged particles with high precision, and determines the position of the the
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Figure 3.6: The coordinate system which is used in ATLAS.

primary and secondary vertices. The ID is located within a superconducting
solenoid magnet which generates a 2 T axial magnetic field. The magnetic field
bends the charged particle tracks, and the degree and direction of curvature can
be used to measure the momentum and sign of the electric charge. The solenoid
magnet is 5.8 m long with a 2.46 m inner diameter and 2.56 m outer diameter.
The single-layer wound coil is made of Al-stabilised NbTi conductor and the
nominal current is 7.73 kA. The ID is designed to be able to reconstruct a high
rate of particles (up to 1000 every 25 ns) emerging from the collision point and
passing through the acceptance region of |n|< 2.5. The ID consists of three
subdetectors: the Pixel detector and the SemiConductor Tracker (SCT) are
the two innermost subdetectors, and contain fine granularity sensor channels
for reconstructing particle tracks and vertices at high resolution. At larger
radius, the Transition Radiation Tracker (TRT) contains its many layers of
gaseous tubes. The locations of the three ID subdetectors in the barrel and

end-cap are shown in Figure 3.7.

Pixel detector

The subdetector closest to the beam pipe is the pixel detector [63] which is
split into barrel and end-cap regions. In the barrel there are three concentric
cylindrical layers of silicon sensors placed at radii of 50.5, 88.5, and 122.5 mm.
Each pixel of each silicon sensor forms a reverse-biased diode, and thus a small
electric current is generated when a charged particle passes through the pixel.

The innermost pixel layer in the barrel, the Insertable B-Layer (IBL), was in-
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stalled at a radius of 33.2 mm during the first long shut-down (May 2014). The
IBL has been operated successfully since the beginning of Run-2, and shows ex-
cellent performance: a low dead module fraction, high efficiency, and improved
tracking capability. Providing additional hit information at the closest position
to the beam collision point, the IBL significantly improves the performance
of tagging a cone of particles that originated from a b-quark (is called b-jet).
Three disk-like pixel detectors are located in the end-cap at different distances
from IP (49.5, 58.0, and 65.0 cm). In total, there are around 80 million pixels,
each with area r¢ x z = 50 x 400 yum? and each provides spatial resolution of

2

z = 115 pym* and r¢ = 10 pm. All pixel layers in the barrel and end-cap are

illustrated in Figure 3.8 and Figure 3.9.

21m

- End-cap semiconductor fracker

Figure 3.7: The ATLAS inner detector. Three subdetectors in the barrel and end-cap: a
pixel detector, a semiconductor tracker, and a transition radiation tracker are shown. Figure
from [50].
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Figure 3.8: Cutaway diagram showing all barrel layers for the ATLAS inner detector. The
red line corresponds to the trajectory of a charged track with pr = 10 GeV. The track
traverses the beam pipe, three silicon-pixel layers, four cylindrical double layers of SCT, and
approximately 36 straws of TRT modules [50].

Semiconductor tracker

Like the pixel detector, the semiconductor tracker [(4] consists of multiple layers
in both the barrel and the end-cap. In the barrel, the SCT consists of four
cylindrical layers positioned at radii of 29.9, 37.1, 44.3, and 51.2 cm, and covers
the region corresponding to |n|< 1.4. In the end-cap, there are nine disks
installed at different distances from the IP, which provide coverage for 1.4 <
In|< 2.5. To obtain high-precision tracking in the SCT, silicon strip sensors
are each placed in back-to-back pairs, with an angle of 40 mrad between the

sensor in each pair. By using this stereo angle, the SCT is able to additionally
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Figure 3.9: The ATLAS inner detector end-cap view. This shows the elements traversed by
two charged tracks, both with pr = 10 GeV, in the end-cap ID at n = 1.4 and n = 2.2. As
an example, the beam pipe, three pixel layers, four disk layers of SCT, and approximately
40 straws of TRT are the structures that the particle at n = 1.4 passes through. Figure
from [50].

measure z coordinates in the barrel and r coordinates in the end-cap. The
intrinsic resolution in the barrel is 17 um in the transverse plane, and 580 pm
in the longitudinal plane. The SCT layers are shown in Figures 3.8 and 3.9.

Transition Radiation Tracker

The outermost subdetector of the ID is the transition radiation tracker [61],
TRT. The TRT covers the region of |n|< 2.0, and it consists of both barrel
and end-cap modules. In the barrel, the TRT tubes are small-diameter drift
tubes which are parallel to the beam direction. The tube walls (which form the
cathodes) are coated with a conducting layer of “aluminum” and a gold-plated
tungsten wire runs through the center of each tube as an anode. Each tube is
normally filled with a gas mixture of 70% Xe, 27% CO,, and 3% Oz. When
a charged particle passes through the TRT, it ionizes the gas and produces
negative charge electrons and xenon ions. A high voltage between the cathode

and anode causes the electrons to drift to the anode wire, and the electronic
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readout converts it to signal current. The strength of the current is a function
of the velocity of the charged particle. The TRT provides track information on
r — ¢ in the barrel and z — ¢ in the end-cap.

3.2.3 Calorimeters

The ATLAS calorimeters [65,00] (see Figure 3.10) cover the region |n|< 4.9, and
they are primarily used to measure the energy of different types of particles.
The calorimeter system consists of two subdetectors: the electromagnetic calor-
imeter (ECal) which is used for electron and photon reconstruction, and the
hadronic calorimeter (HCal) which in conjunction with the ECAL provides
accurate jet reconstruction and missing energy measurements. The sampling
structure used for both ECal and HCal is similar. A sampling calorimeter
uses the dense materials as the absorbers in order to reduce the particle en-
ergy, and active materials to provide detectable signal. When a high energy
charged particle passes through the ECal, it loses energy in the absorber layers
via bremsstrahlung [11] and produces a cascade of secondary particles. As an
example, high energy electrons produce electromagnetic showers, which include
many low energy electrons, positrons and photons. Then, the lower-energy sec-
ondary particles interact via ionization with the active layers producing signal
for electronic readout channels. The amount of the signal indicates the energy
of the primary particles (this also requires calibration of the measured energy
by considering the calorimeter response [67]).

The calorimeter depth is an important criteria in order to maximize the
containment, and to limit leakage outside the calorimeters. The ECal thickness
in the barrel is > 22 radiation lengths (Xj), and > 24X, in the end-caps.
Radiation length X is the distance which an electron or positron traverses
through the matter in order to lose 1/e of its initial energy, and it depends on

the characteristics of the material:

716 gcm™2 A
Z(Z +1) In(287/VZ)

Xolg/em?) = (3.7)

where Z and A are the atomic number and atomic mass of the material, re-

spectively. In the HCal, the active calorimeter depths are approximately 9.7
interaction lengths (A) in the barrel and 10X in the end-cap (see Figure 3.11).
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Interaction length is also material-dependent:
A~ 35gcem™2 AV (3.8)

Figure 3.11 shows that there are approximately two interaction lengths of
material in front of the HCal (including the ECal and all materials in front of
the ECal shown in beige). The full coverage in n (pseudorapidity, as shown
or example in Figure 3.11) for the ID, the ECal, and the HCal provides high-

precision measurements for the different types of incident particles.

Tile barrel Tile extended barrel

LAr hadronic
end-cap (HEC)

LAr electromagnetic
end-cap (EMEC)

LAr electromagnetic
barrel

LAr forward (FCal)

Figure 3.10: The ATLAS calorimeters: the electromagnetic calorimeter (ECal) and the had-
ronic calorimeter (HCal). The barrel and two end-cap modules for ECal use LAr as an active
material. In the barrel of HCal, scintillating tile detector technology is used. In addition, the
liquid argon forward (FCal) detector is designed to detect particles with large longitudinal
momenta close to the beam. Figure from [50].
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Figure 3.11: Cumulative amount of material, in units of interaction lengths, in front of the
various calorimeters as a function of |n|. The beige colour at the bottom of the plot represents
the total amount of material in front of the ECal, and for completeness the first active layer
of the muon spectrometer is shown in cyan [50].

Electromagnetic calorimeter

There are three subdetectors within the electromagnetic calorimeter, the first
one being the electromagnetic barrel, EMB, which covers |n|< 1.47, and the
second and third being each of the two endcaps, EMEC (side A and C), covering
1.37 < |n|< 3.2. Each of these subdetectors have accordion folded geometry to
provide complete ¢ coverage (see Figure 3.12), and use liquid-argon (LAr) as
the active material. The transition or crack region refers to the gap between the
barrel and the end-cap where cables, gas and coolant tubing, and electronics
are placed, and this reduces particle detection efficiency in that region. ATLAS
physics analyses thus tend to avoid the crack region for object reconstruction.

Both EMB and EMEC are sampling calorimeters, composed of lead plates as
the absorber and liquid argon as the active material. Electromagnetic showers
initiate in the absorber, and then particles generated in the shower ionize the
liquid argon, resulting in negatively charged electrons and positively charged

ions. The electric current is induced by the movement of these free electrons
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and are used to measure the energy of initial particles (which can be either
electrons or photons). Copper electrodes are used in the readout channels for
both barrel and end-cap in order to transmit the electric current.

The EM calorimeters are segmented into three layers with different granular-
ity, as shown in Figure 3.13. The first layer, closest to the beam pipe, is finely
segmented in pseudorapidity with An x A¢ = 0.0031 x 0.098 granularity; the
second layer collects the largest fraction of the energy of the electromagnetic
shower with strips of An x A¢ = 0.025 x 0.025, and the third layer collects
only the tail of the electromagnetic shower and is therefore less segmented in
pseudorapidity: An x A¢ = 0.05 x 0.0245.

The LAr forward calorimeter, which has a module for EM calorimetry and

two modules for hadronic calorimetry, will be discussed in Section 3.2.3.

Hadronic calorimeter

The hadronic calorimeter HCal is made of three subdetectors, including the
tile calorimeter, the hadronic end-cap calorimeter HEC, and the forward calor-

imeter FCal. These three subdetectors are designed to measure the energy of

Figure 3.12: View of the electromagnetic calorimeter barrel showing the accordion geometry.
Figure from [65].
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Figure 3.13: A sketch of an EMB module for layers 1, 2, and 3. Figure from [65].

hadrons, such as protons or neutrons.

The tile calorimeter is located directly outside the EM barrel calorimeter; its
barrel covers the region |n|< 1.0, and its two extended barrels 0.8 < |n|< 1.7.
Steel is used as the absorber material, with layers of scintillating plastic tiles as
the active medium, as shown in Figure 3.14. When a hadron passes through the
tile calorimeter, it interacts with the atomic nuclei of the absorber and produces
a shower of lower-energy secondary particles which traverse the scintillator,
causing it to radiate light. Long fibers then carry the light to photomultiplier
tubes (PMT) which convert the light signals into an electric current. Like the
EM calorimeter, the tile calorimeter is segmented into three readout layers: in
the first two layers, the cell geometry is approximately An x A¢ = 0.1 x 0.1
and in the outermost layer, An x A¢ = 0.2 x 0.1.

The HEC calorimeter is a liquid-argon cylindrical calorimeter which covers
1.5 < |n|< 3.2. At the transition region between the end-cap and the forward
calorimeter (around |n|= 3.1), the HEC extends to |n|= 3.2 to reduce the
drop in material density. The same overlapping is valid between the HEC
and tile calorimeter at |n|= 1.5. The HEC calorimeter is assembled into two

independent wheels (per end-cap) and each wheel is built from parallel copper
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plates, with LAr filling the gaps.

Forward calorimeter

The LAr forward calorimeter (FCal) is located close to the HEC (3.1 < |n|<
4.9), and provides uniformity of the calorimetric coverage as well as reducing
background contamination in the muon spectrometer. The FCal has three
modules: one for EM calorimetry and two for hadronic calorimetry. The first
and innermost layer is made of copper and is optimized for EM measurements.
The outer two modules are made of tungsten as the absorber and measure
the energy of hadronic particles. All FCal layers can be seen in Figure 3.15.
A shielding plug made of a copper alloy has been mounted behind FCal3 to

reduce backgrounds in the end-cap muon system.

Photomultiplier

Wavelength-shifting fibre

Scintillator _ Steel

Figure 3.14: Sketch of a barrel module of the tile calorimeter. Figure from [50].
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Figure 3.15: Sketch of the three FCal modules located in the end-cap cryostat. Figure
from [50].

3.2.4 Muon spectrometer

The muon spectrometer (MS) [05] is the outermost region of the ATLAS de-
tector, and provides muon momentum measurement in the pseudorapidity range
In|< 2.7 (illustrated in Figure 3.16). In the barrel (for |n|< 1.7), in order to
measure the momenta of muons, the trajectories of the muons are bent by the
magnetic field produced by eight superconducting air-core barrel toroidal mag-
nets [09] as shown in Figure 3.17. For 1.6 < |n|< 2.7, muon tracks are bent
by two smaller toroidal end-cap magnets inserted into both ends of the barrel
toroid. Over 1.4 < |n|< 1.6, magnetic deflection is provided by a combination
of the barrel and end-cap magnetic fields. The benefit of toroid magnets is to
allow the production of a high magnetic field over a large volume with a re-
duced amount of material, which minimizes the resolution loss due to multiple
scattering. The ATLAS toroid magnetic fields are roughly perpendicular to the
trajectory of the incoming muons and the bending is in the r — z plane.

The MS consists of four subdetectors dedicated to precise momentum meas-
urement and triggering: monitored drift tubes (MDT) [70], cathode strip cham-
bers (CSC) [71], resistive plate chambers (RPC) [72], and thin gap chambers
(TGC) [73]. Momentum measurement is done by the MDT which, covers both
the barrel and end-cap (|n|< 2.7) and also by the CSC in the end-cap region
(In|> 2). MDTs are drift cells with an aluminum tube filled with a gas mix-

ture of Ar, Ny, and CHy, and a cathode wire made of an alloy of tungsten
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and rhenium (97%-3%). Conceptually, each MDT tube is fairly similar to a
single tube of the TRT, which in this case means that muons ionize the gas
atoms creating a cascade and then the electric current is fed into electronics.
The CSCs are multi-wire proportional chambers located in the high 7 region
of ATLAS where there is a large flux of particles. Drift time is shorter in the
CSCs than in MDTs, which results in improved muon reconstruction efficiency
in the forward region.

The ATLAS muon trigger systems must be capable of identifying events with
high momentum muons with timing resolution that permits the identification of
the LHC bunch-crossing, where the bunch crossings are spaced by 25 ns. In the
barrel region, RPCs have been arranged in three layers outside the outermost
layer of MDT and provide the ¢ coordinate (i.e., the non-bending direction)
for the track. Three TGC layers are located in the region behind the first end-
cap wheel to cover 1.05 < |n|< 2.4 for triggering. The TGCs are multi-wire
proportional chambers filled with a gas mixture of 55% CO, and 45% n-CsH;s.
The purpose of the chambers is to provide the second coordinate of the MDT
measurement in the non-bending plane. The time resolution for the TGC is 1.5

ns (similar to the RPC) and it provides 2-7 mm spatial resolution.

42
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Figure 3.16: A cut-away view of the ATLAS muon system showing all major components:
MDT, CSC, RPC, and TGC. Figure from [50].
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Figure 3.17: Layout of the three types of magnets used in the ATLAS detector: the solenoid
in the center, the two end-cap and the barrel toroids. Figure from [74].
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Chapter 4

Triggering, Data, and Monte

Carlo simulation

Prior to physics analyses, triggering and object reconstruction must be per-
formed. The Trigger and Data Acquisition TDAQ system [75] in ATLAS is a
crucial component of the ATLAS experiment, responsible for selecting events
of interest at a recording rate of approximately 1 kHz from up to 40 MHz of
bunch crossing collisions, corresponding to 25 ns bunch spacing of the LHC,
and then save them to disk [76]. The recorded events are then analyzed off-
line to reconstruct different physics objects such as jets and missing transverse
energy, which are used in ATLAS analyses. This chapter provides a brief intro-
duction to the TDAQ system, ATLAS data, event-simulation process. Object

reconstruction will be discussed in Chapter 5.

4.1 The TDAQ system

The LHC is designed to collide each of the 2808 proton bunches per beam
in each of the two rings at a nominal rate of 40 MHz. During Run 1, the
trigger system of the ATLAS detector operated at an instantaneous luminosity
of 8 x 10?3 ecm™2. At the start of Run 2, both the center of mass energy and
instantaneous luminosity increased, and this requires a more efficient trigger
system to keep the saved event rate low enough, but to save as many as possible

rare hard scattering events to disk.
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4.1.1 Level-1 trigger

Figure 4.1 represents the TDAQ system, which consists of two levels: the L1
hardware-based trigger [77], and the software-based high-level trigger (HLT)
[78]. The L1 trigger uses information from the calorimeter detectors (L1Calo)
and the muon spectrometer (L1Muon) - mainly from the RPCs and the TGCs
- to choose interesting events. The L1 trigger decision is made by the Central
Trigger Processor (CTP) [79] which works at a maximum rate of 100 kHz. It
searches for a variety of signatures from high pr muons, electrons, photons, jets
and events with large missing transverse energy E2. For those events passed
by the CTP, which are called L1 accept (L.L1A) events, the L1 trigger defines one
or more Regions-of-Interest (ROI), which include information on the geograph-
ical coordinates n and ¢, type of feature identified, and the threshold passed.
Those ROIs are subsequently passed to the HL'T for improved reconstruction,
and further event rate reduction. The two analyses in this thesis contain a large
number of jets (which can be b-tagged jets) and missing transverse energy, and

thus more details are provided below about the LL1Calo trigger system.

L1 Calo trigger

In order to identify high transverse energy electrons, photons, taus, and jets, the
L1Calo searches for electromagnetic and hadronic energy deposits. The L1Calo
receives analogue signals (from one or more of 7000 trigger towers of granularity
An x A¢p = 0.1 x 0.1) in both the electromagnetic and the hadronic calorimet-
ers. The preprocessor system [30] then digitizes and calibrates the analogue
input signals, and then transfers the output to the Cluster processor (CP) and
Jet/energy processor (JEP) subsystems. An example of electromagnetic and
hadronic trigger towers used in the electron/photon and the tau cluster al-
gorithm in the CP and the jet algorithm in the JEP are shown in Figure 4.2.

These trigger towers are classified as [31]:

1. For measurement of the transverse energy of the electromagnetic showers:

neighboring pairs (in the radial direction) of towers, shown as green boxes;

2. For isolation in the electromagnetic calorimeter, twelve electromagnetic

towers (shown in yellow);

3. Four hadronic towers (in red) behind the electromagnetic core for trans-

verse energy measurement of the hadronic showers; and
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Figure 4.1: Run 2 ATLAS TDAQ system. The relevant components for triggering are: the
Level-1 trigger (L1), and the High-Level Trigger (HLT). Figure from [75].

4. Twelve hadronic towers (in purple) provide a hadronic isolation ring for

isolation in the hadronic calorimeter.

The CP uses a sliding window algorithm, and it identifies a 2 x 2 cluster of
electromagnetic or hadronic trigger towers which exceeds a pre-defined threshold.
At this point, other isolation-veto cuts can be set on those electromagnetic/hadronic
isolation rings.

The inputs for the JEP algorithm are jet elements, which are the sum of
2 x 2 electromagnetic trigger towers and 2 x 2 hadronic trigger towers. The
JEP performs a search to identify 4 x 4 or 8 x 8 trigger tower windows where

the sum of electromagnetic and hadronic transverse energy exceeds a predefined
threshold.
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Figure 4.2: Sketch of the calorimeter trigger towers used as input to the CP and JEP al-
gorithms to identify triggerable objects. Figure from [75].

4.2 High Level Trigger

After an L1A acceptance, the events (or rather, more specifically in this con-
text, the ROI) are sent to the HLT for further reduction. The HLT uses finer
granularity information from the calorimeters, tracking information from the
ID (which was not available in L1), and tracking measurements from the MS.
In Run 1, the HLT used two separate approaches for event reconstruction: a
fast algorithm (L2 trigger) to reject the majority of events, and a slower pre-
cision Event Filter reconstruction for the remaining selected events. In Run 2
these two steps have been merged, in order to have a consistent setup, as well
as no HLT-based rate limitation (at present LHC luminosity levels). The HLT
reduces the event rate to about 1 kHz and sends the accepted events to the
data collection network. Since trigger settings are not changeable during data
taking runs, a prescale factor can be used to reduce output rate. A prescale
factor (PS) is a number applied at L1 and/or at the HLT to determine the
fraction of triggered events that will be recorded. In the analysis described in
Chapter 6, the B trigger applied for both the 0-lepton and 1-lepton channels
is unprescaled (PS = 1).
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4.3 ATLAS Data

The LHC delivered 156 fb~* of proton-proton collision data during Run 2 in the
years 2015-2018, and the ATLAS detector recorded 147 tb™! of these events, as
shown in Figure 3.2b. ATLAS recorded data is divided into runs, which each
have a unique six-digit identifying number referring to the time interval of data
collection (which typically lasts for multiple hours). Then each run is further
split into luminosity blocks (L.B) representing data collection over a minute. The
LB is the standard unit of granularity for data quality book-keeping [$2,83].

ATLAS analyses use collections of run numbers (periods) which include de-
tails on the LHC and ATLAS conditions like the luminosity or bunch spacing.
For each period, data quality experts provide a list — the so-called Good Runs
List (GRL) — that contains the list of certified LBs in a set of of files with
XML format. Data quality monitoring checks the LHC status, and for exist-
ence of electronic noise or high voltage trips in modules and other such defects.
LBs collected during problems such as those are excluded from the GRL. AT-
LAS data quality efficiency increased between 2015 and 2018 due to continuous
detector maintenance and software development. Figure 4.3 shows the data
quality in ATLAS between 2015 and 2018.
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Figure 4.3: Data quality efficiency versus total integrated luminosity delivered to the ATLAS
detector between 2015 and 2018. Figure from [82].
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4.4 Monte Carlo Simulation

4.4.1 Proton-proton Interaction

All background and signal Monte Carlo (MC) samples in this analysis are gen-
erated based on the simulation of inelastic proton-proton collisions and the AT-
LAS detector response. The proton is made of partons: three valence quarks
(two up and one down), gluons, and “sea quark” pairs of quarks and antiquarks
of all flavors. Since protons are not fundamental particles, the proton-proton
collision is a collision of partons, which have different momentum distribu-
tions [31]. These parton distribution functions (PDFs), which are functions of
the fraction x of the proton’s momentum carried by the parton, and also of the
squared energy scale Q% of the proton interaction, can then be used to derive
production cross-sections for different final states in terms of the subprocess

cross-section [35]:

opp = X) = Z /dqu%fq/Pl ($q,Q2)fq/P2(l'q, Q*)d4q (4.1)

q,9,P

where ¢ and ¢ are all possible partons, 6,5, x is the partonic cross-section, and
fa/pi (g, Q?) and fa/p (g, Q?) are the PDFs of parton ¢ in proton P; and for
parton ¢ in proton P, respectively. PDFs need be determined experimentally,
since there is no theoretical prediction for the PDFs as function of x. However,
equations independently derived by Dokshitzer [36] - Gribov and Lipatov [37]
- Altarelli-Parisi [28], known as DGLAP, can be used to evaluate PDFs at
different Q% squared energy scales. In Figure 4.4, representations of two PDF
sets at the next-to-leading order for Q? = 10 GeV? and Q? = 10* GeV? are
plotted. At low x, gluons and sea quarks receive the majority of the total
momentum (and this increases with Q?). On the other hand at, high = values,
the PDF of valence quarks (u, and d, in the plot) are dominant, which is
consistent with the parton model [39]. In the high energy regime shown in
Figure 4.4b, heavy flavor quarks (b and c¢) obtain larger momentum fractions

and appear more readily in collisions.

In Figure 4.5 two colliding protons (green ellipses with left and right arrows)
interact via partons (gluons, quarks, or antiquarks) at the hard scattering point
(red circle). The partons produced in the hard scatter process lose energy by
QCD radiation, and the resulting gluons can split into quark-antiquark pairs.

This cascade of radiation is called parton showering and is shown by red lines.
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Figure 4.4: MMHT14 (Martin, Motylinski, Harland-Lang, Thorne) NLO PDFs for Q? =
10 GeV? (left) and Q2 = 10* GeV? (right). The vertical axis represents the parton’s PDF
multiplied by z. Figure from [90].
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Figure 4.5: Representation of an MC simulation of a pp collision involving hard scattering,
parton showering, hadronization, and the underlying events. Figure from [91].
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The final gluons and quarks subsequently hadronise into stable final states
such as mesons (green circles). The other partons not involved in the hard
scattering may interact and undergo the process referred to as the underlying
event UE (purple ellipse). Beam remnants (small blue ellipses) and soft photon
radiation at parton shower level (yellow lines) are the other possible components

of proton-proton collision events.

4.4.2 ATLAS Event Simulation

The comparison of ATLAS detector data with Monte Carlo (MC) simulation is
one of the most important parts of every ATLAS analysis. MC is used to help
calibrate the ATLAS detector, to make predictions for the types and amounts
of background in signal regions, and to estimate experimental and theoretical
uncertainties. The three main steps in the simulation of an event in ATLAS

are explained below:

Monte Carlo Generation

The first step to produce ATLAS MC samples is to generate proton-proton

collisions, which consists of determining the following;:

1. Matrix element (ME) or amplitude: For each process of interest such as
pip; — X (two partons in the initial state interact and produce a final
state consisting of X') the matrix element M at a given order in QCD and
QED should be computed. Leading order (LO) and Next-to-leading order
(NLO) represent sets of Feynman diagrams used in the ME calculation [92].
Higher-order corrections can change the overall normalization of cross-
sections, and also change kinematic distributions, which may (for example)
make various final state transverse momentum spectra harder or softer.

There are several generators available to provide a full ME computation

such as MADGRAPH5 [93], POWHEG [01], and SHERPA [07].

2. Parton shower: The partons produced in the hard scattering have a large
momentum transfer and, similar to QED radiation by accelerated elec-
trons, partons will emit QCD radiation. Then, gluons which carry col-
our charges can pair-produce into quark-antiquark pairs g — ¢g, or pair-
produce into other gluons g — gg to emit further radiation known as
parton showers. From the Sudakov form factor [96] we find that the prob-

ability for a parton to loose energy and evolve from scale ¢} to ¢3 is given
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by:

5 9 q% dq2 a, 1762%/112 2w
Ai(q1,q3) = exp _/ — dZ/ d¢]3ji(27¢) . (4.2)
q 0

2 q® 27 @/

Here, oy is the strong coupling constant, ¢*> = Q2 ~ 1 GeV? is the had-
ronization scale, and Pj;(z, ¢) represents the splitting function for ¢ — j
which describes the probability that the parton j carries a fraction z of the
momentum of parton ¢ . The sequence of parton showering is terminated

when the hadronization scale is reached.

. Hadronization: As described in subsection 2.1.4, the strong coupling con-
stant «y is scale dependent, which specifically means that at the hadron-
ization scale, it reaches a large value. Thus, at this scale, perturbation
theory is not valid anymore, and the effect of QCD confinement implies
that low energy coloured partons become bound within color singlet had-
rons. There are two hadronization models which are used in both the
PYTHIA [97,98] and HERWIGH+ [99, 100] generators. The first one is
the string model [101] which is based on quark-antiquark confinement. A
good example is quark-antiquark pair production in electron-positron an-
nihilation, as sketched in Figure 4.6. At the annihilation point, the quark
and antiquark move apart from each other. As the gluonic string between
them is stretched, its potential energy is increased. When the potential
energy gets close to the hadron masses, it is highly probable for the string
to be broken and a new quark-antiquark pair to be created. The new
quark forms a bound state with the original antiquark and the new anti-
quark connects to the original quark. Further stretching and breaking are
possible until all the energy of the system converts into quark-antiquark

pairs, which are represented as hadrons.

The second method is the cluster [102] model which is based on QCD pre-
confinement. It is assumed that at an evaluation scale ¢, where ¢ is less
than the hard subprocess scale, partons created in the shower can combine
and form colour-singlets (clusters) with an invariant mass distribution de-
pending on q. Then, all produced clusters decay into observed hadrons as

shown in Figure 4.7.
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(a) (b)

Figure 4.6: String hadronization model (a) and a schematic view of the space-time picture
of the string model (b). Figure from [102].

Figure 4.7: Cluster hadronization model. Figure from [102].
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Detector Simulation

The next stage in event production is the simulation of the ATLAS detector,
which is based on the GEANT4 [103] simulation tool. All four-vectors of final
state particles simulated in the previous step pass through GEANT4 as inputs,
to model the passage of particles through the detector. All known interactions
between particles and the detector materials are simulated, and the resulting
energy depositions are recorded as Hits. Finally, these hits from hard scatter-
ing or pileup are used as inputs for the digitization step, in order to produce

simulated detector signals.

Reconstruction

The last step in MC generation is the reconstruction of physics objects such as
electrons, muons, and jets from detector signals simulated by GEANT4. Direct
comparison is possible between reconstructed analysis data and MC samples,
because the same reconstruction software is used on both data and MC. Some

examples of reconstruction of physics objects are provided in Chapter 5.
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Chapter 5
Object Reconstruction

After ATLAS trigger acceptance, the physical objects in an event are recon-
structed from the calorimeter cell energy deposits and the hits from charged
particle passage through the inner detector or muon spectrometer. This chapter
describes the reconstruction process for different objects used in the data ana-
lysis documented in this dissertation such as: jets, leptons, tracks, and missing
transverse momentum. Once particles are reconstructed, the energy and mo-

mentum of these objects are calibrated to a particular energy scale.

5.1 Inner detector tracks and primary vertices

Tracks are reconstructed from charged particles with pr > 0.4 GeV and |n|< 2.5
using information provided by the ID. The ID of the ATLAS experiment is re-
sponsible for measuring such tracks (charged particle trajectories), and thus
the momentum and impact parameters of charged particles. The impact para-
meters are defined as transverse and longitudinal distances of closest approach
to a reference point [104] and are shown in Figure 5.1.

Track reconstruction in the pixel and SCT detectors starts by defining clusters
from the raw data (electric charges and currents). A connected component ana-
lysis (CCA) [105] groups pixels and strips in a sensor with energy deposits that
are above threshold into clusters. Figure 5.2 shows single-particle clusters which
are created by energy deposits from individual charged particles. These clusters
then can be used to create three-dimensional space-points which represent the
centroids of the small regions through which the charged particle traverses the
active material in the pixel and SCT subdetectors. A set of three space-points

form a track seed with a purity that depends on which sub-detectors recorded
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Figure 5.1: Sketch of the transverse (dy) and longitudinal (zp) impact parameter in the ID.

those space-points. Additional space-points from outer layers of the ID compat-
ible with the preliminary trajectory are added using a combinatorial Kalman
filter [106, 107] to build track candidates.

To study track reconstruction efficiency, two quality criteria (Loose, and
Tight-Primary) are used for data collected in 2015 and 2016. These working
points have different requirements on the number of hits (energy deposits that
are read out in the ID) and holes (missing hits on a track) in different ID layers.
The tracking efficiency €y.qcx (pr,n) is first estimated from MC simulation using

the following definition:

Nppatehed (r )

Ngen (pTa 77)

€track (pT, 7]) - (51)

where Nge, (pr, n) is the total number of generated charged particles, and Nmatched
is the reconstructed track number matched to a truth charged particle. The
track reconstruction efficiency for both Loose and Tight-Primary is shown in
Figure 5.3 as a function of pr and 7. Tracking efficiency reaches a plateau
above pr > 5 GeV and is slightly reduced in the region |n|> 1 because of the
increasing amount of material that the particles traverse. The tighter selection
used at the tight working point reduces the percentage of fake tracks, at the
expense of lower tracking efficiency.

One of the most important elements of this as well as many other ATLAS

data analyses is the reconstruction of primary vertices (PVs) as the points
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Figure 5.2: Schematic view of single-particle pixel clusters. Energy deposits from different
charged particles are shown with different colours [105].
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Figure 5.3: Track reconstruction efficiency for Loose and Tight Primary selections as a func-
tion of n (a) and pr (b). Figure from [104].

where two protons scatter. The input for the vertex reconstruction is the full
set of tracks in the ID. Tracks used in PV reconstruction must pass require-
ments including a minimum pr and a minimum number of hits in silicon and
pixel layers. The PV reconstruction consists of two steps: vertex finding [108]
and vertex fitting. In vertex finding, seed positions for the initial vertices are
determined using the set of tracks passing the selections. In vertex fitting, the
seed positions and the tracks are used in least-squares fits to find the best ver-

tex positions. Once all the PV are reconstructed, the hard scattering PV is

58



defined as the one with the highest fraction of track Yp%. The remaining PVs

are called pileup vertices, which usually come from soft-QCD interactions.

5.2 Jets

Strongly interacting particles produced in a collision (like quarks and gluons)
hadronize, and the shower of particles is reconstructed experimentally as a jet.
Jets interact with the detector and the resulting energy deposits can be used

to determine the properties of the original parton jet.

5.2.1 Jet reconstruction algorithms

Showers of particles lose energy in the calorimeter, and the signal is read out
from each active layer cell. Then the cell signal significance S is defined as
the ratio of the cell signal EE) to the average noise ofM . [109]. The cell
noise originates from the EM noise and also from fluctuation due to pileup.
Cell significance is the main key in the formation of topo-clusters through the
application of a growing-volume algorithm. First, primary seed cells are built
from cells with significance greater than 4o. The growing-volume procedure
starts with those seed cells, and adds “seed daughter” cells to a given topo-
cluster which both neighbour the seed cell and which have significance greater
than 2. Finally, all cells which neighbor a seed daughter cell and which have
positive significance are included to reconstruct topo-clusters.

Topo-clusters are the input for different jet reconstruction algorithms such
as the kr family. The application of these successive algorithms is summarized

into two steps:

1. For each topo-cluster i, a cluster-beam distance is defined as:

where pr is the transverse momentum of the cluster, and P corresponds
to the type of algorithm which is applied. For each pair of topo-clusters

(1,7), we define the cluster-distance,
A2
dij = min(p%ﬁ,p%{;)ﬁ , (5.3)

where A?’j = (yi—y;)*+ (¢: — ¢;)* !, and R is a parameter which sets the

IDifferences in rapidity y (Equation 3.5) are Lorentz invariant under boosts along the beam axis.
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size of the jet. Typical values for R are R = 0.4 for small radius jets, and

R = 1.0 for large radius jets.

2. For each topo-cluster 4, if d;g > d,;; for any other topo-cluster j, both
clusters are merged, otherwise 7 is called a jet and it is removed from the

list of entities. This procedure is repeated until no topo-clusters are left.

The value of P in equation 5.2 and 5.3 corresponds to the jet reconstruction
algorithm that is applied. P = 1 refers to the k; algorithm [110,111] in which
soft clusters are merged into harder ones first, and then the hardest clusters are
grouped. Jets produced with the k; algorithm may have irregular borders, as
shown in Figure 5.4a. For P = 0, the Cambridge-Aachen algorithm [l 12],
the merging of clusters does not depend on the pr and is purely geometrically-
ordered. The anti-k; jet reconstruction algorithm (P = —1) [113] is the
default choice in ATLAS. Because of the reverse p;r dependence, the soft objects
tend to cluster with hard ones, which results in jets that are more circularly-
shaped, and which center around the hard objects. Figure 5.4 represents the
application of different jet reconstruction algorithms in a sample that is gener-

ated at parton-level. The FastJet package [111] is used to reconstruct jets in
ATLAS.

Figure 5.4: Jet reconstruction with k; (a) and anti-k; (b) algorithms. Figure from [113].

5.2.2 Jet energy calibration

Jets are reconstructed from topo-clusters, which are calibrated at the EM scale.
A dedicated jet energy scale (JES) calibration method must be implemented
in order to derive more precise measurement of the kinematics of jets in the

calorimeter. Figure 5.5 presents different stages of the JES calibration to correct
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four-momentum and 7 using both simulation-based and data (in-situ) analyses.

A summary of each step is outlined as follows:

Origin correction

Topo-clusters are reconstructed with the origin pointing to the center of the
ATLAS detector. As a result, the four-momentum of jets must be recalculated
to point to the hard-scatter primary vertex. This correction improves the n

resolution of the jets [115].

Pileup correction

To remove excess energy due to in-time and out-of-time pileup, the pileup
correction is applied in two steps [116]: first, the per-event pileup of energy

depositions is parametrized based on the median pr density of jets:

- () o

where p is the pr density of each jet, and A is the area of a jet. The second
residual correction depends on Npy (i.e., the number of PV), the number of
interactions per bunch crossing p, and the jet’s pseudorapidity n. The pr

corrected after applying both of these pileup corrections is given by:

corr TECO

PP =pr?—pxA—ax(Npy—1)—fBxpu , (5.5)

where p“ corresponds to the pr of the reconstructed jet before pileup cor-

rection. Initial o and 8 values are derived from linear fits in bins of pr and

n.

[ Jet area-based pile- Residual pile-u
EM-scale jets Origin correction J n G b ?
\ upicorrection correction
Jet finding applied to Changes the jet direction Applied as a function of Removes residual pile-up
topological clusters at to point to the hard-scatter event pile-up pr density dependence, as a
the EM scale. vertex. Does not affect E. and jet area. function of u and Npv.

Absolute MC-based
calibration

Residual in situ
calibration

Global sequential
calibration

Corrects jet 4-momentum  Reduces flavor dependence A residual calibration
to the particle-level energy  and energy leakage effects is derived using in situ
scale. Both the energy and using calorimeter, track, and measurements and is

direction are calibrated. muon-segment variables. applied only to data.

Figure 5.5: Each of these calibration steps must be applied for EM-scale jets. Figure from

[115].

61



Jet energy scale and 7 calibration

After origin and pileup corrections, the JES calibration is applied to correct
the reconstructed jet energy to a scale given by the MC truth jet energy. The
average jet energy response RJEef\4 derived from the energy ratio of reconstructed
jets to the truth jets (E™°/E™™) binned in B and 74, is used to correct
the jet’s four-momentum. Jet response is then used to correct the biases in the

reconstructed jet n [117] and to calibrate the energy scale.

Global sequential calibration

Global sequential calibration (GSC) corrects for the jet energy scale depend-
ency on the longitudinal jet energy distribution, on the transverse jet energy
distribution, and on the particle composition of the jet. GSC corrections are

made based on five individual jet properties:

1. Jet energy fraction measured in the first layer of the tile calorimeter.

\)

. Jet energy fraction measured in the third layer of the LAr calorimeter.
3. Number of identified tracks associated with the jet.
4. Number of muon track segments associated with the jet.

5. pr-weight of the tracks associated with the jets.

In-situ calibration

The last step, in-situ data-driven calibration, corrects for the remaining differ-
ences in jet response between data and MC simulation. The 7 intercalibration
uses well-measured reference jets in the central region (|n|< 0.8) to calibrate
probe jets in forward regions (0.8 < |n|< 4.5). Z+jets, v+jets and multijet
events are used to correct for the last remaining differences between recon-
structed jets in data and MC simulation. In this approach, the pr balance
between well-calibrated reference objects and probe jets is measured to derive

the residual in-situ correction:

jet jet
(%) (%) 59
T data Pr MC

The largest number of individual uncertainties on the JES comes from in-situ

calibration, which mainly reflects uncertainties due to the potential mismodel-
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ing of physics effects, or uncertainties on the kinematic measurement of refer-

ence objects.

JES uncertainties

The various stages of the calibration described above result in a set of 80 sys-
tematic uncertainties. The majority (67) of them are associated with the in-situ
calibration, and the other (13) systematics are derived from other sources, such
as pileup uncertainties resulting in potential MC mismodeling of Npy or pu,
from the n intercalibration, and from the difference in jet response due to the
flavor of the jet (light-quark, b-quark). The combined uncertainties are shown
as a fraction of the total jet energy scale in Figure 5.6 for 3.2 fb™! of Run 2
data as a function of pr at n = 0 (5.6a) and as a function of n at pr = 80 GeV
(5.6b).

5.2.3 Re-clustered jets

Due to the large center-of-mass energy in the LHC, there is sufficient energy
available for the production of Lorentz-boosted heavy particles, whose decay
products become collimated. The angular separation (AR) between decay

products of a heavy object is approximately [I15]:

2
AR~ (5.7)
pr

where AR = /(Ay)? + (A¢)?, and m and pr are the mass and transverse
momentum of the parent particle. Thus, the opening angle between decay
particles is smaller for parent particles with pr > m. As shown in Figure 5.7,
the angular separation between the W boson and b—quark products of top
quark decays (t — W) is less than 0.4 for p% > 600 GeV. The jet re-clustering
technique is an effective way to reconstruct collimated decay particles with a
large R jet (R = 0.8), instead of misleadingly obtaining multiple small R = 0.4
jets. In this method, the fully calibrated small radius jets are used as the input
for the re-clustering algorithm, and jet trimming [I119] is applied to suppress
the effect of the pileup soft component on the resulting re-clustered jets. In the
trimming procedure, any sub-jets with pi/piS" < fey are discarded, where p,

is the sub-jet transverse momentum and f.. is set to 0.1.
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Figure 5.6: Combined uncertainties in JES as a function of (a) jet pr at n = 0, and (b) n at
pr = 80 GeV. Figure from [115].

5.3 Flavour tagging

The identification of heavy-flavour (b quark or ¢ quark) and light-flavour jets
plays a vital role in many ATLAS analyses. It is important in SM measurements
such as the Higgs decay channel H — bb (which has the highest branching
fraction of all Higgs decays), or for determining the existence of b-jets in many
BSM scenarios such as SUSY or Exotics models. A b-quark (or b) produced in a
pp collision will hadronize and form a bound state, which is called a B-hadron,
with a quark that is typically of another flavour [11]. B-hadrons travel a short
distance (of the order of mm) and decay into other hadrons and leptons. The
typical decay topology of B-hadrons is shown in Figure 5.8.

Since Runl, there have been three different b-tagging algorithms [121] used
in ATLAS. Impact parameter-based algorithms (IP2D and IP3D) make use
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Figure 5.7: Angular separation between the W boson and b—quark in top decays as, a
function of top-quark transverse momentum. Figure from [120].

of the transverse dy and longitudinal z, impact parameter significance of the
jet tracks. Tracks are associated to jets based on spatial matching A Rjet track
defined as:

ARjet,track - \/(njet - ntrack)Q + (¢jet - ¢track)2 .

Typically, tracks originating from B hadrons (secondary vertices) possess a lar-

(5.8)

ger impact parameter than light-quark and gluon jets (originating from the PV).
Secondary vertex finding algorithms (SV1) reconstruct the secondary vertex for
each jet using the candidate tracks. Tracks from long-lived particles (e.g. Kg or
A), and photon conversion or hadronic interactions with the detector material
are rejected. A decay chain algorithm, JetFitter [122], attempts to exploit the
weak decay of b-hadrons to c-hadrons (PV— b — ¢), and reconstruct the two
decay vertices as shown in Figure 5.8. In this approach, the Kalman filter [100]
is used to find the flight path and the positions of b-hadrons.

The default ATLAS b-tagging algorithm is MV2¢10, which uses input vari-
ables obtained from IP, SV and JetFitter results [123, 124]. MV2cl0 is an
algorithm based on a boosted decision tree (BDT), which is trained with a t¢
sample to discriminate between b-jets as signal, and light-jets and c-jets as back-
grounds. The c-jet and light-jet fractions in the training sample for MV2c10

were set to the typical relative data fractions of 7% and 93%. Figure 5.9 shows
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Figure 5.8: Schematic view of the flight and decay of a B hadron, and the subsequent flight
and decay of its D hadron decay product. A D hadron is a meson containing a single ¢ quark
as the heavier of its quarks. Figure from [122].

the performance of different b-taggers used by ATLAS during Run2. The light-
flavour and c-jet rejection are shown as functions of the b-tagging efficiency.
MV2c20 and MV2c00 belong to the MV2 family, where the name of the tagger
indicates the c-jet fraction that is used in the training. Improved impact para-
meter resolution due to the IBL insertion is expected to increase the rejection of
c- and light-flavour jets in Run2. MV2c10 with the 2016 configuration provides
approximately the same light-flavour jet rejection as the MV2¢20 configuration,

but 40% higher c-jet rejection at the 77% b-tagging efficiency working point.

5.4 Muons

Muons leave charged tracks in both the ID and the MS, thus in the ATLAS
experiment, information from the ID and the MS is combined to reconstruct
muons. There are four different classifications for ID-MS muon candidate recon-
struction [125] Combined muons: ID and MS tracks that have been combined
with a global fit; Segment-tagged muons: low pr muons which cross only one
layer of a MS chamber, and can be associated with an ID track that points
toward this chamber; Calorimeter-tagged muons: an ID track is matched
to an energy deposit in the calorimeter compatible with a minimum-ionizing
particle and that is also consistent with being a muon. This type recovers ac-

ceptance for muons in the region that MS is not fully efficient (since cabling
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Figure 5.9: The light-flavour (a) and c-jet (b) rejection of the MV2 b-tagging algorithm as a
function of b-jet tagging efficiency. Figure from [124].

and services to the calorimeter affect this region). Extrapolated muons: MS

tracks which are compatible with having originated from the IP are used to
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reconstruct muon candidates. This category extends the acceptance to high n
regions which are not covered by the ID.

In order to reject background contamination from decays of pions and kaons,
muon identification is used. The three most important variables used in muon
identification are: the difference in ¢/p significance, which is defined as the ra-
tio of the charge and the momentum of the muon measured in the ID and MS;
the difference in p which is defined as the normalized pt measurement; and the
normalized measurement in the ID and MS divided by combined track pr; and
the normalized y? fit of the combined track. There are four muon identification
selections (known as operating points, or OPs) with an increasing signal purity:
Loose, Medium, Tight, and High-py. Medium OP is the default selection in AT-
LAS, as this selection tends to minimise the systematic uncertainties associated
with muon reconstruction and calibration. Only Combined and Extrapolated
muons are used in the medium OP, and the former are required to have > 3
hits in at least two MDT layers, while the latter must have at least three three
MDT/CSC layers within the region 2.5 < |n|< 2.7. Figure 5.10 shows the re-
construction efficiency as a function of transverse momentum for the Medium
OP. Z — pp and J/1p — pp samples are used to derive the reconstruction
efficiency for high- and low-pr muons.

Muon isolation is a powerful tool to suppress background muons that origin-
ate from semileptonic decay of hadrons. The LooseTrackOnly isolation OP that
is used in this dissertation has an efficiency that is consistently near 99% in 7
and pr for pyareonesV /ph - pyarcone30 g 5 track-based isolation variable, defined as
the scalar sum of the transverse momenta of the tracks with pr > 1 GeV in a
cone with AR = min(10 GeV/pk, 0.3) around the muon.

5.5 Electrons

In the ATLAS detector, electrons leave tracks in the ID and energy deposits in
the ECal. In the central region (|n|< 2.47), electron particle identification is
performed in two steps [120,127] first a 3 unit x 5 unit sliding window region,
in units of 0.025 x 0.025 (n x ¢), is used to search for seed clusters with ener-
gies above 2.5 GeV. Then, tracks in the ID are extrapolated and matched to
the clusters, which are subsequently used to distinguish between electrons and
photons. The key feature is that photons carry no electric charge and produce

no tracks when they pass through the ID.
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Figure 5.10: Reconstruction efficiency for the Medium muon selection as a function of the
muon pr, in the region 0.1 < |n|< 2.5. Z — pp and J/1p — pp samples are used for high-
and low-pr regions. Figure from [125].

Electron identification is applied to reject backgrounds such as converted
photons or electrons in the decay of hadronic jets. The variables used to dis-
tinguish signal from backgrounds are related to quantities such as the ratio
of Er in different HCal and ECal layers, number of hits in pixel and SCT
detectors, and track-cluster matching. Loose, Medium and Tight are three
identification OPs in ATLAS, ordered by increasing background rejection level
(signal purity). In addition to the identification process above, electrons need
to pass isolation criteria to be classified as prompt. In the isolation process,
most backgrounds from non-isolated electrons, such as electrons produced from
photon conversion or from heavy flavour hadron decays, are suppressed. The
electron isolation used in this dissertation is based on a track isolation vari-
able, pyreoned2 - defined as the scalar sum of the transverse momentum of all
tracks excluding electron-associated tracks, passing quality selections, in a cone
AR = min(0.2,10 GeV/Er) around the electron candidate. The default AT-
LAS isolation OP is LooseTrackOnly with 99% efficiency, which does not have

any significant variation over the full range of Er considered in this dissertation.
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5.6 Missing Transverse Momentum

The missing transverse energy (EM=%) is the final reconstructed object that
we consider, and which refers to any pr imbalance in an event. This can, for
example, originate from weakly interacting particles such as neutrinos in the
SM, or LSPs in SUSY. EXs is defined [128, 129] as the negative vector sum of
the pr of reconstructed calibrated objects (hard term), as well as the soft term,
which accounts for ID tracks or calorimeter energy deposits not associated with

any reconstructed objects (soft term):

Eps=— 3" fr— Y Pr—Y_ pr— Y pr .

electrons photons jets soft
taus
muons

A set of selections is applied to all reconstructed objects in the above formula
to achieve optimal ER reconstruction performance.

The soft term in the F¥5 definition is determined using several approaches
in ATLAS, of which just two formulations are summarized here. In the Track
soft term (TST), high-quality tracks from the hard-scatter PV that are not
associated to any charged object such as an electron, a tau lepton, a muon, or
a jet contribute to ER reconstruction. TST is largely insensitive to pileup
effects, since just tracks from the hard-scatter PV are included in the Emiss
calculation [130]. In the Cluster soft term (CST), the ER is calculated
from topo-clusters calibrated at EM scale which are not associated with any
reconstructed objects. CST contains information from neutral particles (unlike
TST), however it is sensitive to the effects of pileup. TST is the algorithm used

in this dissertation to calculate the EXS soft term.
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Chapter 6

Search for SUSY in Gluino Pair

Production

As the center-of-mass energy was increased to 13 TeV for LHC Run2 (as com-
pared with the 7 and 8 TeV center-of-mass energies used in LHC Runl), the
physics reach of many SUSY searches was greatly increased: for example,
searches for inclusive production of squarks and gluinos, and for the electroweak
production of sparticles. This analysis is a search for production of gluino pairs,
which is well-motivated due to the increase in cross-section of gluino pairs with
increasing center-of-mass energies (as shown in Figure 6.1). A significant excess
of observed events over expected backgrounds was not observed in the previ-
ous iteration of this analysis [131,132]. This chapter is summarized as follows:
Section 6.1 describes the signal models used to interpret the analysis results.
Sections 6.2 to 6.5 present the data sets and MC samples used to simulate SM
backgrounds, and the definitions of the variables used to discriminate between
SUSY signals and SM backgrounds. Each of the analysis regions in the cut-
and-count approach are detailed in Section 6.6, and Section 6.7 discusses the
main sources of experimental and theoretical uncertainties included in the fit

results.

6.1 Signal Models

The large number of free parameters in the MSSM makes it effectively im-
possible to scan over the entire phase space. To reduce the number of para-
meters, simplified models are defined as the limits of more complete models,

and tend to include just a few masses of SUSY particles and production cross-
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Figure 6.1: Gluino pair production cross-section as a function of center-of-mass energy. Figure
from [133].

sections as free parameters. Figure 6.2 illustrates the simplified models used
in this dissertation as signal processes to optimize event selection and interpret
the results. In the Gtt model, containing the decay topology shown in Fig-
ure 6.2a, pairs of gluinos are produced (pp — §g), and then each gluino decays
with 100% branching ratio to an off-shell stop and an anti-top (§ — #,f), and
then the stop decays to a top quark and to the lightest neutralino (t; — £¥9).
In the Gbb model, the gluino three-body decay happens through an off-shell
sbottom (g — bib — bbx?). In order to have only two free parameters in the
Gtt and Gbb models (specifically, the gluino and the neutralino masses), the
stop and sbottom are assumed to be off-shell. The presence of the top quark in
the Gtt model motivates the design of signal regions with higher multiplicity
than for Gbb models. The final state in both models contains multiple jets, of

which some are b-tagged, and large E™ from the undetectable neutralinos.

6.2 Data and Monte Carlo backgrounds

The ATLAS data used in this dissertation are collected from pp collisions pro-
duced by the LHC at a center-of-mass-energy /s = 13 TeV and 25 ns bunch
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Figure 6.2: Feynman diagrams for decay topologies in (a) Gtt and (b) Gbb simplified models.

spacing during 2015-2018. After applying data-quality selections (Section 4.3),
the total dataset contains 139 fb~! of integrated luminosity. The uncertainty in
the combined 2015-2018 integrated luminosity is 1.7%, obtained using the z —y
beam separation scan method with the LUCID detector [131]. Events are re-
quired to pass the B trigger with the lowest available unprescaled threshold.
(These thresholds differ between the different years of data taking).

In this analysis, all signal and background processes are MC simulated, ex-
cept the multijet background, which is estimated based on data-driven method
(which will be described in subsection 6.5.1). The Gtt and Gbb models are
generated with up to two additional partons using MADGRAPH5_aMCQNLO
v2.3.3 at leading order (LO) with the NNPDF2.3 [135] Parton Density Function
(PDF) sets. Pythia v8.2 is subsequently used for the modeling of the parton
showering, hadronisation and UE.

The main source of SM background is ¢f production with additional jets.
This background channel is simulated at next-to-leading order (NLO) using
POWHEG-BOX with the NNPDF3.0 PDF set, interfaced to Pythia v8.2 for
parton showering and hadronisation. In order to have enough MC statistics in
the extreme signal-sensitive regions (signal regions with tight EXS selection),
EXiss_sliced tt samples are used, in addition to the inclusive sample.

Smaller backgrounds come from production of single-top quarks, top quark
pairs produced in association with W/Z/h and additional jets (tt + V), four
top quark (tttt) events, electroweak vector bosons associated with extra jets
(W/Z+jets), and diboson (WW/ZZ /W Z) events. Single-top and ¢t + h events
are simulated using POWHEG-BOX v2 interfaced to Pythia v8.2. The tt + V
and four top quark use MADGRAPH5 aMCQ@QNLO and Pythia v8.2 respect-
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ively. The production of W/Z+jets and diboson events are simulated in Sherpa
with the NNPDF3.0 PDF set. A summary of the sample generation and PDF
packages used to simulate signals and backgrounds is shown in Table 6.1.

All simulated background samples are passed through the full ATLAS de-
tector simulation using GEANT4 as discussed in subsection 4.4.2. The Gtt and
Gbb samples are reconstructed with the fast simulation method ATLFAST-
IT [136], which uses a fast calorimeter simulation to parameterise the lateral

and longitudinal shapes of particle showers.

Process Generator PDF set Parton Shower

SUSY signal MADGRAPH5 aMC@NLO NNPDF2.3 PYTHIA 8

tt POWHEG-BOX NNPDF3.0 PYTHIA 8

Single-top / tt + h POWHEG-BOX NNPDEF3.0 PYTHIA 8

tt+V / 4-tops MADGRAPH5 aMC@NLO NNPDF3.0 PYTHIA 8

W/Z+ jets SHERPA 2.2 NNPDF3.0 SHERPA 2.2

Diboson SHERPA 2.2 NNPDF3.0 SHERPA 2.2

Table 6.1: List of the MC generators used for each of the simulated processes.
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6.3 Object Definition

Physics objects used in this analysis are classified as either baseline or signal
objects. Looser selections are applied to define baseline objects such as elec-
trons, muons and jets. Baseline objects are used as the input for the overlap
removal procedure to prevent double-counting. Further requirements are then
applied to select final signal objects. The specific selections applied to objects,

and to the overlap removal procedure, are given below:

Primary vertex: Interaction vertices are reconstructed from at least two
tracks with pr > 0.4 GeV. The vertex with the largest sum of squares of
the pr from associated tracks is identified as the primary vertex (discussed

in Section 5.1).

Jets: Baseline jets are reconstructed from topological energy clusters using
the anti-k; algorithm with radius parameter R = 0.4 (subsection 5.2.1).
These jets are calibrated at the particle level using the EM+JES+GSC
scheme (subsection 5.2.2) and are required to have pr > 20 GeV and |n|<
2.8. To suppress fake jets from pileup, jets with pr < 50 GeV must pass the
jet-vertex tagger (JVT) Medium selection [137,138]. JVT uses information
from the scalar sum of the pr of the tracks associated to the jet, and
hard-scattering jets are assigned a higher JVT value compared to pileup
jets. After overlap removal, the remaining jets are identified as signal if
they pass a pr > 30 GeV cut. Baseline jets passing the overlap removal
procedure are used for further re-clustering with the anti-k; algorithm and
a large radius parameter (R = 0.8), as described in subsection 5.2.3. The
resulting re-clustered jets are then required to have pr > 100 GeV and
n|< 2.

A jet is tagged as a b-jet by means of the MV2c10 algorithm (described
in Section 5.3). The OP used in this analysis corresponds to an efficiency
of 77.60%, derived from simulated tf events. This OP corresponds to
rejection factors of 6, 22, and 134 against jets originating from c-quarks,

T-leptons, and light jets respectively.

Electrons: Candidate electrons are reconstructed from clusters of energy
in the ECal and ID, and are required to satisfy the Loose identification
OP and also to pass kinematic selections such as pr > 20 GeV and |n|<
2.47 (described in Section 5.5). Signal electrons need to pass the Medium
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identification OP and LooseTrackOnly isolation OP, and are matched to
the primary vertex by requiring |dy/og,|< 5.

Muons: Baseline muons must satisfy the Medium identification OP (de-
scribed in Section 5.4), and have pr > 20 and |n|< 2.47. After applying
overlap removal, signal muons are required to pass additional selections
such as the FCTightTrackOnly [139] isolation OP, and to have an impact

parameter significance |dy/oq,|< 3.

Missing transverse energy: The negative vector sum (p'*) of the
transverse momenta of all calibrated objects in an event, plus the soft
term, is used to define E¥5 (Section 5.6). In this analysis, the soft term
is calculated from ID tracks matched to the PV to make it more resilient to

pileup contamination (i.e., the TST algorithm, as explained in Section 5.6).

Objects that potentially have been double counted between jets, muons,
and electrons are removed by applying a sequential overlap removal procedure.
First, the electron candidates that originate from muon radiation processes,
which have AR < 0.01' from muon candidates, are removed. In the next
step, the overlaps between jet and electron candidates are resolved: 1) Any
non-b-tagged jets which lie within AR < 0.2 from an electron are most likely
formed from the showering of a prompt electron, and thus they are discarded?.
2) Electron candidates that are produced in the decay chain of hadrons are
removed if they satisfy Et < 50 GeV and AR < 0.4 from the axis of any jets.
3) To increase the removal efficiency in boosted topologies (mainly of boosted
top quarks® in this analysis), higher-energy electrons with Et > 50 GeV are
removed if the distance parameter AR is lower than min(0.4,0.044-10 GeV/Er).

Finally, overlaps between muon and jet candidates are resolved. First,
the jets that originate from high-pr muon radiation must be removed. Con-
sequently, jets are removed if they are in close proximity to muons (AR < 0.2)
and have less than three matching ID tracks. Low-pr muons that originate
from the decay chain of hadrons are removed if AR < 0.4. Muons with pr
higher than 50 GeV and AR < min(0.4,0.04 4+ 10 GeV/Er) are also removed.

1The distance parameter AR is defined in the y — ¢ plane as discussed in subsection 5.2.3.

2Semileptonic decays of B hadrons include a lepton, and thus the b-tagged jets are retained.

31In leptonic decays of boosted top quarks, the lepton and the b jet are produced in close proximity to the top
axis, so an energy-dependent cut needs to be applied in association with AR.
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6.4 Definition of Analysis Variables

Various kinematic variables can be used to discriminate between signal events
as described in Gtt and Gbb SUSY models, and the background events from
SM processes. There are two classes of variables used in this analysis: the
first type is sensitive to the multiplicity of the event, e.g. the number of signal
jets or signal leptons (electrons or muons). The second type is composed of
energy-related variables, e.g. the inclusive effective mass (m!) or transverse
mass (mr). The definitions of the variables used to describe events are provided

here:

Niet: The number of signal jets with pp > 30 GeV and |n|< 2.8 in the

event.

Np_jet: The number of b-tagged jets at the 77% efficiency OP (see Sec-
tion 5.3) and with pr > 30 GeV.

Niepton: The number of signal electrons and muons (leptons).

mincl: The inclusive effective mass is defined as the scalar sum of the pr

of all signal leptons and jets, plus the missing transverse energy:

mif' = prt + Y pr + B (6.1)

1<n I<m
The effective mass is larger in signal events because of the large object
multiplicity and also because of the EI coming from the LSP or neutri-

nos.

mr: In events with at least one selected signal lepton, the transverse mass
mt between the leading lepton (i.e., the lepton with the highest pr) and

EXiss s defined as:

mr = /20 (1 — cos Ag(E1, 3)) (6.2)

The my distribution is bounded from above by the W boson mass, and
thus it provides a way to discriminate between the Gtt signal which tends

to have large ET and backgrounds from W-+jets and semi-leptonic ¢f.

b—jets

o . b—jet, .
mep ot ¢ The minimum transverse mass mq ° between the EF™ and
’

T, min
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any of the three highest-pr b—tagged jet in the event is derived by:

mlll Jots min (\/Qpb et pmiss (1 — cos A¢(E%‘iss,17%jeti))> . (6.3)

b—jets

T. min distribution has an endpoint cor-

For semi-leptonic tt events, the m
responding to the top quark mass, while peaking at higher values for Gbb

and Gtt events.

: In the lepton veto region, A¢y. is defined as the minimum azi-

Agy

muthal angle between any of the leading four jets and the EMiss:

min*

Agbrnln - I’LIlng{l <|¢§et - ¢E%iss|> . (64)

This variable is used to suppress multijet background, which can produce
large EM events due to mismeasured jets or neutrinos emitted close to
the jet’s axis. In both cases the fake EmiSS has an azimuthal angle value
close to the mismeasured jet, and Ag?

real EX (see subsection 6.5.1).

min > 0.4 can reject events with no

M?: The total jet mass is defined as:

My =>"my; (6.5)

i<d

where m; refers to the mass of large-radius re-clustered jets in the event.
As discussed in subsection 5.2.3, a single large-radius re-clustered jet can be
used to reconstruct the decay products of a hadronically-decaying boosted
top quark. In the case of boosted Gtt signal events where up to four high
pr top quarks are produced, M}j has higher values compared to the SM
backgrounds.

6.5 Event preselection

Event selection and preselection are two separate sets of selections, and both
are applied to select each event in this analysis. In the event selection, general
kinematic requirements are applied to remove poor quality luminosity blocks
or corrupted events due to noise in the detector. Some of the common event

selections recommended by ATLAS are summarized below:
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Good Run List Selection: As described in Section 4.3, data quality selec-
tions are first applied to data to remove poor quality luminosity blocks. The

runs with IBL off are not included, because this analysis is sensitive to b-tagging.

Tile, LAr, SCT corrupted events: Corrupted events due to errors or prob-
lematic regions of the Tile, LAr, and SCT need to be removed, following ATLAS

recommendations.

Trigger: The lowest unprescaled (see Section 4.2) EXsS triggers for differ-
ent dataset years and periods are used in this analysis (this is done via the
“IsMETTrigPassed” function in SUSYTools [140]). These triggers are fully
efficient at E¥s5 > 200 GeV (i.e., the analysis offline B cut at preselection

level) and are listed below:
e 2015: HLT xe70_mht
e 2016:

— A-D3: HLT xe90_mht_L1XE50
— D4-F1: HLT xe100_mht_L1XE50
— F2—: HLT xe110_mht_L1XE50

o 2017:

— B-D5: HLT xel110_pufit L1XE55
— D6 HLT xe110_pufit L1XE50

e 2018:

— B-C4: HLT xe110_pufit_xe70_L1XE50
— C5—: HLT xe110_pufit _xe65_L1XE50
To examine the pre-fit modelling of analysis variables, a preselection with
loose criteria has been defined. Preselection criteria in the O-lepton (0L) channel

with a veto on the number of selected leptons, and in the 1-lepton channel (1L)
with > 1 signal lepton, are defined in Table 6.2.
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Preselection requirements

0-lepton  1-lepton

Trigger EXIss trigoer

B | BRI > 200 GeV

Niepton =0 >1

A¢d | >04 -
Njet >4
Nb-jet >3

Table 6.2: Definition of the preselection criteria for 0-lepton and 1-lepton chan-
nels.

6.5.1 QCD estimation

The production cross-section of multijet events is extremely large at the LHC
[141], so a data-driven approach is preferred to MC simulation. The multijet
background has negligible yield in regions with > 1-lepton because of the re-
quirements on the selected leptons, on the multiplicity of jets, and on large
Exiss - SUSY strong production analyses suppress a large majority of multijet
4j

events in lepton veto regions (0L) by using a A¢_). > 0.4 selection cut. To es-
timate the remaining multijet events, a template method is used, following the
strategy of Ref. [112]. This data-driven method is described by the following
steps:

1. For each OL region, an equivalent selection with reverse A¢_ . is considered

(modified from A¢Y. > 0.4 to A¢l. < 0.1). This selection keeps similar
kinematic properties as the original region, but is enriched in multijet

events, and is thus used to derive the shape of the multijet distribution.

2. The multijet contribution is obtained by subtracting the expected back-
ground in this region (A¢Y. < 0.1) from the data.

min
3. A normalization factor is needed to extrapolate the multijet background

to the original Ag)

min > 0.4 region. To derive this normalization factor,
an exponential fit to the multijet distribution is performed in the range
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0.1 < A¢H. < 0.4, and the ratio of the integral of the exponential fit in

min

ApY > 0.4 to AgY. < 0.1 is set as the normalization factor.

The exponential fit for the different years of data-taking is shown in Fig-
ure 6.3. The multijet normalization factor for the full Run2 is derived as
Adnorm = 0.059. The multijet extrapolation to the preselection region (Agzﬁijlin >
0.4) is first validated in lower A¢Y. slices, such as 0.1 < A¢l. < 0.2 (us-
ing an appropriate normalization factor specifically derived for this slice). In
Figure 6.4, one can see that the multijet estimate, in addition to the other
backgrounds, leads to a good modelling of the data in the 0.1 < A(bﬂin < 0.2

region.
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mcl6e, and inclusively for all Run2 data. The shape of this distribution is used to extract a
normalization as described in subsection 6.5.1.
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6.5.2 Data-MC comparison in the 0-leptons channel

This subsection contains the pre-fit distributions of the analysis observables in
the loose selection 0-lepton channel. As discussed in Section 6.5, the 0-lepton
channel requires no selected signal lepton, EZ trigger with ER > 200 GeV,
and A¢Y. > 0.4 to suppress the multijet background. The pre-fit distributions

of discriminating variables are shown in Figures 6.5 and 6.6.
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Figure 6.5: Distributions of (a) the number of jets, (b) b-jets, and (c) the leading jet pr for
events passing preselection O-lepton requirements. Only the statistical uncertainty is included
in each of these plots. The ratio of data to the total background prediction is shown in the
lower part of each plot. The data included in these plots were recorded during the 2015-2018
pp collisions data taking periods.
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6.5.3 Kinematic Reweighting in 1-lepton channel

The modelling of several energy-related kinematic variables in data and MC
shows a moderate disagreement in the high-m! region in the > 1-lepton chan-
nel. As shown in the distributions of m! and EX* in Figure 6.7, overestima-
tion is visible in the tail of the data-MC ratio.

In order for the MC predictions to better model the observed data in the
high-m%! tail, a reweighting strategy has been derived based on the distribution
of mi%!. The reweighting functions are derived separately in a set of orthogonal
control regions enriched in various processes such as tt, single-top, W+jets, and
Z+jets. Further details on these control regions and reweighting functions are
provided in Appendix A. Comparisons of kinematic variables before and after

applying reweighting scale factors in the 1L preselection region are shown in
Figures 6.8, 6.9, and 6.10.
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Figure 6.7: Distributions of (a) mi¢!, and (b) ERS before kinematic reweighting.
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Figure 6.11: Schematic view of an analysis extrapolation strategy from the CR to the SR.
Figure from [143].

6.6 Analysis Strategy

In this analysis, multiple signal-enriched regions (SRs) sensitive to various sig-
nal benchmarks are optimized. A key aspect is how to estimate the expected
number of background events in the SRs. The main background in all these
SRs is tf pairs in association with heavy and light flavour jets. In each SR, the
tt normalization factor (ju) is derived in a dedicated CR which is enriched in
tt composition with very low signal contribution. To cross-check the extrapola-
tion of ¢t normalization from CRs to SRs, validation regions (VRs) with similar
background composition are defined. Figure 6.11 represents the extrapolation
strategy used in this analysis.

The estimation of non-tf backgrounds, consisting of V+jets, single-top, tf +
V', and diboson events, is derived from MC simulation. The multijet back-
ground estimation relies on the data-driven method that was discussed in sub-
section 6.5.1. (We find that the multijet yields in the SRs are negligible).

To define the analysis SRs, a cut-and-count approach is used. In this
method, the SR are optimized to maximize the expected discovery significance
for benchmark signal models (see subsection 6.6.1). Cut-and-count SRs are

then used as the inputs for profile likelihood fits to search for the existence of

90



potential new physics (see Chapter 7).

6.6.1 Cut-and-count regions

In this Section, the optimization of the SRs, and the definition of the CRs and
VRs for Gtt-Olepton, Gtt-1lepton, and Gbb are discussed. The same procedure

was used in the previous iteration of this analysis [144, 145].

Signal regions

As discussed in Section 6.6, the SRs in the cut-and-count strategy are designed
to maximize the expected significance, which is calculated using Binomial-
ExpZ [116] from the RooStats statistical package [117]. The optimization of
the SRs requires at least 0.5 expected background events, at least 2 expected
signal events in each benchmark signal, and ¢t as the dominant background
composition. The variables used in the optimization are Nj, N bjet - pinl
Eiss mbT_Jffl;, and mrp. In each signal grid point, the set of optimal selec-
tions which maximize the expected significance are used to define the SRs. See
Appendix B for more details on SR optimization.

Optimizations are performed separately for Gtt-OL, Gtt-1L and Gbb; and
three different SRs are defined based on the mass splitting (Am) between the
gluino and neutralino. A boosted (B) region is constructed, which targets
signal events with high mass splitting, leading to highly boosted objects in the
final state. This region requires placing a tighter cut on the m%'. Conversely,
the compressed (C) region focuses on signal models with soft gluino decay
products due to the small Am. To improve acceptance for softer signal models,
most of the variable selections such as mil' and EM® are relaxed by going
from B to C. The Moderate (M1, M2) regions target the signal models with
intermediate mass splitting. By definition, M1 aims for a higher mass splitting
when compared with M2 (as an example, M1 uses the selection 900 < Am <
1800 GeV and M2 400 < Am < 900 GeV for Gtt-OL). Figure 6.12 shows the
phase space division into three regions based on Am. All cut-and-count SRs

probing the different signal models are described in Tables 6.3, 6.4, and 6.5.

Control and Validation regions

The cut-and-count CRs are designed to be kinematically compatible and have

no overlap to the SRs, and have dominant ¢¢ background to accurately extract
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Figure 6.12: Schematic of the cut-and-count analysis for both OL and 1L channels.

the tf normalization factor. The dominant background is semi-leptonic ¢t events
where the lepton is outside of the kinematic acceptance, or is a hadronically-
decaying 7-lepton (all-hadronic ¢¢ events do not produce a neutrino in the final
state, and thus cannot pass the E2 requirement in analysis regions). The CRs
are required to have at least one signal lepton, and an upper cut on mr both to
make them non-overlapping with the SRs and to increase the tf fraction. Other
selections such as m%!, Emiss - and M? are relaxed to ensure enough statistics
(i.e., at least 10 expected background events).
The VRs are kinematically close to the corresponding SRs and non-overlapping

with both the CRs and SRs. In the Gtt-1L region, there are two VRs: VR-mr

which validates the extrapolation to high m, and VR—meJﬁf; which checks the
b—jets
T, min

background prediction in the high m region. An inverted selection on MJZ
or mr avoids any overlap between the set of events that are contained in the
VRs, and the set of events that are contained either in the SRs or in the CRs.
The cut-and-count region definitions for Gtt-OL, Gtt-1L, and Gbb are given in

Tables 6.3, 6.4, and 6.5.

Background composition

As discussed in Section 6.6, the CRs and VRs are designed to normalize the

dominant background (which is ¢ in this analysis) and to validate the extra-
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polation process within regions close to the SRs. This is more robust when ¢t
composes a larger fraction of the total background. Figures 6.13, 6.14, and 6.15
show the pre-fit background composition in the cut-and-count regions. In gen-

eral, tt and single-top have the largest background composition in most regions.
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Figure 6.13: Pre-fit background composition in the cut-and-count control regions.
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Figure 6.14: Pre-fit background composition in the cut-and-count validation regions.
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Figure 6.15: Pre-fit background composition in the cut-and-count signal regions.
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6.7 Analysis Uncertainties

This analysis is affected by statistical and systematic uncertainties which need
to be estimated accurately. Statistical (random) uncertainties are due to the
finite size of data or MC samples, and are approximated by the square root
of the number of events v/N (e.g., the number of data events collected by the
ATLAS detector).

The systematic uncertainties are categorized as experimental (detector-related)
or theoretical. The first category comes from the imperfect modelling of the
detector performance in MC simulation, for example uncertainties on the mod-
elling of the final measurable objects. For the theory systematics, various the-
oretical models are used for simulated event generation, hadronization, and
initial-final state radiation. A summary of the largest experimental and theor-

etical uncertainties in this measurement will be presented in the following.

6.7.1 Experimental Systematic Uncertainties

Each of the final objects in this analysis are calibrated to accurately describe
the data, and the recommendations from the dedicated performance groups
are used to estimate the uncertainty due to modelling in the simulation. Vari-
ations of systematic parameters by one standard deviation (1) are used to
determine the effect of systematics. Various sources of experimental systematic

uncertainties in this analysis are summarized below:

Jets

In this analysis, the largest sources of experimental uncertainties are the ones
which change jet kinematics, such as jet energy scale (JES) and jet energy
resolution (JER). As discussed in subsection 5.2.2; by applying the JES, the
energies of reconstructed jets are corrected to the particle-level energy scale. A
set of nuisance parameters (NPs) is used for the JES uncertainty calculation
[148].

In dijet events, the asymmetry distribution [119] between the reference and

probe jets can be used to probe the JER (Up’%):

probe O_I’T UPT >
ghrebe — ([ ZPT -rr : 6.6
4 < pr >pr0be @ < PT [ ret ( )
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probe ref

where ag;(’be and ¢ are respectively the standard deviations of p5°"® and p,

o7 is the stand;er deviation of the asymmetry distribution, and @ denotes
a sum in quadrature. The JER uncertainty is measured by considering the
difference between the calibration derived with the nominal simulation, and a
calibration derived with a smeared simulation using a Gaussian function with
width set to the JER.

To correct for the residual difference between the b-tagging efficiency in sim-
ulation and data, a scale factor is applied to each simulated event. Di-leptonic
tt events are used to derive the scale factors, which are functions of the jet pr, 7,
and truth flavor. Several sources of experimental and modelling uncertainties,
such as radiation, generator, and fragmentation dependence, affect these scale
factors. The b-tagging efficiency scale factors are varied within their uncertain-

ties to evaluate the uncertainty in the tagging efficiency in this analysis.

Leptons

The systematic uncertainties associated with electrons and muons, and specific-
ally related to efficiencies of electron and muon reconstruction, identification,
and isolation, are found to be negligible. Muon momentum scale factors are
applied to correct the reconstructed transverse momenta in the MS and ID
in MC events to the distribution of the same quantity in data events. The
muon momentum scale has many sources of uncertainties and is measured to
be 0.05% to 0.2% depending on the rapidity [150]. Muon momentum resolution
is applied to smear the relative simulated transverse momentum (o(pt)/pr) to
properly match the data, and is measured to be 5% for muons in |n|< 1.05
with pp = 100 GeV. The impact of electron and muon energy scale-resolution
uncertainties on the analysis are assessed by re-running the fit programs with

+10 variation on these energy scales in each of the regions.

Luminosity

The luminosity measurement in ATLAS is performed by the forward lumino-
meters located far away from the IP. The LUCID detector [151], as the primary
ATLAS luminometer, contains 16 PMTs and is placed next to the beamline at
approximately 17 m from the IP. When a particle passes through the quartz
windows of the PMTs, it produces Cherenkov light, which is then read out with

dedicated electronics as a hit. Luminosity is further calibrated with the van
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der Meer (vdM) method [152] which is a scan of the two beams in the z —y
directions to measure the visible pp cross-section (oy;s). The systematic uncer-
tainty on the integrated luminosity for 139 fb~! data collected is measured to

be 1.7% (using techniques described in [57]).

Missing Transverse Energy

The systematic uncertainties associated with EXS are separated into uncer-
tainties on E scale and resolution. The average and root mean square of the
projection of the soft term (p®) onto the hard scatter term (ph*d) are used to

determine the uncertainties for the FX scale and resolution [153].

6.7.2 Theoretical Systematic Uncertainties

The theory systematic uncertainties are estimated by comparison between the
nominal MC samples with the systematic MC samples, the latter of which
are simulated by variation of generator parameters. The theory systematic
derivations for tt+jet and single-top quark backgrounds are described below
(based on the ATLAS SUSY recommendations [151]):

Top quark pair-production

Three sources of uncertainties on the modelling of the tt+jet process are: the
generator, the parton showering and hadronization, and the initial-state (ISR)
or final-state radiation (FSR). The uncertainty arising from the choice of the
MC generator is evaluated by comparing the nominal POWHEG sample to the
systematic one generated with MADGRAPHS5. Both samples are interfaced to
PYTHIA for parton showering. The systematic uncertainty associated with the
choice of parton showering and hadronization algorithm is estimated by compar-
ing the nominal sample (showered with PYTHIA) to one showered using HER-
WIG++. Comparison between the nominal sample (containing two POWHEG
samples showered in PYTHIA) with different configurations is used to evaluate
the systematic uncertainties due to the modelling of ISR and FSR. The high
and low PYTHIA settings correspond to variation of the renormalization and
factorization scales, which lead to higher or lower amounts of ISR/FSR. The
cross section production for ¢ in association with heavy flavour jets (tt+ > 1b
or tt+ > 1¢) is measured in ATLAS with 30% uncertainty [155]. The ¢t cross

section uncertainty is assigned as an additional uncertainty in this analysis.
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Figures 6.16 and 6.17 show the distributions of the number of signal jets and
m2¢ in the nominal and systematics-modified ¢ samples.

The modeling uncertainties of the ¢t sample affect the extrapolation from
the CRs to the VRs or SRs*, therefore transfer factors® are used to estimate
the associated theory uncertainties in the analysis regions. Three main sources

of tt theory systematics are illustrated in Figure 6.18.

Single-top quark

To estimate modelling uncertainties affecting single-top background, the fol-
lowing comparisons between generators are considered: POWHEG vs. MAD-
GRAPH5 for the matrix elements, PYTHIA vs. HERWIG++ for parton
showering and hadronization, and PYTHIA with different sets of configura-
tion (i.e., the variation of the renormalization and the factorization scales) for
radiation. Figure 6.19 shows the distributions of the number of signal jets
in the nominal and systematics-modified single-top samples. An additional
uncertainty arises from the quantum interference between leading-order ¢t pro-
duction and next-to-leading-order single-top production in the W+t channel.
This interference systematic is evaluated by using a dedicated WWWbb sample
generated at particle level with MADGRAPHS5+PYTHIA. The single-top pro-
duction cross-section uncertainty [156] is also included in the likelihood fit. The
four main sources of single-top production theory systematics are illustrated in
Figure 6.20.

4In the CRs, the t background is normalized by the tf scale factor, which is derived from the fit to data.
5The transfer factor is defined as the ratio of expected number of background events in the VR or SR to the
background yields in the CR.
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Figure 6.16: The normalized distributions of the number of signal jets in the ¢t
nominal and systematic-modified samples: (a) generator comparison between the nom-
inal POWHEG+PYTHIA (blue line) and systematic-modified MADGRAPH5+PYTHIA
(pink line) samples, (b) showering and hadronization comparison between the nominal
POWHEG+PYTHIA (blue line) and systematic-modified POWHEG+HERWIG (pink line)
samples, (c) radiation comparison between the nominal POWHEG+PYTHIA (blue line)
sample and two samples with systematic variations of the renormalization and the factoriz-
ation scales (pink and green lines).
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Figure 6.17: The normalized distributions of mé‘ﬁ?l in the ¢ nominal and systematic-modified
samples: (a) generator comparison between the nominal POWHEG+PYTHIA (blue line) and
systematic MADGRAPH5+PYTHIA (pink line) samples, (b) showering and hadronization
comparison between the nominal POWHEG+PYTHIA (blue line) and systematic-modified
POWHEGH+HERWIG (pink line) samples, (c¢) radiation comparison between the nominal
POWHEG+PYTHIA (blue line) sample and two samples with systematic variations of the
renormalization and the factorization scales (pink and green lines).
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Figure 6.18: Theory systematic components for ¢¢ background, which are shown as stacked
histograms. The quadrature sum of each component and its statistical uncertainty are super-
imposed as black and shaded red lines. To reduce statistical uncertainty in the comparison
between nominal and systematic samples, the truth b-tagging CP tool [157] is used to remove
the selection on the number of b-tagged jets, and thus all the events are kept and weighted.
This weight can be interpreted as the probability of the given event to contain a given number
of b-tagged jets. The size of the uncertainty is in percent.
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Figure 6.19: The normalized distributions of the number of signal jets in the single-top
quark nominal and systematic-modified samples:
nominal POWHEG+PYTHIA (blue line) and systematic-modified MADGRAPH5+PYTHIA
(pink line) samples, (b) showering and hadronization comparison between the nominal
POWHEG+PYTHIA (blue line) and systematic-modified POWHEG+HERWIG (pink line)
samples, (c) radiation comparison between the nominal POWHEG+PYTHIA (blue line)
sample and two samples with systematic variations of the renormalization and the factoriz-
ation scales (pink and green lines).
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Figure 6.20: Theory systematic components for single-top production background, which
are shown as stacked histograms. The quadrature sum of each component and its statistical
uncertainty are superimposed as black and shaded red lines. To reduce statistical uncertainty
in the comparison between nominal and systematic samples, the truth b-tagging CP tool is
used to remove the selection on the number of b-tagged jets, and thus all the events are kept
and weighted. This weight can be interpreted as the probability of the given event to contain
a given number of b-tagged jets. The size of the uncertainty is in percent.
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Chapter 7

Results

This chapter presents the analysis performed to derive and interpret the fit res-
ults. A brief introduction to the likelihood used to perform the background-only
fit is presented in Section 7.1. Section 7.2 discusses the goal of the background-
only fit and the comparison between the observed data and the expected yield
of background events in the analysis regions. In the absence of a significant
discovery excess, a set of exclusion limits using the CLg [158] method (see Sec-
tion 7.3) are derived for the Gtt and Gbb simplified models as a function of the
gluino and neutralino masses.

The background-only and exclusion fits are performed within the HistFitter
program [143]. HistFitter is a statistical framework built on top of the RooF'it
[159] and HistFactory [160] packages, and uses the RooStats [117] package

for statistical fitting and results interpretation.

7.1 Likelihood Function

A central concept in statistics is the probability model, which assigns a probab-
ility to each possible experimental outcome. The likelihood function L(ngns|H)
is a function of the probability to observe the data ng,s in an experiment for a
given hypothesis H. In a composite hypothesis which uses several parameters
to describe the model, the likelihood function is defined as L(ngps|#). To estim-
ate the values of the model parameters from the data, the maximum likelihood
estimation technique [161,162] is applied.

The likelihood function L considered in this analysis is the product of the

Poisson distribution of the number of events in the SRs and CRs, and an
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additional term to constrain the systematic uncertainties:
L(n, 0°|ftsig, b, 0) = Psr x Por % Cyst - (7.1)

On the left-hand side of Eq. 7.1, 6 represents the nuisance parameters to para-
metrize the systematic uncertainties, #° is the central value of the auxiliary
measurements ', /i, is a parameter known as the signal strength (ug, = 0
is used to denote the background-only hypothesis and pg, = 1 corresponds
to the signal+background hypothesis), b refers to the number of background
events predicted by simulation, and n is the observed number of events within
a region. The background prediction (Eq. 7.2) consists of the number of pre-
dicted tf events normalized by a scale factor pz, plus the contribution from the

remaining backgrounds (i.e., non tt):

bpred = Htfbtf + bf))iﬁgr . (72)

On the right-hand side of Eq 7.1, the first two factors describe the Poisson dis-

tributions for the numbers of observed events in the signal and control regions:

()‘S(Msigs + bpred, 9))”0bs
Pag (obs| As (psig; 0, 0)) = Tions! (7.3)
X 67(AS(MSigS+bpred’9))

where the Poisson expectation value A\g depends on the predicted background
yield, the signal yield, and the nuisance parameters. As shown in Eq. 7.3, the
number of events predicted by simulation in the region (SR or CR), npyeq, is the
sum of the normalized number of expected signal events ji5,5 and the predicted
background yield bpyeq.

Systematic uncertainties are estimated using the probability density function
Ciyst(0°,0) within the likelihood function, where 6° (the prior value of a calib-
ration constant, divided by its respective uncertainty) can be varied around the
analysis-fitted value of that calibration constant, §. Each one of the systematic

uncertainties is described by a Gaussian 2 distribution function with unit width

n a frequentist approach, nuisance parameters (NPs) always must be measured in separate auxiliary meas-
urements (which may be referred to as calibration measurements), rather than marginalizing over expected
NP bounds (e.g., from theory, or from other non-purely-experimental sources). For example, in a frequentist
approach, luminosity measurements must be made by incorporating additional measured data sensitive to
luminosity from the experiment, and/or from other purely-experimental sources, directly within one’s fit.

2A Gaussian PDF is the default PDF used in HistFitter, however the usage of other probability densities
such as a Poisson or a log-normal constraint is also possible.
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(0 =1), and Cyyst(6°,0) is the product of all of these probability distributions:

Cuyst(0°,0) = H Gaussian(6? — 6;) . (7.4)

1 € all systematics

The impact of the variation of each nuisance parameter on its respective ex-
pectation value is determined by an interpolation function. There are sev-
eral interpolation functions defined in HistFactory, such as piecewise linear 3
or piecewise exponential. By default, the 6th-order polynomial interpolation
technique is used in HistFitter. More details about interpolation functions can

be found in Ref. [160].

7.2 Background-only Fit

Two types of fits (a background-only fit, and a model-dependent signal fit) are
used in this dissertation, which differ in their usage of analysis regions (CRs,
VRs, and SRs), and their inclusion, or non-inclusion, of a SUSY signal model.
In the background-only fit [113], only the information from the CRs is used
to estimate the background in the VRs and SRs. As discussed in Section 6.6, the
CRs are assumed not have any events in common with the SRs and to be free
of contributions from any signal processes (usg = 0). The likelihood function *
is maximized in the fit to derive the parameter of interest (the ¢t normalization
factor) and the nuisance parameters. The ¢¢ normalization factor is then used
to obtain the ¢t contribution in the VRs and SRs, while the predictions for
other backgrounds (i.e., non tf) are derived directly from simulation.

Figure 7.1 shows the comparison between the data and background processes
in the cut-and-count CRs. The top panel displays the data and SM background
yields, and the bottom panel shows the value of the ¢¢ normalization factor, with
its statistical uncertainty, in the corresponding CR. The extrapolation of the
background-only fit results to the VRs is shown in Figure 7.2. Similarly, the
upper panel of Figure 7.2 presents the data and the events predicted by the
fit, and the bottom panel shows the pull in each VR. The pull is equal to the

difference between the observed, nqns, and expected number of events, npred,

31In the piecewise linear interpolation function, the predicted background is a linear function of the nuisance
parameter 6, given by: (bT —b°)0 for > 0 or (b° —b7)6 for § < 0 where b9 is the nominal background and
bE corresponds to 1o background yield.

4The likelihood function is given by Eq. 7.1 without the Psg term, since only the CRs are used in the fit.
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divided by the total uncertainty, og:

puﬂ = M , (75)

Otot,

where the total uncertainty is the quadrature sum of the total systematic un-
certainty oy and the statistical uncertainty oy, (i-e., the Poisson variation
on the number of background events). In this case, no significant background
mismodelling is observed across the entire set of VRs, and the magnitude of
each one of the pulls is less than 20y.

Following these successful validation results, the background-only fit results
are extrapolated to the SRs, to derive the predicted background yield, which
is then compared with the observed number of events®. The unblinded results
in the SRs are presented in Figure 7.3. The dominant background in each
one of the SRs and VRs is from tf events. In the O-lepton signal regions, the
main subdominant background contribution comes from Z(— vv)+jets. In the
1-lepton signal regions, the main subdominant backgrounds are single-top and
tt+V. The observed and predicted background-only fit results in the cut-and-

count SRs are summarized in Tables 7.1, 7.2, and 7.3.

[ single top
{s=13 TeV, 139.0 fb™ : 3 WHets
[ Z+jets [ diboson
[ multijet

0
@
) ATLAS : == Total bkgd.
>
L

tf norm. factor

CR. CR. CR. CR. CR. CR. CR. CR. CR. CR. CR.
Cbpg " Cboy, b T Cttgy G!LOL_MJ G”"OLMQ G”“OLC Ctt-3 Gtzﬂ_Ml Gtzﬂ_Mz Gmu_c

Figure 7.1: Background-only fit result in control regions.

5As part of ATLAS data analysis procedures, viewing the results of a fit to the data SRs is known as
unblinding, for which permission is granted in an ATLAS approval meeting.
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Figure 7.2: Background-only fit result in validation regions.
& - T T T T T T T T T T =
. . ATLAS o daa s Total bkgd. =
=l L it [ single top =
E  {s=13 TeV, 139.0 fb WX 3 WHets E
[ [ Z+jets [ diboson -
3 multijet
2
E =
bQ
& F : H “
2 ; ; ; ; ; ; ; ; ; ;
~ SR, SR, SR, SR, SR, SR, SR, SR, SR, SR, SR,
Gp, Gp, Gp, Gey, Gy, Gy, Gy, G Gy, Gy Gy,
b.g b1y .o o g ITOL“M_Z [OL‘MQ 0L L ”JL‘M_Z ”14~M2 3

Figure 7.3: Background-only fit result in signal regions.
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SR-Gbb

Targeted kinematics B M C
Observed events 3 14 33
Fitted background 3.65 £ 1.30 13.08 £ 2.75 32.19 + 6.91
tt 1.36 + 0.87 4.20+1.94 11.65 + 4.67
Single-top 0.73+£0.71 2.69+1.79 6.32 £4.73
tt + X 0.27 £0.15 0.90 £0.48 2.95+1.52
Z+jets 0.61 +£0.13 3.02+0.31 6.89 + 0.65
WHjets 0.43 +0.06 1.78 £ 0.25 3.09+0.39
Diboson 0.26 +£0.24 0.49 £0.31 1.29 + 0.69
Multijet < 0.01 < 0.01 < 0.01
MC-only background 3.50 14.72 33.46

Table 7.1: Results of the background-only fit extrapolated to the Gbb signal regions in the
cut-and-count analysis, for the total background prediction and breakdown of the main back-
grounds. The uncertainties shown include all systematic uncertainties. The tt+X background
includes ttW/Z, ttH and tttt events. The row “MC-only background” provides pre-fit back-
ground prediction. According to Section 6.6, B=boosted, M=moderate, and C=compressed
regions.

SR-Gtt-0L
Targeted kinematics B M1 M2 C
Observed events 0 1 2 1
Fitted background 0.83 £0.41 1.36 £0.84 3.06 + 1.96 1.65 £ 0.67
tt 0.34 +0.33 0.78 £0.71 2.02 £ 1.90 1.20 £+ 0.60
Single-top 0.11 4+ 0.08 0.16 +0.12 0.38 4+ 0.31 0.16101%
tt + X 0.04 +£0.02 0.09 +0.04 0.324+0.20 0.23+0.16
Z+jets 0.174+0.04 0.15 4+ 0.07 0.24 £0.09 0.03 £0.02
Wjets 0.14 +0.06 0.12 +0.07 0.09 4+ 0.06 0.03 +0.01
Diboson < 0.01 < 0.01 < 0.01 < 0.01
Multijet 0.03 +£0.03 0.06 &+ 0.06 < 0.01 < 0.01
MC-only background 0.89 1.32 2.75 1.39

Table 7.2: Results of the background-only fit extrapolated to the Gtt O-lepton signal re-
gions in the cut-and-count analysis, for the total background prediction and breakdown
of the main backgrounds. The uncertainties shown include all systematic uncertainties.
The tt+X background includes ttW/Z, ttH and tttt events. The row “MC-only back-
ground” provides pre-fit background prediction. According to Section 6.6, B=boosted,
Ml=moderatel, M2=moderate2, and C=compressed regions.
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SR-Gtt-1L

Targeted kinematics B M1 M2 C
Observed events 0 0 1 3
Fitted background 0.62 £0.39 0.56 £0.29 0.98 £0.47 3.98 £1.87
tt 0.46 £0.37 0.37£0.26 0.63 +£0.43 2.93 +1.68
Single-top 0.11 +£0.07 0.08 £+ 0.06 0.12 + 0.08 0.23 +0.22
tt + X 0.05 4+ 0.03 0.10 £ 0.06 0.23+0.14 0.76 £ 0.45
Z+jets < 0.01 < 0.01 < 0.01 0.01 £0.00
W-jets 0.01 £0.01 0.01 £0.01 0.01 = 0.00 0.05 £ 0.02
Diboson < 0.01 < 0.01 < 0.01 < 0.01
Multijet < 0.01 < 0.01 < 0.01 < 0.01
MC-only background 0.55 0.55 0.96 3.66

Table 7.3: Results of the background-only fit extrapolated to the Gtt 1-lepton signal regions
in the cut-and-count analysis, for the total background prediction and breakdown of the
main backgrounds. The uncertainties shown include all systematic uncertainties. The tt+X
background includes ttW/Z, ttH and tttt events. The row “MC-only background” provides
pre-fit background prediction. According to Section 6.6, B=boosted, M=moderate, and
C=compressed regions.
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7.3 Model-dependent Fit (exclusion)

Since the data and the SM backgrounds in the signal regions are consistent (i.e.,
no significant excess is observed), the exclusion fit can be used to set limits at
95% confidence level (CL) on new physics theories. To place limits on signal
models, the CLg technique is utilized, by performing a statistical test on the
background-only hypothesis likelihood function Hy and signal plus background
hypothesis likelihood function H;. The first step in utilizing CL; is to define a
test statistic ¢ which can be used to distinguish between the alternate hypothesis
(H;) and the null hypothesis (H).

To illustrate how this works: in Figure 7.4a, the Hy and H; distributions are
shown in blue and red histograms respectively. In this example, both distribu-
tions are generated using a Poisson PDF with mean expectation values A\, = 3
and Agyp = 10 for Hy and H; respectively. The p, is the probability to find
N greater than or equal to N,,s under the assumption of the background-only
hypothesis (shown as shaded blue). A low value for p, means that the observed
result is less compatible with the Hy hypothesis, and can be interpreted as a
rejection of Hy in favour of the H;. The p-value [163] for the H; hypothesis
(ps+p) is the probability that one would measure N to be equal or less than
Nobs under the assumption of this hypothesis (shown as shaded red). These are
formulated in Eq. 7.6:

m = f(N|s=0,b) dN
Nobs
Nobs
Petb = / f(N|s+0b) dN (7.6)

where Ny = 7, and consequently p, = 3.2% and p,y, = 22.8%. In this case, the
observed result is more similar to H; than Hy. The ATLAS convention [16,165]
is to exclude a signal model at a 95% CL if ps,, < 0.05. Similarly one can define
a confidence interval by finding the upper limit s, which is the largest signal
rate not excluded. In Figure 7.4b, the background-only model (blue) as well as
three different signal+background models are shown. The upper limit is s =9
since pgyp = ijO%bS:LL f(N|s =9,b) = 0.05, so all signal models with s > 9 are
excluded at 95% CL. The problem with ps,; is that if the expected number
of signal events A, is much less than the number of background events A, (in

other words, if H; ~ H,), and the observed data has a downward fluctuation
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Figure 7.4: (a) Poisson distributions and p-values for background-only and sig-
nal+background hypotheses with Nyps = 7. (b) Poisson distributions for background-only
and three signal+background hypotheses with Ngp,s = 4.

with respect to the background expectation, one can exclude a signal model to
which there is little or no sensitivity (i.e., for which A\; ~ 0).

To regulate this issue in ATLAS, the CL; procedure is used to combine p;
and p, as shown in Eq. 7.7:

o o CLs+b
1-— Py N CLb ’
where CL,, and CL; are confidence levels for H; and Hy. If the two hypotheses

(7.7)

have similar likelihoods, and thus there is little sensitivity to the signal model,
1—p, becomes small, and this counteracts small values of ps,;. To set exclusion
limits on signal models, the CLg value is compared to a = 0.05, which is
the conventional limit set by the ATLAS collaboration. Signal models with
CL, < 0.05 are excluded at 95% CL.

From the Neyman-Pearson lemma [166], the most statistically powerful test

statistic is the profile likelihood ratio, defined as:

Y — _9ln L(,Usigvé)
q(psig) = —21 <—L(ﬂsig,é)> » (7.8)

where [ig, and 6 are the maximum likelihood estimators for sig and 6, and 9
is the conditional maximum likelihood estimator for the specific value of fig.
Signal-like data corresponds to small values of ¢(us,) (numerator ~ denomin-

ator in Eq. 7.8) and, similarly, large values of ¢(usg) represent background-like
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data (denominator > numerator). To be able to compute the p-values in Eq.
7.6, one needs to obtain the PDF of the test statistic, for example f(q|usig)
and f(q|pse = 0), given alternate H; and null Hy hypotheses. The PDF of
the test statistic can be determined by using toy MC simulation (i.e., pseudo-
experiments) where the values of nuisance parameters are randomly generated
by sampling their constraint terms. Then, the new expected yields are com-
puted using these generated nuisance parameters, while the observed values are
generated from the Poisson fluctuation of the expected yields. In the limit of a
large number of events, the PDF of the test statistic can be derived analytic-
ally by using an asymptotic approximation. In this technique, the test statistic
is distributed according to a non-central chi-square PDF with one degree of
freedom. More details about this method can be found in Ref. [167] .

The exclusion fit is performed in the CRs and SRs (see Eq. 7.1), where the
signal sample is included in order to correctly account for signal contamination
in the CRs. For each signal model, as defined using both the mass of the
gluino (m;) and the mass of the neutralino (mg), the CLg value is calculated,
and if the CL, < 0.05, that signal point is excluded at the 95% CL. The 95%
CL expected and observed exclusion limits for the Gbb and Gtt models in the
gluino and neutralino mass plane are shown in Figure 7.5. Assuming a massless
neutralino, the observed exclusion limit for the gluino is at approximately 2.31
TeV and 2.29 TeV for the Gbb and Gtt models. The comparison between the
exclusion limits reported by the ATLAS and CMS collaborations is discussed
in Appendix D.
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Figure 7.5: Exclusion limits for the (a) Gbb and (b) Gtt models in the mg and myo mass plane.
The 95% expected and observed CL are shown with dashed and solid bold lines. The bands
around the expected limit present the impact of experimental and theoretical uncertainties.
The signal cross-section variation by +1o0 of its theoretical uncertainty is shown with dotted
lines around the observed limit. Individual exclusion limits for Gbb, Gtt-OL and Gtt-1L are
presented in Appendix C.
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Chapter 8

Conclusion

This dissertation has presented a search for the pair production of gluinos where
each gluino decays via off-shell stop or sbottom to four top or bottom quarks
and the LSP, using 139 fb~! data of proton-proton collision collected by the
ATLAS detector during 2015-2018 at a center-of-mass energy /s = 13 TeV.
These results that were presented in Chapter 7 supersede the previous ATLAS
searches, which respectively had been performed using 36 fb=! [131] and 79
fb=! [132] subsets of our present 139 fb~! dataset.

This search was performed by using events which include at least four jets
(including at least three b-jets), and large missing transverse momentum (F3ss)
in the final state. The cut-and-count strategy is applied with several signal
regions optimized to maximize the significance for individual Gtt and Gbb
signal models (see Section 6.6). The control and validation regions are defined
for each signal region to derive and validate the tf-+jets normalisation factor.
In all signal regions, no significant excess is observed in data above the SM
backgrounds. The exclusion limits are then set at 95% confidence level in
the my and Mgo Mass plane for two simplified signal models. The increase in
integrated luminosity leads to a 100 GeV and 40 GeV higher exclusion limit
(when compared with previous results) in the gluino mass, when assuming a
massless LSP, in the Gbb and Gtt models. Gluinos with masses below 2.3 TeV
are excluded at 95% confidence level, assuming massless neutralinos in the Gtt
and Gbb models.

There are some possibilities for enhancing the sensitivity of this analysis: in-
creasing integrated luminosity, or implementing more sophisticated approaches
such as multi-bin or multivariate techniques. Over the past year, major work

has been carried out on CERN’s entire accelerator and experimental complex,

118



to be prepared for the next LHC run, and also for high-luminosity operation
after 2027. The LHC will restart in 2022 for three years of data taking at
Vs = 14 TeV, providing 300 fb~! integrated luminosity, and will then undergo
a 2-year shutdown starting in 2025. This will be a fascinating opportunity
for physicists to study SM and beyond-SM mechanisms in more detail, and to

hopefully observe rare new particles.
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Appendix A

Kinematic Reweighting in

1-lepton region

In this appendix, the reweighting strategy designed to fix the effect of mis-
modelling in 1-lepton kinematic variables is discussed. Given that the same
trend in the data to MC ratio in the m%! distribution has been observed in
tt, single-top, W+jets, and Z-+jets, reweighting factors are derived in a set of
orthogonal control regions enriched in these backgrounds. The definition of the
control regions is summarized in Table A.1. These regions are orthogonal to
the analysis CRs and SRs, via an NP7 cut. Firstly, data-MC ratio in the m!%!
distribution is fitted using an exponential function, which then provides the
actual reweighting functions. The fit is performed in 12 bins of m%! and in
different Nje; slices (= 4, = 5, = 6, > 7). As an example, the fit results for ¢

and W+jets (as the dominant backgrounds) are shown in Figures A.1 and A.2.
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Criteria common to all regions: N, > 4, Eﬁﬂ“iss > 200 GeV

Control-region Niepton INb-jet ml}ﬁtﬁl (GeV) My (GeV)
tt-enriched =1 =2 < 350
single-top-enriched =1 =2 > 350
W-enriched =1 =0
Z-enriched =2(0/S) =0 € (60,120)

Table A.1: Definitions of the control regions used to derive the kinematic re-
weighting scale-factors. The NP requirements ensure these control regions
are orthogonal to all signal regions of the analysis, and include a NP3 > 3
requirement. The Z-enriched region uses a mass window cut close to the Z
boson mass.
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Appendix B
Region Optimization

The optimization framework github:kratsg/optimization used in this analysis
is a Python package to perform a signal grid scan over selected variables to
optimize for the greatest significance within a given region of phase space.
The optimization process includes two steps: first a supercut (produced as a
JSON file) containing the starting point, ending point, and step size of different
variables is constructed. Then, the optimization script takes the signal files,
background files, and supercut to scan over the signal grid in order to derive the
output optimal selections. The Gtt-OL results of scans for m%!, N, and Emiss
are shown in Figure B.1. Variation in optimal cuts across the gluino-neutralino
masses has an impact on our choice in the definition of the SRs. The same
strategy has been used to optimize Gtt-1L and Gbb regions (Figures B.2 and
B.3). An example of a supercut used to optimize Gtt-OL is summarized in
Table B.1.
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Appendix C

Additional Analysis Material

C.1 Preselection plots

This appendix includes the data and MC simulation (background + signal)
comparison for the analysis variables in the preselection region. The statistical

and all experimental systematic uncertainties are applied in the plots.
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Figure C.1: Distributions of (a) the number of selected jets and (b) the number of selected
b-jets for events passing the O-lepton preselection criteria. The statistical and experimental
systematic uncertainties (as described in Section 6.7) are included in the uncertainty band.
The last bin includes overflow events. The lower part of each figure shows the ratio of data to
the background prediction. Example signal models with cross-sections enhanced by a factor
of 50 are overlaid for comparison.
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C.2 Gbb Signal Region Results

This section includes the post-fit data and MC simulation (background -+ sig-
nal) comparison for the number of jets in the Gbb signal regions (Figure C.5).

The statistical and all experimental systematic uncertainties are shown in the

plots.
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Figure C.5: Distributions of the number of jets in SR_Gbb_C (a), SR.Gbb_M (b), and
SR_Gbb_B (c), post-fit, for events passing the corresponding SR selections. The statist-
ical and experimental systematic uncertainties (as described in Section 6.7) are included in
the uncertainty band. Example signal models in the compressed and moderate regions are
overlaid for comparison.

134



C.3 Individual Exclusion Limits

This section presents the individual exclusion limits for the Gbb, Gtt-0L, and
Gtt-1L channels in cut-and-count boosted, moderate, and compressed regions
as described in subsection 6.6.1. All exclusion limits are shown in Figures C.6,
C.7, and C.8.
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shown with dashed and solid bold lines. The bands around the expected limit presents the
impact of experimental and theoretical uncertainties. The signal cross-section variation by
+10 of its theoretical uncertainty is shown with dotted lines around the observed limit. Grey
numbers represent observed CLg values.
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Figure C.8: Exclusion limits for (a) Gbb-C, (b) Gbb-M, and (c) Gbb-B signal regions in the
mg and Mgo mass plane. The 95% expected and observed CL are shown with dashed and
solid bold lines. The bands around the expected limit presents the impact of experimental
and theoretical uncertainties. The signal cross-section variation by +1o of its theoretical
uncertainty is shown with dotted lines around the observed limit. Grey numbers represent

observed CL; values.

138



Appendix D

ATLAS and CMS Exclusion

Limits

A summary of all all previous Gtt and Gbb exclusion limits reported by the AT-
LAS and CMS collaborations is presented in Figure D.1. The exclusion limits
described in this analysis have not been included yet in the ATLAS summary
plot. Both the ATLAS and CMS experiments provide similar sensitivity in
terms of observed Gbb exclusion limits. The Gtt exclusion limit in the ATLAS
multi-b analysis (see Figure 7.5) has an approximately 50 GeV higher sens-
itivity in the boosted region, when compared with the observed limit by the
CMS My group (as the best observed limit in CMS). This is due to both the
2 fb~! larger integrated luminosity sample recorded by ATLAS, as well as the
combination of OL+1L Gtt exclusion limits which extends the sensitivity in the

boosted region.
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Figure D.1: Mass limits at 95% CL in CMS for simplified models of gluino pair production
with gluino decays to (a) pairs of bottom quarks and the LSP and (b) pairs of top quarks and
the LSP [168]. (c¢) Exclusion limits at 95% CL based on 13 TeV data in the (gluino, lightest
neutralino) mass plane for different simplified models featuring the decay of the gluino to the
lightest supersymmetric particle in ATLAS [169].
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Appendix E

LAr Data Quality Monitoring

The ATLAS liquid argon calorimeter (LAr calo) is designed to measure prop-
erties of electrons, photons, jets, and missing transverse momentum in a wide
pseudorapidity region. To use the best quality LAr calo data, with the lowest
possible level of data rejection in physics analyses, an advanced data quality
monitoring system is designed.

The ATLAS data is classified into streams such as calibration or physics
streams. The calibration streams are used to monitor and calibrate run condi-
tions via instantaneous luminosity and noisy channels, and the physics streams
include all information that is directly necessary for physics analysis (and which
depends on the trigger menu used to collect physics streams). An overview of
the ATLAS data processing system is shown in Figure E.1. At the start of
each run, the calibration streams are analysed during what is known as express
processing. At this stage, data quality checks are performed, and information
on calibration constants and on noisy cells is updated in the database. The
express processing is done within 48 hours after the run is finished (which is
shown as calibration loop in Figure E.1). Typically, after 48 hours, the full
dataset (known as the bulk) is available, and the final data quality checks are
performed on each of the physics streams in order to obtain any remaining noisy
cells.

To identify noisy channels, the calibration runs are performed daily or weekly
between LHC fills (using events that are triggered during the passage of groups
of empty bunches within each LHC fill). Two offline flagging schemes are
applied to identify noisy channels:

e Unconditionally masked (High Noise High Gain) not operational

cells due to large noise or dead readout channel are unconditionally masked
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and their energy is evaluated by using the average energy of the neighbour-

ing cells [170].

¢ Conditionally masked (Sporadic Burst Noise) operational cells which
are affected by large noise can be conditionally masked. If the cell quality
factor ! is lower than 4000, the cell is not masked (still operational), oth-

erwise the cell is masked and its energy is estimated from the neighbours.

Figure E.2 shows the LAr calo cells which are masked unconditionally or
conditionally during calibration loop for few ATLAS runs. In the first databased
updating, the information of these channels are saved for further usage. An
example of noisy cells flagged during bulk processing is give in Figure E.3.
The second condition database updates may be needed to keep information for
flagged cell during the bulk. Figure E.4 shows the noisy LAr trigger towers
flagged by both online software (LAr trigger tower noise killer) and offline tools
during calibration loops. The LAr trigger tower noise killer (LTTNK) is the
online software used to disable noisy channels in the hot trigger towers published
in trigger monitor list. As described in this reference [171], more than 99.9% of

the LAr channels were functional during Run2.

I The quality factor Q = >oilsi— r;)? measured the level of agreement between the digitized observed sample
(si) and reference pulse shape (r;). This quantity is used to discriminate between the signal from real energy
deposit and noise.
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Figure E.2: A summary of the number of offline unconditional masked (a) and conditional
masked channels (b) during calibration loop for several ATLAS runs. The IOV is the interval
of validity which, in this context, represents ATLAS data taken during a single LHC fill.
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Glossary

ATLAS a general purpose detector at the LHC. 32, 38-40, 42-47, 49, 51,
54-60, 64, 65, 68, 71, 73, 79, 80, 8587, 89-92, 95, 97, 103, 122
BDT boosted decision tree. 86

BSM beyond-Standard Model. 23, 85

CCA Connected component analysis. 74

CERN the European Organization for Nuclear Research. 32-35
CP Cluster processor. 61, 62

CR Control Region. 113-116, 129

CSC Cathode Strip Chambers. 55-57, 89

CST Cluster Soft Term. 92

CTP Central Trigger Processor. 60
DGLAP Dokshitzer-Gribov-Altarelli-Parisi. 66

ECal electromagnetic calorimeter. 39, 40, 48-50, 90, 99
EM Electromagnetic. 52-54, 77, 79, 92, 98
EMB Electromagnetic Barrel. 51, 52

EMEC Electromagnetic End-cap. 51
FCal Forward Calorimeter. 49, 52, 54

GMSB Gauge-mediated SUSY breaking. 25, 30, 31

GRL Good Runs List. 64
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GSC Global sequential calibration. 81, 82, 98

GWS Glashow-Weinberg-Salam. 14, 16, 19

HCal Hadronic Calorimeter. 39, 40, 48, 49, 52, 90
HEC Hadronic End-cap. 52-54

HLT High-level Trigger. 60, 61

IBL Insertable B-Layer. 44, 87, 103
ID Inner Detector. 39, 43, 44, 46, 47, 49, 73-76, 87, 88, 90, 91, 99, 100, 124

IP Interaction point. 45, 46, 88

JEP Jet/energy processor. 61-63
JER jet energy resolution. 123, 124
JES jet energy scale. 79-81, 83, 84, 98, 123

JVT jet-vertex-tagger. 98, 99

L1 Level-1. 60, 61

L1A L1 accept. 60

L1Calo Level-1 Calo. 60, 61

L1Muon Level-1 Muon. 60

LAr Liquid-argon. 51, 52, 54, 82, 103
LB luminosity blocks. 64

LEP Large Electron-Positron Collider. 33

LHC Large Hadron Collider, located at CERN. 3, 4, 32-37, 39, 41, 59, 60, 64,
84, 93, 95, 105

Linac2 Linear accelerator. 34, 35
LO Leading order. 68, 96

LSP lightest supersymmetric particle. 28, 30, 91, 101
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MC Monte Carlo. 65, 66, 68, 72, 75, 81-83, 93, 96, 105, 111, 113, 122, 129,
130

MDT Monitor Drift Tubes. 55-57, 89

ME Matrix element. 68, 69

MS muon spectrometer. 54, 55, 87, 88, 124

MSSM Minimal Supersymmetric Standard Model. 26-31, 94

MSUGRA minimal supergravity. 30

NLO Next-to-leading order. 96

NP nuisance parameter. 123
OP Operating point. 88-91, 99, 100

PDF Parton distribution function. 65-67

PMSB Planck-scale-mediated SUSY breaking. 29
PMT Photomultiplier Tubes. 53

PS Proton Synchrotron. 34, 35, 96

PSB Proton Synchrotron Booster. 34, 35

PV Primary vertices. 76, 81, 86, 92, 100

QCD Quantum Chromodynamics. 4, 11-14, 67, 69-71

QED Quantum Electrodynamics. 10, 11, 69

RF Radio-frequency. 33, 34
ROI Regions-of-Interest. 61

RPC Resistive Plate Chambers. 55-57, 60

SCT SemiConductor Tracker. 43, 45, 46, 74, 90, 103
SM Standard Model. 3-6, 9, 20-25, 27, 28, 31, 39, 85, 91, 93, 94, 96, 100, 103

SPS Super Proton Synchrotron. 34, 35
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SR Signal Region. 113-116, 129, 132
SSB spontaneous symmetry breaking. 17

SUSY Supersymmetry. 4, 23-31, 37, 85, 91, 93, 94, 100, 105

TDAQ Trigger and Data Acquisition. 5961
TGC Thin Gap Chambers. 55-57, 60
TRT Transition Radiation Tracker. 43, 4547, 56

TST Track Soft Term. 92, 100
UE underlying event. 67, 96

VEV vacuum expectation value. 17, 29, 31

VR Validation Region. 113, 114, 116
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